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ABSTRACT 

To investigate changes in cell cycle patterns during development of 

Xenopus laevis, cell divisions of dissociated animal cap blastomeres of blastulae were 

observed in v&o at 22 + 1OC by means of a time-lapse video recorder. 

1) During cleavage, blastomeres divided unequally to give birth to 

daughter cells of unequal sizes before as well as after the midblastula transition (MBT) 

which corresponds to the 12th cell cycle. Before MBT, cells divided synchronously at 

constant intervals (30min). Cell cycle duration remained independent of cell size and 

ploidy, up to the 12th cleavage in diploid cells, and up to the1 3th cleavage in haploid 

cells. When cell sizes were reduced to the critical point 37.5 pm in radius for diploid 

and 27.5 pm in radius for haploid cells. blastomeres smaller than the critical size 

divided asynchronousIy. Cell cycle durations were negatively proportional to the square 

of radius (the celi surface area). The cleavage asynchrony after MBT was found to be a 

consequence of the variation in cell size among blastomeres resulting from unequal 

cell divisions. 

2) The distribution of cell cycle durations among blastorneres became 

rnultimodal when the cells became smaller than the critical size after MBT. Cells divided 

more frequently at intervals close to multiples of a unit time (30 to 35 min) than 

intermediate intervals, suggesting 'quantizemenr of cell cycle durations. Probabilistic 



analyses of the cell cycle were carried out by constructing a- and curves defined by 

Smith and Martin (1973) from the data obtained from this study. The results indicated 

that the minimum celi cycle duration, which represents the duration of the invariant 

phase of the cell cycle (B phase), was increased, and that the transition probabiliw with 

which the cell enters the invariant B phase from the variable A state decreased as the 

cell cycle of blastomeres advanced. 

3) When protein synthesis of blastomeres was partially inhibited in the 

presence of cycloheximide at low concentrations (0.1 -0.1 8 pglml), celi cycle durations 

lengthened about 2 fold, but the cell cycle synchrony was maintained up to the I 1 th 

cycle. During the asynchronous cleavage period from and after the 12th cycle, cell 

cycle durations of blastomeres smaller than the critical cell size became inversely 

proportional to the square of the radius or cell surface area in 4 out of 5 cases, but to 

the cube of the radius or cell volume in 1 case. In all the cases, however, the critical 

cell sizes remained the same as those of control untreated blastorneres. 

4) Cell cycle patterns were compared between blastomeres in different 

regions of an embryo, as well as between untreated and growth factor-treated 

blastomeres. Cell cycle asynchrony appeared in the order of the vegetal, followed by 

equatorial and animal region. However, no significant difference in the timing of cell 

cycle asynchrony was found between the dorsal and ventral regions. Treatment with 

xbFGF, the growth factor known to act on the animal cap cells as a ventral mesoderm 

inducer, caused immediate cell cycle lengthening in dissociated blastorneres, and 

asynchronization of cell cycles was delayed until the 15th cell cycle. Activin, the growth 

factor known to act as a dorsal mesoderm inducer, caused slight acceleration and 

synchronization of cell cycles before the 15th cleavage, but it caused inhibition and 

asynchronization of cell cycles aftenrvards. EGF as control did not significantly change 



either the average cell cycle duration or the onset of asynchronization of cell cycle, 

which began From the 13th cell cycle. 

5) To explain the results summarized above, the following hypothesis 

was proposed. Blastomeres of Xenopus embryos undergo cycles of cytoplasmic 

activity that produces mitosis-promoting factor (MPF) or cyclins periodically at intervals 

of about 30min. MPF activity arises in the cortex or near the blastomere cell surface 

when synthesis of cyclin B occurs near the cell surface. On the other hand, MPF is 

neutralized stoichiometrically by an inhibitor in the nucleus, whose quantity is 

proportional to the genome size or DNA content of the cell. However, MPF 

accumulates in the cell until all the inhibitor has been titrated. When the accumulated 

MPF exceeds the threshold quantity required to titrate all the inhibitor, mitosis is 

triggered. 
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GENERAL INTRODUCTION 

Development of a multicellular organism begins when the egg is 

fertilized to form a zygote. The zygote is a single cell, but it repeats cell division to 

increase the cell number, thus forming a multicellular system. The embryo is a clone of 

the zygote, consisting of genetically identical celis. These cells differentiate into groups 

of characteristically different cell types. Cells of different types divide at different 

intervals as well. Not only does the average intewal of cell divisions, which has also 

been referred to as generation time, doubling time or cell cycle duration, become 

different between different types of cells, but also even individual cells belonging to a 

same cell type undergo cell divisions at variable intervals as described in the following 

sections. However, the mechanism that underlies the emergence of variation in cell 

cycle durations among embryonic cells during development has not been clarified. 

Therefore, the present study was attempted to gain clues to the factors that cause 

variation in the cell cycle duration in a cell population of early embryos of Xenopus 

laevis. 

1. Changes in the cell cycle during early development 

The adult cell cycle can be divided into interphase (I) and mitosis (M). 

The interphase includes a DNA synthesis (S) phase and two gaps, one of which is 

before entering DNA synthesis (GI) and another after S phase, but before entering the 

next M phase (G2). In mammals, it has been shown that cells have to pass a single 

switching point, the restriction point (or R-point) in GI in order to enter S phase 

(Pardee, 1974). R-point is localized at the point of emergence from the quiescence 



state in GI (termed as Go) into the proliferative cell cycle. The homologous point exists 

in the yeast cell cycle in G,, and is named "START" (Hartwell, 1980). 

The duration of cell cycle phases vanes among different animal models 

and has been most well studied in mammalian cells. The duration of M phase is usually 

about 1 hr, while that of S phase is usually 6-8 hrs (Mitchison, 1971). Among 186 types 

of mammalian cells, the duration of G2 phase vanes from 1-10 hrs (Guiguet et at., 

1984), but the sum of G2 + S phases remained constant at 7.5 hrs among 27 types of 

mouse and rat cells (Pilgrim and Maurer, 1965), or at 5-6 hrs among 9 types of fetal rat 

tissue (Wegener et at., 1964)- The sum of G2 + S phases also remained constant 

among aliquots, from 5-16 hrs, depending on the batch of serum used to make the 

culture medium (Tobey et al., 1967). GI phase is the most variable phase in duration in 

most cell types, and it ranged from 1-1 14 hrs among 186 types of mammalian cells 

(Guiguet et al., 1984). In synchronized Hela cells, the durations of S, G2 and M phases 

do not change from cell to cell, but that of GI does (Terasima and Tolrnach, 1963). GI 

phase may even be absent from some adult cells, such as V79-8 Chinese hamster 

cells (Liskay and Prescott, 1978) and the dime mould, Physarum polycephalum 

(Malamud, 1971 ). 

In chicken cells at their normal body temperature of 40.5" C, S phase 

lasts 5-6 hrs in vifro (Firquet and Verley, 1958) and in vivo (Cameron, 1964), slightly 

shorter than in mammalian cells, whereas G2 phase lasts 7-8 hrs (Firquet and Verley, 

1958), which is similar to those of mammals. 

In amphibians, at their lower body temperatures, DNA synthesis takes 

longer than in mammals. In regenerating lens of the adult newt Tritums, S phase lasts 

19 hrs at 22°C (Eisenberg-Zalik and Yamada, 1967). In primary culture of Rana pipiens 

kidney cells at 2S°C, it lasts 22 hrs (Malamud, 1967). In Xenopus iaevis embryos, the 



durations of S and M phases are constant, being about 15 minutes each at 20°C from 

2-12th cycle before MBT (Newport and Kirschner, l982a). In endoderm cells, the 

duration of M phase remains constant after stage 9, (late blastula stage) at 

approximately 30 minutes. while the durations of all the other phases after stage 9 

increase steadily until at least stage 15, at which time G2 phase occupies 13 hrs and G1 

and S phases 5 h n  for each cell cycle (Graham and Morgan, 1966). 

In many species of lower animals, cell cycles of early embryos differ 

from the adult cell cycle in that they consist solely of S and M phases, without 

intervening G1 and G, phases (Newport and Knchner. 1982a; Edgar et a!., 1986). 

During the rapid cell cycle of earfy Drosophila embryos. S and M phases are completed 

in several minutes for each. without G1 and G2 phases (Zalokar. 1976). Similarly, cell 

cycles of Xenopus laevis embryos before and at the early blastula stage lack GI and GZ 

phases (Graham and Morgan, 1 966). However, in sea urchin (Strongylocenfrotus sp.) 

embryos, during the first two cell cycles, there exists a prominent G2 phase that 

occupies 30% of the cell cycle, but no G1 phase is detectable (Hinegardner et al., 

1 964). 

In mammalian embryos, the durations of S and M phases remain 

constant at about 5 hrs and 1 hr, respectively, but the durations of G1 and Gp phases 

vary. depending on the stage of deveiopment. During the first cell cycle of mouse 

embryos, GI phase lasts 9 hrs and Gz phase lasts 1 hr (Howlett, 1986); during the 2nd 

cycle, G1 phase lasts 1 hr and G2 phase lasts 12 hrs (Minarni et al., 1992); from the 4- 

to &cell stages, there is no detectable GI phase but there is a long G2 phase (Dalq and 

Pasteels, 1950) and by 10 days of development. a short G1 phase of 2 hrs has 

reappeared in the cell cycle, and G2 phase is reduced to 1 hr (Kaufflnann, 1966). In 6- 



day old chicken embryos, the cell cycle contains a GI phase of 9 hrs and a G2 phase of 

2 hrs (Fujita, 1962), similar to that of mouse zygotes. 

Although a wide range of variability in the durations of different phases 

of the cell cycle during development has been observed among a variety of animal 

cells, the variation of cell cycle durations among cells of a clone derived from a single 

cell is surprisingly similar regardless of cell types. The coefficient of variation of cell 

cycle durations (CVT) in a population of cultured mammalian cells ranges from 0.09 to 

0.20 with no obvious relation to the mean cell cycle duration. This range of variations is 

similar to that in Schizosaccharomyces pombe (Mitchison, 1977). and CVT has been 

found to be 0.1 5-0.21 in three bacteria (Schaechter et al., 1962). 

2. Models that explain the variation in cell cycle durations in a cell clone 

During the 1960s and 1 WOs, several hypotheses were proposed to 

explain the variation of cell cycle durations among cells propagated from a single 

parental cell. The first hypothesis is based on the deterministic model. According to this 

model, some cell cycle events involved in cell division cannot take place until the cell 

has attained a critical cell size, and hence the rate at which a cell grows to that size 

determines the time at which it will divide. The response of the cell division mechanism 

to a critical cell size is indicated by the fact that smaller cells require longer growth 

periods prior to division. The requirement for a cell to reach its critical cell size in GI in 

order to enter S phase has been shown in various types cells, including cultured 

mammalian cells (Killander and Zetterberg , l965a, b), Stentor (Frazier, 1 W3), 

Tetrahymena (Worthington et al., 1976), yeast (Nurse, 1975; Nurse and Thuriaux, 

1977), and Eschenchia coli (Donachie, 1968; Pritchard et al., 1969). Similarly, the 



requirement for a cell to reach another critical cell size in G2 to initiate mitosis has been 

found in Amoeba (Prescott, 1976), Physarum polycephalum (Malamud, 1971 ), and 

fission yeast (Nurse, I 975). 

The second hypothesis is based on the probabilistic model (the 

transition probability model) (Smith and Martin, 1973; Brooks, 1980). which was first 

proposed to explain the variability in cell cycle duration among cells cultured in vifro. 

This hypothesis has been supported by the observation that the major variation in cell 

cycle duration derives from the variability in the duration of G, phase. This model 

divides the cell cycle into two parts: a B phase, which involves the last part of GI, S, G,, 

M and proceed through it towards division and an A state during GI in which they are 

awaiting a random triggering event to proceed to B phase. According to this model, 

cells in A state enter B phase with a constant probability, but the duration of B phase, 

including DNA synthesis and mitosis remains unchanged in all cells of a population. 

Therefore, as discussed later, the proportion of cells remaining undivided decreases 

exponentially with time. 

The third hypothesis is based on the "clockn model proposed by 

Klevecz (1 976) to explain the observation that in mammalian cells, the distribution of 

cell cycle durations in a cell clone is not unimodal, but is multirnodal with the modes at 

multiples of 3 to 4 hrs. In this model, a quanta1 subcycle, Gq, would constitute a unit 

cellular clock with a h s i c  period of about 3 to 4 hours. Thus, the generation time would 

be multiples of this fundamental cycle. Gq cycles could be appended to the 

deterministic S + G2 + M pathway in the cell cycle, and the exit from Gq could be 

probabilistic. 

3. Development of the understanding of the mechanism of cell cycle control 



a1 Biochemical a ~ ~ r o a c h e s  to the cell cvcle 

Early classical works to find cytoplasmic factors that regulate nuclear 

behavior were carried out using amphibian oocytes and embryos. After meiosis I. they 

arrest at metaphase of meiosis I1 until fertilization. In their study of the role of 

cytoplasmic factors that promote maturation in fully-grown oocytes arrested at 

prophase undergoing maturation after progesterone treatment. Masui and Markert 

(1 971) using the Rana pipiens oocytes demonstrated that the cytoplasm of 

progesterone-treated oocytes became capable of inducing maturation in untreated 

oocytes when injected. The oocyte cytoplasmic factor responsible for this effect has 

been called maturation-promoting factor (MPF). The level of MPF activity in the 

cytoplasm of maturing oocytes remains high during meiosis, and then decreases upon 

egg activation, when meiosis is completed and eggs enter interphase of the first mitotic 

cell cycle (Masui and Markert, 1971 ). Later, MPF was found in oocytes of a variety of 

species, including mouse (Balakier and Czolowska, 1977), Xenopus laevis 

(Schorderet-Slatkine and Drury, 1973; Reynhont and Smith, 1974), the starfish 

(Kishimoto and Kanatani, 1 W6), and Spisula (Kishimoto et al., 1982). MPF activity also 

appears at M phase in cells other than the oocyte. including blastomeres of frog 

embryos (Wasserrnan and Smith, 1978; Gerhart et al., 1984), sea urchin embryos 

(Schatt et al.. 1983). HeLa cells (Sunkara et al., 1979). CHO cells (Nelkin et al., 1980). 

and yeast cells (Weintraub et al., 1982; Tachibana et al., 1987). Thus, MPF has been 

considered a cytoplasmic factor that causes mitosis as well as meiotic metaphase in 

eukaryotes. The appearance of MPF activity in the cytoplasm results in nuclear 

membrane breakdown, chromosome condensation and spindle assembly (Gerhart et 



al., 1984). Conversely, the disappearance of MPF allows the reversal of all these 

processes. 

On the other hand, studies on the role of protein synthesis in cell 

division revealed that cells must accumulate newly synthesized proteins to divide 

(Hultin, 1961; Mitchison, 1971). Protein synthesis for MPF activation occurs in the early 

phase of oocyte maturation before the first meiotic division (Wassennan and Masui, 

1975; Doree et at., 1983; Gerhart et al., 1984; Hashinoto and Kishimoto, 1988). During 

mitotic cycles protein synthesis is also required before M-phase to activate MPF 

(Wagenaar, 1983; Gemart et al., 1984; Picard et al., 1985; Cyert and Kirschner, 1988). 

This suggests that the appearance of MPF prior to cell division always requires 

synthesis of some proteins. Cyclins, which are synthesized and accumulated 

continuously during interphase, but are rapidly degraded at the onset of cell division, 

were first found in sea urchin and clam embryos (Evans et al., 1983). It was suggested 

that a direct correspondence existed between the timing of MPF and cyclins 

appearance. 

b) Genetic a~proaches to the cell cvcle 

Early studies on genetics of the cell cycle were conducted in yeast. 

Temperature-sensitive cell-division cycle (cdc) mutants, which cannot proceed beyond 

a particular phase of the cell cycle at the restrictive temperature, were first isolated in 

the budding yeast S. cerevisiae (Hartwell et al., 1970, 1974). One of these, the 

mutation cdc28, prevented the occurrence of all of the major events of the cell cycle, 

including DNA replication, budding, the duplication of spindle-pole body and nuclear 

division. Therefore, it was assumed that an initiation point for the cell cycle (the 

START) existed in GI phase. 



Several temperature-sensitive mutants, which divide normally at 2S0C, 

but which divide abnormally or fail to divide at 3S°C, were also isolated in fission yeast 

S. pombe, and included weel, cdc2 (Nurse, 1975), and cdc25 mutants (Fantes, 1979). 

Since cdc2 mutants fail to initiate cell division at 35 'C, the cdc2' gene is required for 

cells to enter mitosis. The cdd* gene fundion is also required to initiate the cell cycle 

at a point in GI phase, the point which is analogous to the START in S. cerevisiae 

(Nurse and Bissett, 1981 ). Thus, dc2' was shown to be homologous to cdc28' (Beach 

et al., 1982; Hindley and Phear, 1984). Further, the mutant of wee1 gene undergoes 

precocious cell division to produce small cells (Nurse, 1975) and suppresses cdc2 

gene activity (Nurse and Thuriaux, 1980). The cdc25 mutants are prevented ftom 

entering mitosis at the restrictive temperature, but can be rescued by mutation of wee1 

(Fantes, 1979; Russel and Nurse, 1986). Therefore, it was known that wee1 and cdc25 

genes regulate cdc2 kinase activity in opposite ways (Fantes, 1979). 

Later, the cdc2+ gene product was identified as 34-kDa protein kinase in 

yeast (Hindley and Phear, 1984; Sirnanis and Nurse, 1986). Genetic analysis of 

mutants showed that cdcl3' gene product was a GTspecific substrate of the cdc2' 

protein kinase (Booher and Beach, 1987); Cdcl3p has been found to be homologous 

to cyclin (Hagan et al., 1 988; Solomon et al., 1988; Goeble and Byers, 1988) after 

being cloned and sequenced (Booher and Beach, 1988; Hagan et al., 1988). 

Until MPF was purified from cytosols of Xenopus eggs by Lohka et al., 

(1988), studies of cell division by biochemical and genetic approaches had been more 

or less independently camed out. However, when MPF was purified from Xenopus egg 

extracts, it was found to consist of 32- and 45- kDa proteins (Lohka et al.. 1988). The 

former protein was identified as cdc2 gene product (Gautier et al.. 1988; Dunphy et al., 

1988), and the latter as a B-type cyclin (Gautier et al., 1990). Thus, MPF is a protein 



complex consisting of cdc2 protein (Gautier et al., 1988; Dunphy et al., 1988) and 

cyclin B (Minshull et al., 1989; Gautier et al., 1990). 

Genetic analyses of the cell cycle in other animal cells have been 

focused on a search for the genes homologous to the yeast genes involved in the cell 

cycle control. Thus, a cdc2'gene homologue, which can rescue cdc2 mutants in yeast, 

was found in human cells (Draetta et al., 1987), starfish oocytes (Arion et af., 1988; 

Labbe et al., 1988) and sea urchin eggs (Meijer et al., 1989). Cycfin A gene was found 

in the sea urchin (Pines and Hunt, 1987) and Drosophila (Lehner and O'Farreil, 1989, 

1990). Cyclin B was also found in human (Pines and Hunter, 1989), starfish (Labbe et 

al., 1989), the clam (Westendorf et al., 1989), and Drosophila embryos (Lehner and 

O'Farrell, 1989, 1990). These genes were all cloned and sequenced. 

C) The molecular bioloav of the cell cvcle 

~ r o m  1988, the study of cell cycle machinery has made an enormous 

progress in three areas. First, the mechanism regulating MPF activity has been well 

elucidated at the molecular level. MPF activity depends on cyclin B synthesis and 

accumulation (Booher and Beach, 1987; Minshull et a!., 1989). the association of cdc2 

protein with cyclin B (Solomon et al., 1990; Welch and Wong, 1992). It also depends 

on the phosphorylation and dephosphorylation of cdc2 and cyclin 6 proteins (Pines and 

Hunter, 1989; Solomon et al., 1990; Fesquet et at., 1993; Poon et al., 1993; Solomon 

et al., 1993). 

It was found that a stirnulatory kinase, known as cdk-activating kinase 

(CAK), phosphorylates cdc2 on the thr-161 residue, which is essential for cdc2 catalytic 

activity (Solomon et al., 1993; Poon et al., 1993; Fesquet et al., 1993). Prior to MPF 



activation, cdc2-cycfin B complex is held inactive by phosphorylations at tyr-1 5 and thr- 

14 residues of cdc2 proteins (Solomon et ai., 1993). The inhibitory kinase, wee1 

protein, phosphorylates specifically the tyr-15 residue of cdc2 protein (Russell and 

Nurse, 1987; Featherstone and Russell, 1991), and a distinct membrane-associated 

kinase is thought to phosphorylate its thr-14 residue (Kombluth et al., 1994; 

Athertonfessler et al., 1994; Mueller et al., 1995). On the other hand, at the onset of 

mitosis, cdc25 phosphatase activates MPF by dephosphorylating cdc2 on tyr-15 and 

thr-14 (Dunphy and Kumagai, 1991 ; Gautier et al., 1991 ; Milfar and Russell, 1992). 

MPF activity disappears after degradation of cyclin B during later mitosis through 

ubiquitin pathway (Murray et al., 1989; Luca and Ruderrnan, 1989; Westendorf et al., 

1 989). 

Secondly, in higher eukaryotes, unlike in the yeast, a family of protein 

kinases which are structurally related to the cdc2 protein, but which act at distinct 

points in the cell cycle have been identified. Since these kinases are activated by the 

corresponding proteins, cyclins, and act as catalytic subunits of these complexes, they 

have been named cyclin-dependent kinases (CDK) (Pines and Hunter, 1991 ). Cdc2 

(CDKI), CDK2 and CDK3 are all able to substitute for a defective cdc2 protein when 

introduced into the yeast (Meyerson et al., 1992). Mutations of the cyclin-dependent 

kinases CDK2 and CDK3 cause a G, block, suggesting that they execute distinct and 

essential functions in the mammalian cell cycle (Van den Henvel and Harlow, 1993). 

The activities of CDWcyclin A and CDKZcyclin E have been demonstrated to be 

required for cells to enter S-phase in mammalian cells (Girard et al., 1991; Pagano et 

al., 1992). CDK4 and CDK6 were found to be associated with the D-type cyclins as 

cells leave the quiescent phase (Lees, 1995). 

A number of CDK inhibitors, which function in inhibiting kinase activities 

of CDKs, have been characterized. They include the INK4 family of inhibitors (Hannon 



and Beach, 1994; Kamb et al., 1994), and the p21 family of inhibitors- The p21 family 

of inhibitors was demonstrated to be able to inhibit all the G, cyclin-CDK complexes, 

and to a lesser extent, cyclin B-cdc2 complexes (Polyak et al., 1994; Harper et al., 

1995). The CDK4 and CDK6 are known to trigger phosphorylation of the 

retinoblastoma protein (RB) late in GI phase, and myb-like protein (DMPI), helping to 

overcome their cell growth-suppressive function and thereby enhancing S-phase entry 

(Hirai and Sherr, 1996). 

Thirdly, the cell cycle consists af sequentially coordinated events, such 

as, the entry to mitosis following completion of DNA replication, completion of repairing 

damaged DNA, and the formation of functional spindle. As well, DNA replication 

depends on cell growth, and cell division on the passage through the restriction point of 

mitosis (Russell and Nurse, 1987; Murray and Kirschner, l989b; Hartwell and Weinert. 

1989; Murray, 1992, 1995). The point in the cell cycle at which its progression is 

prevented until all the events of the preceding phase has been completed has been 

referred to as "checkpoint". 

Mechanisms that block cell cycle progression at these checkpoints have 

been demonstrated to operate through regulation of kinase activities by 

phosphorylation of cyclin-dependent kinases (CDK). For example, tyrosine 

phosphorylation of CDK is the signal that couples the completion of DNA replication to 

the onset of mitosis. Smythe and Newport (1992) have shown that the presence of 

incompletely replicated DNA generates a signal that favors the activity of the 

dephosphorylated active form of weel. This in turn enhances phosphorylation of tyrl5 

of cdc2 in cyclin B-cdc2 complex (MPF), keeping it inactive and preventing the cell 

from initiating mitosis. On completion of DNA replication, the signal of this feedback 

system is attenuated resulting in a shift in equilibrium towards the inactive form of 

weel. On the other hand, cdc25 dephosphorylates tyr-15 of cdc2 subunit of the 



inactive form of cyclin B-cdc2 complex and leads to mitosis. This gives rise to the 

active form of cyclin B-cdc2 complex. 

4. The problems to be investigated in the present study 

During the past quarter of the century, the mechanism of cell cycle 

control has been studied extensively at cellular and molecular levels as described 

above. However, some of the old, but fundamental problems have not been subjected 

to active investigation. The control by cell size of cell cycle progression is one of these 

problems. Usually a cell must grow to double its volume in order to divide. If a cell is 

prevented from doubling in size by extirpation of a part of cytoplasm, it remains 

undivided as demonstrated in Amoeba proteus (Hartmann, 1928; Prescott, 1955). 

Therefore, it appears that the cell size plays a crucial role in cell cycle control. Very 

little is known about the mechanism by which the cell triggers the cell cycle event for 

mitosis when it reaches a critical value of its nucleocytoplasmic ratio. On the other 

hand, fertilized eggs or zygotes are obviously exceptional cells in that they undergo cell 

divisions repeatedly without increasing the cell size. Rather, after each division cell 

sizes are reduced approximately by half. 

In Xenopus laevis zygotes cultured at 20°C. the first cell cycle takes 90 

minutes and each of the subsequent cycles from 2nd to 12th. takes about 30 minutes 

during which all cells divide synchronously. However, during and after the 13th cycle, 

cell cycles lengthen and become asynchronous among individual blastomeres. The 

transition from the synchronous to the asynchronous cell cycle occurs at the 

midblastula stage and has been referred to as the midblastula transition (MBT) 

(Signoret and Lefresne, 1971 ; Gerhart, 1980). Zygotic RNA transcription and cell 



motility (Newport and Kirschner, 1982a, b), are also activated at the MBT. Thus, the 

cell population composing an embryo becomes heterogeneous in cellular 

characteristics. Prior to the MBT cells lack cell cycle checkpoints whereas after MBT 

they develop them (Newport and Dasso, 1990; Clute and Masui, 1992, 1995, 1997). 

The change of the onset of MBT has been demonstrated to be 

dependent on nucleocytoplamic ratio (NIC) of the blastomere by experiments in which 

NIC of zygotes was altered by removing cytoplasm (Kobayakawa and Ka bota, 1 98 1 ), 

by making a haploid embryo (Signoret and Lefresne, 1971) or by microinjection of 

exogenous DNA into a zygote (Newport and Kirschner, 1982b). This suggests that the 

appearance of cell cycle asynchrony at MBT is a consequence of the change in NIC of 

blastomeres when they reach a critical size. Thus, the mechanism that underlies the 

onset of asynchronous cell divisions at MBT in Xenopus embryos may provide us with 

a clue as to the mechanism of how the cell size controls the duration of the cell cycle. 

However, an alternative interpretation of the above mechanism of the 

onset of asynchronous cell division is possible. It may be that MBT represents the time 

point where control of the cell cycle changes from a probabilistic to a deterministic 

mechanism. Both the deterministic model and the transition probability model, as 

described briefly before, were developed based on the studies of cell cycle in cultured 

mammalian cells and microorganisms (Shilo et al., 1976; Shields, 1977; Shields and 

Smith, 1977; Shields et al., 1978). Up to now, however, no similar work has been 

camed out on embryonic cells. Therefore, it wouId be interesting to examine whether 

asynchronous cell divisions after MBT in Xenopus embryos follow deterministic or 

probabilistic patterns. 

Cells from the animal cap of a Xenopus blastula when cultured in vifro in 

medium containing low level of Ca" remain separated but continue to divide. Thus, the 

cell lineage of the progeny derived from a single blastomere isolated at an early 



blastula stage as well as their cell sizes and cell cycle durations of the progeny can be 

followed by a time-lapse video. Therefore, this cell culture system is suitable for 

studying the role of cell size in cell cycle timing and the distribution of cell cycle 

durations during the transition from early to late embryonic celt cycles. 

An essential difference between cultured mammalian cells and early 

embryonic cells of Xenopus lies in the fad  that the latter does not require growth 

factors to start a new cell cycle while the former arrests at early GI in the absence of 

growth factors. Therefore, it would be necessary to compare cell division patterns of 

Xenopus embryonic cells in the presence of growth factors with those of cultured 

mammalian cells. 

The present analyses of the cell cycle were cam'ed out with special 

emphasis on the problem of asynchronous cell divisions among cells of the animal cap 

of Xenopus embryos after MBT, hoping that these analyses would further the 

understanding of nucleocytoplasmic ratio in cell cycle control. 

5. The objective of the present studies 

To study the pattern of asynchronous cell cycles, and to understand the 

mechanisms that underlie the regulation of this pattern, cell division patterns of 

dissociated animal cap cells from Xenopus early blastula were observed by means of 

time-lapse video under different culture conditions, including partial Inhibition of protein 

synthesis and treatment with growth factors. 

Specifically, the present study was carried out as follows: 

1). The distribution pattern of cell cycle durations after MBT was characterized and the 

effect of the cell size on the cell cycle duration was investigated. 



2). The distribution pattern of cell cycle durations after MBT were compared between 

diploid cells and haploid cells and the role of nucleocytoplasmic ratio of a cell in 

regulation of cell cycle duration was studied. 

3). The question as to whether the timing of cell cycle duration can be explained by the 

transition probability model was examined. 

4). The role of protein synthesis on cell cycle duration was investigated to clarify the 

relationships between protein synthesis rate, cell size and cell cycle duration before 

and after MBT. 

5). The mitotic activities between different regions of a whole embryo from early 

cleavage stage to gastrulation were compared. 

6). Effects of three growth factors, basic fibroblast growth factor (bFGF), activin (ACT) 

and epidermal growth factor (EGF) on the appearance of cell cycle asynchrony and 

regulation of the cell cycle duration were examined. 



CHAPTER I 

Changes in Cell Cycle Characteristics at the Midblastula Transition (MBT) in 
Dissociated Animal Cap Cells of Xenopus laevis 

1. INTRODUCTION 

After fertilization, the zygote increases the cell number through a series 

of rapid, synchronous cell divisions, followed by slower, asynchronous cell divisions 

(Gerhart, 1980; Edgar et al., 1986; Kane and Kimmel, 1993). In Xenopus laevis 

embryos, the transition from synchronous to asynchronous cell divisions occurs at the 

midblastula stage, when an embryo contains about 4000 cells, and it has been referred 

to as Midblastula Transition (MBT) (Signoret and Lefresne, 1971 ; Gerhart, 1980; 

Newport and Kirschner, 1982a). At MBT, not only is the cell cycle prolonged and 

becomes asynchronous, but also active cell motility and RNA transcription are initiated 

(Newport and Kirschner, 1982a, b). It has been believed that the onset of transcription 

and the activation of cetl motility at MBT are caused by prolongation of the cell cycle 

duration of blastomeres (Kimelman et a[., 1987). If so, the changes in cell cycle 

characteristics are the primary events of the MBT, from which other events ensue. 

In Xenopus embryos, except for the first cell cycle beginning just after 

fertilization which takes about 90 min, the durations of the following cell cycles are 

approximately equal, being 30 minutes at 20°C up to the 12th cell cycle (Satoh, 1977). 

These cell cycles consist of only M and S phases and are synchronous, but after MBT, 

durations of the 13th cell cycle vary among different individual cells, ranging from 40 to 

75 minutes. As well, from the 13th onwards, cell cycles become asynchronous due to 

the appearance of G2 phase of variable lengths (Newport and Kirschner, 1982a). In 

endodem cells, cell cycle durations increase due to the appearance of GI and Gs, as 



well as to prolongation of the S phase (Graham and Morgan, 1966). Similarly, in 

Drosophila embryos, asynchronous nuclear divisions first appear during the 11 th cell 

cycle, but fully asynchronous divisions gradually appear over the next 4 cycles (Edgar 

et al., 1986). 

The onset of division asynchrony among embryonic cells may be 

caused by a change in the nucleocytoplasrnic ratio (NIC) of blastomeres, when it 

reaches a threshold level. This has been shown by changing NIC experimentally in 

embryos of various animals including amphibian (Kobayakawa and Kubota, 1981; 

Newport and Kirschner, l98Zb; Clute and Masui, 1995). zebrafish (Kane and Kimmel, 

1 993). starfish (Mita and Obata, 1 984). and Drosophila (Edgar et al., 1 986). In these 

animals, the N/C of blastomeres was altered either by reducing the cytoplasm of the 

zygote, or by delaying the time for the nucleus to enter the zygote cytoplasm (delayed 

nucleation), or by changing ploidy of the nucleus. In all the cases. it was found that 

asynchronous divisions of blastomeres began exactly when the N/C reaches the same 

value. However, a question remains as to why durations of the cell cycle are the same 

among blastomeres dividing synchronously before MBT, whereas they become 

variable between blastomeres, dividing asynchronously after MBT. 

To answer this question, in the present study, the progeny derived from 

a single blastomere isolated from the animal cap of a Xenopus laevis embryo were 

analyzed using a time-lapse video. The results indicate that blastomeres undergo two 

distinct phases of cleavage: cell size-independent and cell size-dependent. In the 

former, blastomeres larger than a critical cell size divide synchronously at the same 

intervals independently of their sizes. thus the size of an individual blastomere is not a 

rate-limiting factor for the cell cycle. In contrast, in the latter, blastomeres smaller than 

the critical cell size divide asynchronously at variable intervals, which are inversely 

proportional to the surface areas of individual cells. Thus, the transition from cell size- 



independent to the dependent phase occurs at MBT when the blastomere size or 

nucelocytoplasmic ratio reaches a threshold. Unequal divisions of blastomeres during 

cleavage produce progeny celis of variable sizes to cause the shift from synchronous 

to asynchronous cell divisions at MBT. 



2. MATERIALS AND METHODS 

a)  Culture medium 

Blastomeres were cultured in Danilchik's medium (Keiler et al., 1985) in 

which the concentration of Ca " was modified to two levels with an EDTA-Ca-Mg 

buffer. Both mediums contained 51 -3 mM NaCI, 27.0 mM Na-isethionate, 4.3 rnM K- 

gluconate, 3.7 mM Bicine. However, to the high Ca" medium (HCMD), 0.83 mM 

MgS04, 0.95 mM CaC12, 0.2 mM EDTA-N& (pH 10) were added to adjust the free Ca* 

level to 750 pM. To the low Caw medium (LCMD), 0.2 mM EGTA-NG, 0.0095 mM 

CaCI, and 1.77 mM MgS04 were added to adjust free Ca" to about 1 pM. To both 

media, 0.2% gamma-globulin (Sigma). 2 mglml chloramphenicol, 0.6 mglml penicillin- 

G, and 1 rngfml streptomycin sulfate were also added, and their pHs were adjusted to 

7.3-7.8 with 1 M Na&03. The concentration of free Mg" and Ca" was calculated with 

the Maxchelator V.V6.0- program. 

b) Culturina blastomeres 

Xenopus embryos were obtained by mating or by in vitro fertilization. 

They were dejellied with 3% cysteine-HCI and 1% NaOH (pH 8.0). At the 8-cell stage. 

embryos were transferred into Ca*-free Danilchik's medium (CaF Danilchik) (51 -3 mM 

NaCI, 27 mM Na-isethionate, 4.3 mM K-gluconate, 3.7 mM Bicine, 1.77 mM MgS04, 

pH 8.0 adjusted with 1 M NaHC03), in a petri dish with the bottom coated with 2% agar. 

The fertilization membrane was removed manually when embryos reached the 9th cell 

cycle after the 8th cleavage (stage 7 of Niewkoop and Faber. 1975). The cell cycles of 

blastomeres are referred to as the Nth cycle when they are between the (N-l)th 



cleavage and the Nth cleavage. Single blastomeres from the inner layer of the animal 

cap were gently isolated with a glass rod and transferred into LCMD in a culture dish 

whose bottom had been coated with a gelatin or fibronectin and laminin layer. 

C) Blastomere culture for nuclear countina experiments 

Blastomeres were cultured in a chamber-slide (177399 lab-tek). The 

slide surface was coated with fibronectin and laminin as follows: A solution containing 

100 pglml fibronectin (Gibco: bovine plasm >95% pure) and 100 pglml laminin (Gibco: 

murine >95% pure) was prepared with double distilled water from ?OX stocks, stored at 

-20 O C .  A droplet (about 4 PI) of the diluted solution was placed on surface of the 

chamber-slide to cover a circular area of about 2 mm in diameter. Excess medium was 

withdrawn, and the coated surface was air-dried for 1-1.5 hour at 22 k I OC (Godsave et 

al., 1988). Before culturing blastomeres, about 4 pi of either HCMD or LCMD as culture 

medium was placed on the fibrcmectin and laminin-coated area and immediately the 

droplet of the culture medium was covered with paraffin oil, thus preventing 

evaporation of the culture medium (Fig.1 .I A). When blastomeres isolated from the 

inner layer of the animal cap reached the 9th cell cycle, a single blastomere was 

transferred into each HCMD- or LCMD-droplet with a micropipette and cultured in a 22 

k 1 OC incubator for various times. 

dl Observation of nuclei 

Blastomeres were fixed in 7% acetic acid, 0.7% cetylpyridinium chloride 

(Sigma), and 63% ethanol, by replacing the culture medium under paraffin oil 



Figure 1.1. Diagram of blastomere culture system 

A. Diagram of chamber-slides. 

B. Diagram of microchamber with cooling and heating system 
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with the fixative in situ after 6, 12, 17.5, 19.5 and 22 hrs of culture. After blastomeres 

were allowed to stand for a half to one hour in the fixative, the paraffin oil was 

removed. After the fixative evaporated completely, one drop of double distilled water 

containing 20% glycerol was placed over the fixed blastomeres. One to five minutes 

later when cells swelled, one or two drops of aceto-orcein solution (1 % orcein, 70% 

lactic acid and 30% acetic acid) were carefully added to the specimen so as not to 

scatter cells. After about two hours staining, the specimens were covered with 

coverslips and kept in the dark before nuclei were counted, 

e) Cell lineaae analysis 

Blastomeres were cultured in culture petri dishes (Coming 25000) 

whose bottoms were treated with ftbronectin/larninin soIution as described above. 

The temperature in the cuIture dish was maintained at 22 + 1 OC, in a 

microchamber that was set on the rnovabte stage of a microscope and perfused with 

cold wet air. The temperature was regulated with a small probe and a heater 

connected to a controller (YSI Model 73A) (Fig- I .I B). Cultured blastomeres in the dish 

were observed under a compound microscope (Leitz ortholux) with a (I Ox) objective 

(Leitz Weblar, NA=0.25). The images of single blastomeres cultured in LCMD were 

continuously recorded for 18 to 24 hrs from the 9th cell cycle using a time-lapse video 

recording system (Panasonic video system. NV-850). 

fl Measurement of cell cvcie durations and analvses of the distribution of cell cvcle 
durations 

The (N+l)th cell cycle duration is defined as the interval between the 

appearance of cleavage furrow of the Nth division on the surface of a mother cell and 



that of the (N+l )th division on the surface of daughter cells (Fig. 1.2). The time of the 

appearance of the cleavage furrow in an individual cell was recorded by the time-lapse 

video as the event marker for the end of each cell cycle, and the interval between two 

consecutive divisions was measured. However, when the cell number of a blastomere 

cluster exceeded 32, some cells in the center of a cell cluster began to pile up. This 

made it difficult to follow the exact lineage of these cells; therefore, celt lineage data for 

the following divisions were collected from observations of cells near the periphery of 

the cluster. A working chart of cell lineage analysis of a single blastomere isolated at 

the 9th cell cycle is shown in Fig. 1.3. 

a) Measurements of cell sizes 

Shortly before cytokinesis, cells stand up and become turgid (Hara et 

al., 7980). This was confirmed when the lateral view of a single blastomere was 

observed using a right angle prism (5x5~7 mm, Edmund Scientific) mounted on the 

bottom of the culture dish beside a culture droplet (Fig. 1.4). The blastomeres assume 

an almost perfect sphere shortly before they cleave (Fig. 1.5). Diameters of 

blastomeres at the 11 th and 12th cell cycle were measured from the lateral as well as 

from the vertical views. 



Figure 1.2. The definition of the duration of (N+l)th cell cycle. 



0 Mother cell 
in Nth cell cyde 

C3 - Nth division 

I 
a -(N+I )th division 

Duration of (N+l)th 
cell cyde 



Figure 1.3. Working chart of cell lineage analysis of a single blastomere at the 9th 

cleavage. Numbers in the large size represent the duration of (N+1)th cell cycle (min) 

at 22 t 1°C, while in the small size are relative cell sizes in diameter (mm). 

Character 'Dn and "x" stand for missing data in terms of the duration of cell cycle and 

relative cell sizes in diameter, respectively. From the 13th cell cycle, data of progeny of 

two sibling blastomeres at the 12th cell cycle were shown in the working chart: A. equal 

size of sibling cells at the 12th cell cycle; B. unequal size of sibling cells at the 12th cell 

cycle. 





Figure 1.4. Diagram of microchamber with 45O prism. Lateral view of a blastomere was 

observed through the prism. *Hastomeres were cultured in a piece of petri dish bottom 

(Coming 25000) coated with 100 pg/ml fibronectin and laminin. 
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Figure 1.5. Lateral view of isolated blastomeres from inner layers of the animal cap at 

the I I th cell cycle. (a) Blastomeres were at 'round-up" stage shortly before the 

appearance of the I l th cleavage furrow. Cell sizes were measured at this stage. (b) 

The same set of blastomeres observed 7 minutes later at room temperature. Two 

blastomeres, indicated by arrows, undewent cleavage. Scale bar is 25 pm. 





Indeed, there was no significant difference between the average 

diameters obtained by the two measurements from the lateral and vertical views (t-test, 

p>0.05) referred to blastomeres at the 1 I th and 12th cell cycle. Therefore, surface 

areas and volumes of blastorneres were calculated mostly from their diameters 

measured ftom vertical views assuming that they were perfect spheres. 

h) Statistical analvsis 

Statistical significance of difference between two sets of data was tested 

by t-test and Wilwxon Signed Rank Test, and that of a correlation between two sets of 

data was evaluated by a regression analysis. The critical cell size at which cell size- 

dependent cell cycle develops was determined as follows. The cell size and cell cycle 

duration of a cell was both plotted on a logarithmic scale. Data for cell cycle durations 

were divided into two groups, namely cells larger than an approximate critical cell size, 

and cells smaller. A regression line was drawn for each group of ceIls. The accurate 

critical cell size was then determined as the point below which the correlation 

coefficient (P) of the regression line is maximized. 



3. RESULTS 

a) Behavior of cultured blastomeres 

When single blastomeres at the 9th cell cycle were isolated from the 

inner cell layer of the animal cap and cultured, they cleaved continuously up to the 17th 

cleavage and made a cluster of dissociated cells. Blastomeres at the 10th to 12th cell 

cycle extended and retracted pseudopodia frequently just after the cleavage furrow had 

completely separated the two daughter cells. Active pseudopodia movements of the 

cell perimeter stop when cells round up shortly before the next division (Fig. 1.6a, b). 

The pseudopodia movement becomes less active after the 12th cell cycle, but it 

persists for a short period after completion of the 13th cleavage. In all cases, at the 

14th cleavage, each blastomere gives rise to progeny of about 32 cells, and cells in the 

center of the cell cluster pile up (Fig. 1 -6c). After the 14th cleavage, some cells at the 

periphery adhere to the substrate, apparently having developed an affinity to the 

substrate (Fig. 1 -6d). Nevertheless, these ceIls also round up before cleavage, but then 

spread over the substrate again shortly after cleavage and during the next cell cycle. 

It seems that the cell affinity to the substrate is a cell cycle-dependent 

phenomenon. The number of cells in a cluster spreading over the substrate increases 

from the 15th to the 17th cell cycle with the peak during the 16th cycle (Fig. 1 -6e). 

However, some cells, which have been situated above other cells, without direct 

contact with the substrate, remain round all the time, while cells below, keeping contact 

with the substrate, form a spreading cell "layer". Around the 17th cleavage, cells lying 

over other cells also show active lobopodia movements and those previously attached 

to the substrate are detached to begin active lobopodia movements as well (Fig. 1.6f). 



Figure 1.6. Progeny of a single blastomere isolated at the 9th cell cycle in LCMD. 

Arrows in a indicate blastomeres extend and retract pseudopodia; Blastomeres pile up 

in the center of the cell cluster when the number of cells reach about 32 shown in c; 

Arrows in d. e. point those blastomeres spread over the substrate from the 15th to the 

17th cell cycle and arrowheads point that blastomeres are at round-up stage- Scale bar 

in c is 30 prn and applies to all figures. 





Then, cells aggregate to form small, distinct clusters and become arrested. 

b) Rates of cell divisions of blastomeres cultured in HCMD and LCMD 

To assess the effect of the low level of Ca" on cell divisions of 

dissociated blastomeres, single blastomeres were isolated at the 9th cell cycle from the 

inner cell layer of the animal cap at early blastula stage and cultured in either LCMD or 

HCMD. In LCMD, single blastorneres divided continuously and progeny cells spread 

over the substratum, but kept loose contact with each other. in contrast, blastomeres 

cultured in HCMD also continuously cleaved, but the progeny of a single blastomere 

formed a solid mass of cells, which in the 18 hours of culture remained detached from 

the substrate. 

The numbers of total nuclei derived from a single isolated blastomere 

cultured in LCMD or HCMD for 6, 12, 17.5, 19.5 and 22 hours are shown in Table 1.1. 

The results indicate a rapid increase in the number of nuclei per clone during the first 

12 hours of culture both in LCMD and HCMD. Later, the rate of nuclear divisions of 

blastomeres decreased and the nuclear number reached a plateau in both media. Up 

to 19.5 hrs, the numbers of nuclei produced from a single blastomere were similar 

between those cultured in LCMD and in HCMD (Table 1 .I). A statistical analysis 

indicated no significant difference in the average number of nuclei per clone between 

the blastomeres cultured in HCMD and those in LCMD (t-test, p>0.05). 



Table 1 . I .  Average numbers of nuclei per clone of blastomeres 
cultured from the 10th cell cycle in LCMD and HCMD at 22 + 1 

LCMD HCMD 

Culture Mean Number of Nuclear Mean Number of Nuclear 
Time (SD)  Clones Pyknosis ( S D )  Clones Pyknosis 
(Hours) (%I (%) 

*Dead cells were detached and lost. No pyknotic nuclei were counted. If the cell 
numbers of these clones are similar to those of the clones cultured for 19.5 hrs, 
then the lost pyknotic nuclei can be estimated about 44%. 



However, as seen in Table 1 .l, pyknotic nuclei characterized by 

condensation and fragmentation of nuclei appeared more frequently among blastomere 

clones cultured in LCMD than those cultured in HCMD. In the former (LCMD), pyknotic 

nuclei appeared in 3 to 5% of cells in 3 of the 4 clones cultured for 17.5 hrs, and in 4 to 

55% of cells in 3 of the 6 clones cultured for 19.5 hrs. Further, the clones cultured for 

22 hrs showed marked deleterious changes and about half of their progeny began to 

die. These cells rounded up, detached from the substrate and were lost when they 

were fixed. The number of remaining cells reduced to about half that of the number of 

the cells cultured for 19.5 hrs. Although the surviving cells showed no pyknosis, it is 

likely that a number of lost cells had undergone pyknosis, which amounts to 44% if the 

total number cell per clone is assumed to be the same as that of clones cultured for 

19.5 hrs. 

In contrast, in the HCMD, pyknotic nuclei were found in none of the 

clones cultured for 17.5 and 19.5 hours, and 33% of cells in only 1 of the 5 clones 

cultured for 22 hours (Table 1 .I). Therefore, it appears that a reduction in ca2+ levels of 

the culture medium has a deleterious effect on cell viability during a long period of 

culture. However, it has little adverse effect on cell divisions as long as blastomeres 

are cultured for less than 17.5 hours. Therefore, the following analyses were all carried 

out on the results obtained from cultures that are terminated at 18 hrs or less. 

In this culture period, the progeny of a single blastomere isolated from 

the animal cap and cultured in LCMD from the 9th cycle usually divided continuously 

up to the 17th cleavage. This agrees with Winklbauer's results (1986). However, a 

small fraction of the progeny underwent an 18th cleavage. These were cells that 

remained relatively larger after the 17th cleavage with short cell cycle durations in the 

17th. Their cell sizes were reduced after the 18th cleavage to those of the cells 

arrested at the 17th cleavage. These observations suggest that there is minimum 



critical cell size below which celIs become unable to divide under the present culture 

condition in LCMD. 

c)  Chanues in the cell cvcle duration and the transition from the svnchronous to the 
asvnchronous cell cvcle 

To determine the earliest time at which the cell cycle was prolonged 

significantly, the mean of cell cycle duration or cleavage interval was calculated from 

10th to 17th cycle. As seen in Table 1.2, the cell cycle durations at the 10th and 11 th 

cell cycle were 29.7 c 2.3 and 29.1 i1.6 minutes, respectively. The duration of the 12th 

cycle was 31 .I k 2.4 minutes, which is slightly (2.1 minutes, 7%) longer than the 

duration of the previous cycles, but this prolongation of the cell cycle is significant when 

tested by Wilcoxon Signed Rank Test (p<0.0001, N=43). During the 13th cell cycle the 

duration increased by 10.0 minutes (32%) compared with the previous the 12th cycle. 

Hereafter, cell cycle durations further increased. 

To quantify the degree of cell cycie asynchrony, which becomes 

manifest after the 12th cell cycle (Clute and Masui, 1 992), the coefficient of variation 

(S.D./mean) of cell cycle durations (CVT) was calculated for each cell cycle. This value 

represents the degree of variability in cell cycle duration among individual cells at the 

same cell cycle. It remained in the range from 0.06 to 0.08 from the 10th to the 12th 

cell cycle, but abruptly increased to the value above 0.2 at the 13th cycle and further 

increased above 0.30 up to the 17th cycle (Table f.2). The abrupt increase in CVT from 

the 0.08 at the 12th to 0.27 at the 13th cell cycle coincides with the beginning of 



Table 1.2. Mean cell cycle duration (rnin) and coefficients of variation of 
cell cycle duration (CV,) in blastomeres isolated from the 
animal cap of diploid embryos (22 r 1 OC). 

Cell Cycle Mean (k SD) # CelI CVT 

CV, has been defined as standard deviation (SD) divided by mean at 
each cycle. Data shown in the 10th to 12th cleavage is combined from 
results of 5 experiments, in which the progeny of 14 single blastomere 
clones were observed. Data in the 13th to the 17th cell cycle is from 2 
experiments, in which 4 clones were observed. 



asynchronous cell cycle. When cell cycles become asynchronous at the 13th cycle 

after the 12th cleavage, cell cycle durations vaned ranging from 29 to 86 minutes. 

d l  The distributions of cell cvcle durations 

To investigate the variation of cell cycle durations among blastorneres 

undergoing asynchronous cleavage, distribution patterns of their cell cycle durations at 

each cycle were observed from the 10th to the 17th cycle (Fig. 1.7). Cell cycle 

durations of the blastorneres undergoing highly synchronous cleavage such as those in 

the 10th (Fig. 1.7A) and 11 th (Fig. 1.78) cycle were found to be short, between 25 and 

29 minutes in 67% and 86% of cells, respectively, and less than 35 minutes in the rest. 

The duration of the 12th cell cycle was significantly prolonged compared with the 

previous cycles, but the majority of cells still cleaved synchronously, with cell cycle 

durations of 25-29 minutes cycle duration in 4096, and of 30-34 minutes in 60% (Fig. 

1.7A, B, C). At the 13th cell cycle, the proportion of blastomeres with the short cycle 

(25-29 minutes) was greatly reduced to 6%, and long cycles (35-39 min) appeared in a 

majority of cells. Interestingly, although cell cycles of intermediate durations ranging 

from 30 to 60 min appeared in some fraction of cells, and those of much longer 

durations, close to 90 min, sporadically appeared in isolated cases, no cells with cell 

cycle durations between 65 and 80 minutes were found. Thus, the distribution of cell 

cycle durations exhibits a tendency to aggregate at certain values, rather than the 

continuous distribution curve with a single peak as seen in the previous cycles. The 

peak in a distinguished cluster is referred to as a mode. Major modes of cell cycle 

duration described in this chapter are judged as the peak of a distinguished cluster with 

cells that exceed 10% of total cells, while minor modes are those peaks with cells that 

are less than 10% of total cells. 



Figure 1.7. The distribution of cell cycle durations. Clones derived from 4 single 

blastomeres from inner iayers of animal cap at the 9th cell cycle and their progeny 

were studied from the 10th to ?7th cycle. The width of the bar represents 5 minutes 

interval. Arrowheads in (D), (E) mark the modes of cell cycle duration in each cluster. 
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Therefore, from the 13th to the 15th cycle, the distribution curve of cell 

cycle durations was shown as multimodal. At the 13th cycle, a major mode appeared at 

35-39 and a minor one at 85-89 minutes as mentioned before (Fig. 1 -7D). At the 14th 

cell cycle, two major modes appeared at 55-59.90-94 and a minor one at 135-1 39. A 

major mode at 140-144 and several minor ones at 60-64.80-84, %-%,I 20-1 24 and 

near 200 and 240 min were observed in the 15th cycle. Thus, when the distribution of 

cell cycle durations at the 13th to the 15th cycles (Fig. I .7D, E, F) were compared, it 

was noted that the cell cycie durations cluster to form modes roughly at multiples of 30- 

35 minutes. In the 16th cycle, all modes with percentage of cells less than 10% of total 

cells at 125-129, 135-1 34,180-1 84 and 21 5-27 9, as well as at near 300 and 330 min 

(Fig. 1.7E, F, and G). However, cell cycle durations became more and more prolonged 

and their distribution was scattered as cell cycles progress, resulting in many minor 

modes which increase significantly after the 15th cleavage. Therefore, after the 15th 

cleavage, modes cannot be determined precisely, due to an insufficient cell number in 

a mode. Nevertheless, the trend appears that cell cycle durations distribute more 

frequently around multiples of a unit of about 30 minutes (Fig. 1.7H). suggesting that 

cells divide under timing control mechanism that counts the division time by 30-35 

minutes intewal as a unit time. 

e )  The correlation between the cell cvde durations and cell sizes 

In order to find the cause of the variation in the cell cycle duration within 

a clone of blastorneres, correlation between individual cell sizes and cell cycle 

durations were investigated. In amphibian embryos, blastorneres contain yolk and 

undergo cell divisions but show no cell growth during early development. Indeed, when 



Table 1.3. Mean cell volumes and standard deviation (p3) 

during each cycle in diploids. 

Cell Cycle Mean * SD -Volume Ratio 
Vfl(W1) 



Figure 1.8. The distribution of cell sizes during cleavage. The width of each bar 

represents 2 pm. SD is standard deviation. Coefficient of variation of cell sizes (CVs) is 

defined as standard deviation divided by mean radius at each cycle. 
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the average volume of blastomeres at each cell cycle was calculated, it was found that 

cell volumes (or the cube of radius) progressively decreased exactly by half (Table 

1.3). 

While the average volume of individual blastorneres is halved at each 

division. and hence the total volume of a blastomere clone remained unchanged, 

variability in cell volume. expressed as coefficient of variation of cell size (CVS), 

progressively increased among blastorneres as the cell cycle progresses (Fig. 1.8). 

This suggests that increasing diversity of cell cycle durations with progression of cell 

cycles is caused by increasing diversity of cell sizes. Therefore, the relationship 

between sizes of individual cells and their cell cycle durations was investigated by 

plotting radii of individual cells versus cell cycle durations (Fig. 1.9). Cell cycle 

durations are approximately constant until blastomere sizes were reduced to a critical 

value. After cell sizes become smaller than this critical value, cell cycle durations are 

prolonged with reduction in cell sizes. 

To determine the critical cell size accurately, the cell size and cell cycle 

duration of a cell were plotted on a logarithmic scale. Data of cell cycle durations were 

divided into two groups, namely cells larger than an approximate critical cell size, and 

cells smaller. A regression line was drawn for each group of data. The accurate critical 

cell size was determined to be the point below which the correlation coefficient (P) of 

the regression line is maximized. This value was 37.5 _t 0.2 pm in radius of the celt. For 

all cells with a radius larger than the critical value, the frt of the regression line to the 

data is significant (p c0.01). but correlation coefficient (? = 0.05) as well as the 

exponent (0.08), which represents the slope of line A, are very small, indicating that 

changes in the size of the cell have little effect on the cell cycle duration. For cells 

smaller than the critical size, the regression line also shows a good fit to the data, but 



Figure 1.9. The logarithmic relationship between cell size (in radius pm abscissa) and 

cell cycle duration (minutes ordinate). The arrowhead marks the critical cell size (37.5 + 

0.2 pm). Formula in this figure was computed with program of AXUM. 
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the correlation coefficient between the cell size and the cell cycle duration on a 

logarithmic scale indicates a high correlation (? =- 0.93). The fact that the exponent is 

1.96 (Fig. 1.9B), which is close to 2, suggests that celi cycle duration increases 

inversely proportional to the square of the radius of a cell, i.e. cell surface (or cortex) 

area rather than the volume of the blastomere in which the exponent equal to 3 is 

expected. 

To determine the cell cycle at which cell cycle durations became 

dependent on the cell size, the sizes of blastomeres were compared with the critical 

cell size at each cell cycle. The distribution of cell sizes and the average radii of 

blastomeres from the 10th to the 17th cycle are shown in Fig. 1.8. Cells at the 10th and 

11 th cycle were larger than the critical cell size (Fig. 1.8A, B), but 24% of cells at 

thel2th cycle and 92% at the 13th cycle became smaller than the critical cell size. 

From the 14th cycle, all cells were smaller than the critical cell size (Fig. 1.8C, D. and 

E). When cells became smaller than the critical cell size, the cell cycle duration varied 

with cell size. Therefore, the cell cycle duration of cells smaller than the critical cell size 

must become variable depending on the variation of their cell sizes, leading to 

asynchronous divisions. This suggests that at the 12th cycle 24%, at the 13th cycle 

92% and from the 14th cycle all blastomeres underwent asynchronous divisions. Thus, 

the transition from the cell size-independent, synchronous cell cycle to the cell size- 

dependent, asynchronous cell cycle occurs during the 12th and 13th cycle, which 

corresponds to MBT. 

fl Uneaual cell divisions durina cleavaae staaes 

As pointed out above, the celi cycle duration is correlated with the cell 

size as cells smaller than the critical cell size. This means that a variation in cell cycle 



durations, i.e. asynchronous cleavage, could be caused by a variation in cell sizes. To 

assess the effect of unequal cell divisions, the index of unequal divisions (IUD) was 

defined as relative difference in cell size between two sibling cells divided by mother 

cell size. A zero IUD means an equal division that produces two sibling cells of equal 

sizes. The larger the difference in size between two sibling cells, the higher the IUD. 

The proportion of cells, which divided unequally to different degrees. 

varied with progression of cleavage. At early stages, unequal divisions occurred more 

frequently than at later stages. The percentage of cells with zero IUD remains low at 

the 1 Oth, 1 1 th and 12th cell cycle, being 21 %, 18% and 14%- respectively, but it 

increases significantly to 43% at the 1 3th, 50% the 14th. 52% the 15th- 72% the 16th 

and 44% the 17th cycle (Fig. 1.1 0). In contrast, the percentage of cells with high IUD (> 

0.40), was 17% and 27% at the 10th and 1 1 th cycles respectively, but decreased from 

the 12th cycle significantly, being 7% at the 12th and less than 6% from the 13th 

cycles. However, a majority of cells at the 9th to 17th cycles exhibited an intermediate 

IUD (0.05-0.40) (fig. 1 -1 0). and the average IUD tended to be reduced as cleavage 

progresses (Fig. 1.1 1). These results indicate that unequal divisions occur in a 

substantial fraction of cell populations at all division cycles, but cells before the 13th 

cleavage undergo unequal divisions more frequently than those at later cleavage 

stages. 

As seen above, the average IUD is relatively srnall ranging from 0.12 to 

0.26 (Fig. 1 .I I ) ,  and the cell size difference resulting from a single unequal division 

between sibling cells is srnall. However, repeated unequal divisions may result in a 



Figure 1.1 0. Changes in the distribution of IUD during cleavage. IUD = Wwa- 

Vb)l(Va+Vb); Va is the volume of the larger sibling blastomere, and Vb that of the 

smaller sibling blastomere. Data shown in the 1 0th to1 2th cleavages were combined 

from results of 5 experiments, in which the progeny of 44 single blastomeres isolated at 

the 9th cycle were observed. Data from the 13th to 17th cell cycle were obtained from 

2 experiments, in which progeny derived from 4 single blastomeres were isolated at the 

9th cycle. 
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Figure 1 .I 1. The change of the IUD during cleavage. Average IUD is obtained the sum 

of IUD of total sibling pairs studied at each cycle. The number of pairs studied at each 

cell cycle are: at the 9th N=14; the 10th N=29; the I lth N=44; the 12th N--42; the 13th 

N=47; the 14th N=46; the 15th N=65; the 17th N=9. 
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wide range of variation in cell sizes which is sufficient to cause a variation in cell cycle 

durations among progeny cells and bring about the asynchronous division observed. 

a) The relations hi^ between cell cvcle durations of mother and daucrhter blastomeres 

The previous results have shown that cell cycle durations are correlated 

inversely with cell size after MBT or 12th cell cycle. Therefore, it was expected that 

there would be no relationship between cell cycle durations of mother and daughter 

blastorneres before MBT, both being the same as long as they were both larger than 

the critical cell size. However, when the mother cell size became smaller than the 

critical cell size after MBT, the mother cell cycle duration was prolonged. In this case, 

the daughter cell cycle durations should increase as their mother cell cycle duration is 

prolonged. 

Figure 1.12 shows the relationship between mother cell cycle duration 

and daughters cell cycle duration at each cell cycle from the 11 th to 17th cycles. Before 

MBT, i.e. up to the 12th cycle, the mother and daughter cell cycle durations, are equal 

(Fig. 1.124, B). Daughter cell cycle durations, however, increase as mother ceIl cycle 

durations are prolonged after MBT. From thel3th to A4th cycle, the daughter cell cycle 

durations increase with mother cell cycle durations (Fig. 1.12C. D). Similarly, during the 

15th and the 16th cycles, if mother cell cycle durations are shorter than 75 minutes, the 

daughter cell cycle durations increase in proportion to mother cell cycle durations (Fig. 

1.12D, E, and H). These results may be explained by the tendency that larger mother 

cells generally give rise to larger daughter cells. 

However, when mother celI cycle duration increases from 75 to 140 

minutes, the daughter cell cycle durations are not markedly changed (Fig. 1.12E, F, 

and H). Only when the mother cell cycle durations are longer than 140 minutes, do the 



daughter cell cycle durations increase dramatically with the mother cell cycle durations. 

This trend becomes evident during the 17th cleavage (Fig. 1.12G). These 

observations may also be explained by the fact that the smaller the mother cells, the 

smaller the daughter cells. However, it is difficult to explain why cell cycle durations of 

daughter cells born from mother cells of certain sizes remain almost invariant at the 

15th and 16th cycles. It is possible that in these cells other factors than the cell size are 

involved in timing of the cell cycle. 



Figure 1.1 2. The relationship between mother and daughter cell cycle during cleavage. 
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4. DISCUSSION 

In early cleavage stages of Xenopus laevis embryos, two successive 

cell cycle patterns of animal cap cells can be distinguished: cell size-independent cell 

cycles before MBT and cell size-dependent cell cycles after MBT. During the cell size- 

independed period, blastomeres repeat cell cycles at a minimum constant time, about 

28 k 2 minutes at 22 & 1°C, regardless of their sizes. In contrast, during the cell size- 

dependent period, blastomeres undergo cell cycles with variable cell cycle durations 

inversely proportional to their sizes. 

Although blastomeres dividing unequally throughout cleavage stages 

give rise to daughter cells of different sizes, their cell cycle durations are independent 

of their cell sizes as long as they are larger than the critical cell size. Size differences 

among blastomeres have little effects on their cell cycle durations up to 12th cell cycle 

at MBT. However, after this period, when blastomeres become smaller than the critical 

cell size, their cell cycle durations depend on their sizes. Therefore, after the 12th cell 

cycle (M8T), blastomeres of different sizes have different cell cycle durations and their 

cell divisions become asynchronous. 

Variability in cell size among blastorneres is created when a mother 

blastomere divides asymmetrically to produce two daughter blastomeres of different 

cell sizes. It may be questioned whether unequal cell divisions are caused by a random 

force or by other mechanisms operating in a cell. In animal cells, the position of the 

cleavage furrow is determined by the position and orientation of the mitotic apparatus 

in the cell (Rappaport, 1997). Therefore, it is likely that a shift of the position of the 

mitotic apparatus from the center of a cell causes unequal cleavage of the cell. 

AIthough the cause of the perturbations of the position of the mitotic apparatus is 

unknown, it appears that the larger the blastomere, the more sensitive to the cause of 



the perturbation. Larger blastomeres at early cell cycles show greater deviation from 

equal division as indicated by IUD (Fig. 1.1 1 ). 

In fact, I frequently observed that the position and the duration of 

cleavage furrows of larger blastomeres, such as those in early embryos before the 5th 

cycle could easily be changed by external mechanical perturbations such as removal of 

the fertilization membrane. Therefore, it is reasonable to assume that unequal division 

of blastomeres is caused by changing position of the asters in the celi under the 

influences of interaction with neighboring cells as well as with the substrate. 

The results of the present experiments indicate that when blastomeres 

become smaller than the critical cell size (37.5 pm in radius), the cell cycle duration 

increases in a proportion that is close to the square of the radius of the blastomere 

(1 -96, the exponent of the radius is close to 2.00) (Fig. 1.9). This suggests that cell 

cycle durations are determined by a factor whose quantity varies proportionally to the 

cell surface area of the blastomere. 

In order for a cell to enter mitosis, it must have active MPF in a sufficient 

quantity above some threshold. This has been inferred first from the result of the 

experiment in which variable numbers of sperm nuclei were introduced into a mouse 

oocyte. The maximum number of nuclei which can be induced to form mitotic 

chromosomes varies in proportion to the volume of oocyte cytoplasm at the ratio of 3 

nuclei per oocyte (Clarke and Masui, 1987). Similarly, when variable amounts of sperm 

nuclei (or DNA) are added to Xenopus egg extracts, it was found that mitotic 

chromosome formation occurred in an non-all fashion and cell cycle duration was 

prolonged as well as the activation of MPF was delayed with increasing sperm nuclear 

(or DNA) concentration (Dasso and Newport, 1990). 



Therefore, it appears that MPF must reach the same level regardless of 

the nuclear concentration in order for the nuclei to enter mitosis. MPF, or factors 

produced in cytoplasm, are titrated by interactions with nuclei, and its activity is 

neutralized stoichiometrically in proportion to the quantity of nuclear factor. Unless 

MPF is present in a cell in a higher quantity that can be titrated by a nucleus, no 

mitosis can begin. In this respect, the nucleocytoplasmic ratio (NIC) of a cell plays a 

crucial role in its decision to enter mitosis, since MPF is probably produced in a 

quantity proportional to the quantity of cytoplasm. 

Therefore, a hypothesis is proposed here that the rate of MPF 

production increases with cell size, and the quantity of MPF that is titrated by the 

nucleus is proportional to its genome size or DNA content. From this hypothesis, small 

cells with high nucleocytoplasmic ratios must take a longer time than larger cells to 

enter mitosis after MPF has been destroyed in the previous divisions, since the rate of 

MPF production is lower in small ceils. However, above the critical cell size, It is 

supposed that in large cells, more MPF than the quantity required for the induction of 

mitosis of a single nucleus can be produced in less than the time it takes for the cell to 

pass S phase. Then regardless of cell size, cell divisions could occur at a minimum 

constant interval, i.e. in the time taken by S and M phases. Thus, they divide 

synchronously. 

On the other hand, small cells below the critical cell size take a longer 

time than the time taken by S phase to produce MPF in the quantity required for 

inducing mitosis in a single nucleus. Then, they must stay in GI, S and Gg phases, 

mainly in S and Gq phases in order to produce the necessary amount of MPF for 

mitosis. Therefore, the time taken for the cell to complete the cell cycle must be 

extended as cells become smaller. This is supported by the observation that the 

duration of the cell cycle after MBT is prolonged mainly by Gq phase extension 



(Newport and Kirschner, 1982a, b), which has been shown to increase steadily and 

occupy about 60% of total cell cycle by stage 15 (Graham and Morgan, 1966). G1 

phase is also extended, which occupies 22% of the total cell cycle duration by stage 15 

(Graham and Morgan, 1966). Although the result by Graham and Morgan (1966) was 

obtained from endoderm cells, it is probably that GI phase also iqcreases from MBT in 

cells from the animal cap region of an embryo. 

Further, because the initiation of DNA replication requires accumulation 

of G1 cyclins to a critical level, observed in yeast (Hadwiger, et al., 1989; Schneider et 

al., 1996) and in mammalian cells (Quelle, et al., 1994), the timing of DNA replication 

may also depend on cell sizes. Thus, the mechanism of "cell size control" involved in 

the prolongation of G, phase could operate in a similar manner as described above in 

GP prolongation. 

From above, the cell cycle duration becomes variable depending on the 

effect of cell size on the lengthening of GI , S and G2 phases, and cell divisions become 

asynchronous in a d  population consisting of cells of variable sizes. 'Cell size 

control" cell cycle duration might execute on the G,/S and G2/M transition. Since it 

assumes that the prolongation of cell cycle duration is mainly due to S and G2 phases 

from MBT, it may be said that the critical cell size, at which the shift from the 

synchronous to the asynchronous cleavage of blastomeres occurs, is the minimum cell 

size required to produce a sufficient quantity of MPF to induce mitosis in the time taken 

by S phase without addition of G1 and G2phases. The hypothesis also explains why 

asynchronous cell cycles of blastomeres begin when their nucleocytoplasmic ratio 

reached a certain value, which remains constant when the initial nucleocytoplasmic 

ratios of zygotes were changed either by cutting egg cytoplasm (Kobayakawa and 

Kubota, 1981 ; Clute and Masui, 1995), or by delaying nucleation (Newport and 

Kirschner, 1982a; Clute and Masui, 1 995). 



The present experiment showed that the distribution of cell cycle 

durations among blastomeres smaller than the critical cell size is multimodal after MBT, 

more obviously at the 13th tol4th cycle. The modes appear at the time points that 

correspond to integral multiples of a unit time, approximately 30 minutes. This unit time 

is close to the minimum cell cycle duration 28 ,+ 2 minutes during synchronous 

cleavage. In this regard, it is important to note that MPF cycles in early cleavage 

stages repeat themselves continuously in the cytoplasm without participation of nuclear 

activities at the intewais equal to the cell cycle duration (Gerhart et al., 1984). 

Therefore, it may be assumed that MPF activity cycles in the cytoplasm independently 

of the nucleus, and, as MPF activity rises above the level of the activity that a single 

nucleus can neutralize it, mitosis is induced at every MPF cycle in a blastomere. 

However, if a blastornere becomes smaller than the critical size, the 

quantity of MPF produced at the peak of the first MPF cycle may be less than can be 

neutralized by the nuclear factor contained in a single nucleus and no mitosis can be 

induced. in this case, the unreacted nuclear factor remains to participate in 

neutralization of MPF in the second cycle as well. Therefore, in order for mitosis to be 

induced in such a small blastomere, MPF must accumulate after repeated MPF cycles 

until no nuclear factor is left to neutralize MPF. Thus, onIy when the nuclear factor is 

exhausted or saturated with neutralized MPF, can mitosis be induced by remaining 

MPF activity. Therefore, a blastomere that failed to saturate the nuclear factor with the 

MPF produced in the previous cycles must wait for the next cycle to undergo mitosis. 

This may explain why blastomeres smaller than the critical cell size more frequently 

divide at the time points that coincide with peaks of MPF cycles. 

At the 15th cell cycle and later cell cycles, the appearance of modes at 

multiples of 30-35 minute becomes rather obscure. This may be because the number 

of the cases contained in a mode is not larger enough to determine the existence of the 



mode with statistical significance. For a rnultimodal distribution of cell cycle durations at  

later cell cycles to become consipicuous, it would be necessary to increase the number 

of cell studied. 

The present study showed that the duration of cell cycle of a cell smaller 

than the critical cell size becomes inversely proportional to the square of the radius of 

the blastomere (Fig. 1.9). This suggests that cell cycle timing could be determined by 

factor (s) that localize near surface area (or cortex) of the blastomere. It may be 

questioned whether the synthesis of MPF occurs near the surface or whether some 

other factors that act upstream of MPF, such as cdc25, are localized near the surface 

of the cell. This is a question to be investigated. Therefore, the hypothesis proposed 

above remains one of a suitable model to explain the distribution of celI cycle durations 

during posWBT blastomeres. More detailed discussion about the models that explain 

the results of this chapter will be provided in 'General Discussionn. 



CHAPTER I1 

Cell Divisions in Dissociated Haploid Cells 

I. INTRODUCTION 

In the previous chapter, it was reported that during MBT, between the 

12th to the1 3th cell cycle, animal cap blastorneres of Xenopus laevis embryos change 

their cell cycle patterns from cell sizeindependent and synchronous to the cell size- 

dependent and asynchronous. When blastomeres enter asynchronous cell cycles, the 

cell cycle durations of blastomeres lengthen inversely with their cell surface areas. The 

loss of cell cycle synchrony (Signoret and Lefresne, 1971). addition of GI and G2 

phases (Graham and Morgan, 1966; Newport and Kirschner, 1982a. b) appear at MBT 

when the cell's nucleocytoplasmic or DNAkytoplasmic ratio reaches a threshold 

(Newport and Kirschner, 1982b). 

As discussed in the previous chapter, this phenomenon can be 

explained by the hypothesis that assumes titration of MPF by a nuclear factor. Namely, 

the maximum quantity of MPF produced in a cell during a MPF cycle is proportional to 

the cell size, but it is neutralized by the nuclear factor present whose quantity is 

proportional to the genome size of the nucleus. This means that the critical dose of 

MPF for triggering mitosis is determined by the genome size of the nucleus. Therefore, 

small blastomeres take a longer time to produce the critical dose of MPF and have 

longer cell cycle durations than larger cells. The hypothesis predicts that the cell cycle 

duration is unchanged if the genome size of a small cell is also small in proportion to 

the cell size. In other words, if the size of a haploid cell is half that of a diploid cell, their 

cell cycle durations are the same. Therefore, the cell cycle duration of a haploid 



blastomere at (N+l)th cell cycle is always equal to that of diploid blastomeres at Nth 

cell cycle. 

This implies that the timing of the transition from cell size-independent 

and synchronous cell cycles to cell size-dependent and asynchronous cell cycles is 

delayed by one cell cycle in haploid blastomeres compared with the diploid. To confirm 

this prediction, single blastomeres were isolated at the 9th cell cycle from the animal 

cap of haploid embryos, and their cell cycles were compared with those of diploid 

blastomeres described in the previous chapter. Thus, it was found that the transition of 

haploid blastomeres from cell size-independent and synchronous cell cycles to cell 

sizedependent and asynchronous cell cycles occurred with a delay by one cell cycle 

compared with diploid cells, when both diploid and haploid cells attained the same 

critical nucleocytoplasmic ratio. As welt, during the asynchronous period, the cell cycle 

durations of both diploid and haploid cells were found to be inversely correlated with 

cell surface areas. 



2. MATERIALS AND METHODS 

a) Froas and embryos 

Mature oocytes were obtained and fertilized in vifro in the same way as 

described in the previous chapter. 

Haploid embryos were prepared as follows: A piece of testis (about 

25%) was macerated in 0.2 ml200% Steinberg solution (58 mM NaCI; 7 mM KCI. 0.8 

mM MgS04, 3.4 mM Ca(NO&, 4.6 rnM Tris, 4.0 mM HCI, pH 7.4) and half of it (0.1 

ml) was transferred into a petri-dish of 35 rnrn in diameter. A sperm suspension was 

immediately spread to cover evenly the entire bottom. Then, the sperm suspension 

was irradiated with a 15W UV-lamp placed at a distance of 15.3 cm for 2 or 3 min. It is 

important that the sperm suspension in the petri dish forms a very thin and uniform 

layer so that all the sperm will be UV-irradiated evenly. As soon as the sperm 

suspension was UV-irradiated, 50-100 oocytes were squeezed from a female into the 

petri dish, and 0.9 ml double distilled water was added to the petri dish to cover the 

eggs. Ten minutes later, eggs were washed with 20% Steinberg solution. The jelly coat 

was removed in 3% cysteine-HCI and 1% NaOH (pH 8.0) as described previously. 

Control diploid embryos were obtained in the same way as haploid 

embryos except that eggs were fertilized with an aliquot of the same sperm suspension 

as used for haploid embryos without UV-light treatment. 

At 4- or 8 e I I  stage, only healthy embryos with the typical pigment 

distribution were selected from both experimental and control groups and cultured in 

20% Steinberg solution with antibiotic mixture (see chapter I) for further 

experimentation and observation. To test the effect of UV-irradiation on sperm 

suspension in the current experimental condition as described above, haploid 



syndrome was identified according to Hamilton (1966) and Pogany (1 976) after three 

days of culture at 18OC. 

b) Blastomere culture 

Blastomeres used for this experiment were obtained and cultured in the 

same way as described in Chapter 1. Single blastomeres from inner layers of the 

animal cap at the 9th cell cycle from embryos in the experimental group were isolated 

after the 8th cleavage in CaF Danilchik (chapter I) and transferred into droplets of the 

modified Danilchik medium containing a low level of ca2+ (LCMD). 

C )  Rewrdina cell divisions of blastomeres 

In this experiment, images of blastomeres were recorded by CCD 

Camera Sony Model XC-75 attached to the time-lapse video recorder sony SVT-5000. 

d) Observation of chromosomes 

To examine the chromosome numbers of blastomeres cultured in 

LCMD, the rest of the embryo from which cultured blastomeres had been isolated in 

CaF Danilchik, was reaggregated by adding 0.1 M CaCI2 to the medium to raise the 

final concentration of Ca" to 0.6 mM. The blastomeres reaggregated usually within 

about 2 hours. These blastomere aggregates developed tissue pieces after cultured for 

24 hrs at 22 _+ 1 OC. 



They were cut into smaller pieces about I rnm in diameter and treated 

with 0.025 pglml colcemid dissolved in 20% Steinberg solution for 2 hours in the dark, 

followed by an exposure to double distilled water for 20 minutes. The specimens were 

fixed as previously described (chapter I) for at least 2 hours on very clean microscopic 

slides, to which one larger drop of 1 pglml Hoechst dye was added after the fixative 

had evaporated. Several minutes later, a clean coverslip was placed over the 

specimen. To spread the chromosomes, the coverslips were tapped with the end of a 

pencil. Edges of the coverslip were sealed with nail polish. Specimens were observed 

under a fluorescent light microscope (Leitz) using UV filter after they had been kept in 

the dark place overnight until chromosome staining becomes clear. 

In addition, chromosomes from tailbuds shown haploid syndromes were 

prepared and stained with Hoechst as described above. 

e l  Cell cycle analysis 

Cell cycle durations and cell sizes of blastorneres cuItured in LCMD 

were measured from their images on the time-lapse video by the aid of the program of 

Northern Exposure (Empix Imaging, Missisauga, ON. Canada). Statistical analyses of 

the data obtained were carried out as described in the previous chapter using a 

computer program (Axum). 



3. RESULTS 

Embryos fertilized with UV-irradiated sperm and control embryos were . 

observed after culture at 18°C for three days. Ninety percent (78187) of embryos 

fertilized with UV-irradiated sperm for 2 minutes in experimental groups became 

tadpoles with the typical haploid syndrome which was characterized by the presence of 

oedema and sluggishness, by reduction in pigmentation and in the efficiency of the 

heart and circulation, and by a partial failure of the gut to coil and of muscles to 

differentiate (Hamilton, 1966). Ten percent (9187) of embryos from the experimental 

group degenerated during culture. Similar results were obtained in embryos 

inseminated with UV-irradiated sperm for 3 minutes. In both cases, normal tadpoles 

failed to develop. 

b) Chromosome numbers 

It was expected that the chromosome number per cell in haptoid 

embryos would be 18, half of that of diploid embryos (36) (Hamilton, 1966). However, 

the number of chromosomes a blastomere of embryos derived from eggs fertilized with 

UV-irradiated sperm was not always the same; it vaned from I 3  to 18, but no more 

than 18 (Fig. 2.1 a, b. c). Pogany (1 976) also reported variation in the chromosome 

number per cell from embryos with haploid syndromes due to variation in the UV dose 

received by an individual sperm nucleus. On the other hand, blastorneres derived from 

eggs fertilized with unirradiated sperm contained more than 30 chromosomes per cell 

(Fig. 2.1d). Therefore, blastorneres from the embryos fertilized with the UV-irradiated 



sperm contained half or less than the amount of DNA contained in those from normally 

fertilized control embryos. 

cl The onset of cell cvde - asvnchrony 

When single blastomeres that had been isolated from inner layers of the 

animal cap of haploid embryos at the 9th cell cycle after the 8th cleavage were cultured 

in LCMD, they cleaved continuously in the same manner as those isolated from control 

diploid embryos. Morphologically, no marked differences in behavior were found 

between haploid and diploid blastomeres during culture. The average CVT, which 

measures degrees of asynchronous cell divisions as defined in the previous chapter 

(SDfrnean cell cycle duration) sharply increased at the 14th to 0.27 from 0.04-0.07, and 

remained between 0.28 and 0.29 during the following divisions (Table 2.1 ). This 

suggests that the onset of cell cycle asynchrony can be delayed by one cell cycle in 

haploid blastorneres compared with those diploid, that is at the 14th cleavage instead 

of the 73th as observed in diploid cells. 

dl Chanaes in the cell cvcle duration 



Figure 2.1. Metaphase chromosomes stained with Hoechst from haploid and diploid 

cells. Chromosomes in a, b were obtained from embryos shown the haploid syndrome. 

a. Chromosome number is 14 (X 3857); b. Chromosome number is 17 (x 3857); 

Chromosomes in c was from aiiquots of eggs fertilized with sperm irradiated for 3 min 

and cultured for 24 hrs. c. Chromosome number is 18 (x 1928). The chromosome 

number in d from a normal tadpole is more than 30 (diploid) (x 3857). 





During the synchronous cell cycles, the cell cycle duration from the 11 th 

to the 13th cycles were 27.0 +1 .I, 28.5 & 0.9 and 30.7 A 2.2 minutes, respectively, 

slightly shorter than those found in diploid cells at the corresponding cell cycles. 

However, the average cell cycle duration of the 14th cycje abruptly increased to 43.1 rt 

11 -4 minutes, 40% longer than that of the 13th. This abrupt increase in the cell cycle 

duration at the 14th cycle coincided with the onset of cell cycle asynchrony followed by 

a rapid increase in the average cell cycle duration at every cycle (the 15#, 16th and 

17th are 72.3 k 22.4, 123.8 + 35.5 and 206.0 + 58.4 minutes, respectively). 

It is interesting to note that a majority of haploid cells underwent the 

18th cleavage with the average ceIl cycle duration 334.0 2 97.8 minutes, while those 

diploid cells mostly arrested one cycle earlier (Chapter I, Table 1.1 ). When average cell 

cycle durations were compared between haploid cells and diploid cells at the same cell 

cycle, they were found to be shorter in haploid cells than in diploid cells: by 25% at the 

13th, 42% at thel4th. 40% at the 15th, 29% at the 16th and 32% at the 17th. However, 

when cell cycle durations were compared between haploid cells and diploid cells at one 

cycle earlier, there was no difference (Table 1.2; Table 2.1). 

e ) Cell cvcle durations and cell sizes 

The previous observation with diploid blastomeres described in chapter I 

showed that cell cycle durations remained almost constant (28 + 2 rnin) up to the 12th 

cycle. From the 13th cycle when cells became smaller than the critical size, the cell 



Table 2.1. Mean cell cycle duration (min) and coefficients of variation of cell 
cycle duration (CV,) in isolated blastomeres from haploids. 

Cell Cycle Mean k SD No. Cell CVT 

Data of haploid cells is from 2 experiments, 4 single blastomere clones and 
their pogeny were observed. 



cycles became longer, and were inversely correlated with the square of the cell radius. 

Similar observations of haploid blastomeres confirmed this relationship (Fig. 2.2). 

Prolongation of cell cycle duration of haploid blastomeres occurred one cycle later 

(14th cycle) than that of diploid. As Fig. 2.2 shows, the two regression lines - 

representing the correlation between celI cycle duration and cell size, intersected at 

27.5 pm for haploid celis, smaller critical cell size than for diploid cells (37.5 pm). This 

indicates that the critical cell size for haploid cells is approximately half that for diploid 

in terms of the cell volume (87pl and 221 pl respectively) or of the cell surface area (9.5 

x lo3  p2 and 17.7 x lo3  p2). 

Line A in Fig. 2.2, for cells larger than the critical cell size, shows that 

the cell size effect on the cell cycle duration is small with the exponent of radius equal 

to 0.24 (P = 0.56, p c 0.01). Line B for cells smaller than the critical size shows that the 

cell cycle duration increases approximately in inverse proportion to the square of the 

cell radius. The exponent of radius is 2.26 (rZ = 0.94, p<0.01), which is close to 2. In 

other words, the cell cycle durations of blastomeres smaller than the critical cell size 

are inversely proportional to their surface areas. The critical cell size for haploid 

blastomeres falls between the average cell sizes of blastomeres at the 13th and 14th 

cycles (Fig. 2.3). The critical cell size (27.5 pm) is larger than the average cell size of 

blastomeres at the 14th cycle (24.6 r 3.2 pn). while it is smaller than the average cell 

size of those at the 13th cycle (31 -9 + 4.4 pm). Therefore, cell size-dependent cell 

cycle starts from the 14th cleavage in haploid cells, one cycle after diploid cells. This 

transition from cell size-independent to cell size-dependent cell cycles coincides with 

the onset of cell cycle asynchrony from the 14th cycle, indicated by a sharp increase in 

CVT among blastomeres. 



Figure 2.2. The logarithmic representation of the relationship between cell sizes (in 

radius) and cell cycle duration in haploid cells. Data were obtained by combining two 

experiments. The arrowhead points to the critical cell size (27.5 pm)- Formula in this 

figure was computed with program of AXUM. 
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Figure 2.3. Distribution of cell sizes of haploid cells at different cell cycles. Each bar 

represents 2 pm. Data was combined from two experiments. 
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f) Distribution of cell cvde duration 

In haploid blastomeres at the I I th to the 13th cycle, 90-1 00% of the 

cells divides between 25-34 minutes. Cell cycle durations were invariable, showing a 

high synchrony of cell divisions- However, from the 14th cycle, the distribution 

increasingly scatters with advancing cell cycles. It appears that the longer the cell cycle 

duration becomes with advancing cleavage, the more widely the distribution scatters. 

During the 14th cleavage, the distribution of cell cycle durations is 

multimodal with a major mode at 30-34 and a minor at 90-94 minutes (Fig. 2.4A), three 

major modes at 45-49, 60-64, 80-84, and two minor modes at 1 10-1 14 and 145-149 

minutes during the 15th cell cycle (Fig. 2.4B), a major mode at 90-94 minutes, several 

minor modes at 65-69, 105-1 09, 1 15-1 19, 130-1 34,155-1 59,170-1 74 and 180-1 84 

minutes during the 16th cycle (Fig. 2.4C) and a major mode at 175-179 with several 

minor modes, for example, at 120-1 29,2QO-204,255-259 and around 300 minutes 

during the 17th cycle (Fig. 2.4D). 

These observations indicate that in haploid blastomeres, cells becoming 

smaller than their respective mitical sizes divide asynchronously at variable intervals 

which coincide more frequently with those of integral multiples of a unit time, 30-35 

minutes. 

a) The relationship between mother and dauohter cell cycle 

As mentioned in the chapter I, for diploid cells, there is a strong positive 

correlation of cell cycle duration begins to appear between mother and daughter from 



Figure 2.4. Distribution of cell cycle durations from the 14th to 17th cell cycles. Each 

bar spans 5 minutes. Data from two experiments were combined. Arrowheads indicate 

positions of modes,  
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the1 3th cycle, except for mother cells having the celt cycle duration between 75 and 

140 minutes. 

Similarly, in haploid cells, a correlation of cell cycle duration was found 

between mother and daughter cells (Fig. 2.5). However, it is noted that in this case, the 

correlation between mother and daughters cell cycle duration appeared with a delay by 

one cycle from the 14th instead of the 13th cycle, and was observed up to the 17th 

cycle. The result suggests that the appearance of the correlation of the cell cycle 

duration between the mother and daughter cells depend upon the nucleocytoplasmic 

ratio reached by mother blastorneres. 



Figure 2.5. The relationship between mother and daughter cell cycle duration in 

isolated blastomeres from haploid embryos. The number over the horizontal bar 

indicates the number of division in daughter celIs. Strong positive correlations between 

mother and daughter cell cycle durations appear after the 13th cell cycle from the 14th 

to 16th cell cycles. 
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4. DISCUSSION 

The study showed that haploid blastomeres started asynchronous 

divisions from the 14th cell cycle, instead of the 13th cycle as indicated by a sharp 

increase in their CVr s, being delayed by one cycle compared with diploid cells. The 

transition from the cell size-independent to cell size-dependent cell cycle occurred at 

the same time. In the haploid cells, the change in cell cycle duration observed at MBT 

occurs at a cell size half that of the diploid cells. In other words, the critical cell size of 

the haploid is half that of the diploid, but the critical nucleocytoplasmic ratio (NIC) of 

both haploid and cells remain the same. However, when the critical cell size was 

calculated in terms of volume and surface area, it was found that the ratio between 

haploid and diploid critical cell sizes expressed in surface area (9.5 x 1 o3 p2/17.7 x l o 3  

p2 = 0.536) was closer to % than that expressed in volume (87 ~11221 pl = 0.394). 

Therefore, the critical NIC, which determines the timing of the transition of cell cycles 

from cell size-independent and synchronous to cell size-dependent and asynchronous 

divisions, appears to be the ratio between the genome size and the quantity of cell 

surface cytoplasm or the cortex, rather than the entire volume of the cell. 

In the present experiment, diploid cells divide synchronously up to the 

12th cell cycle, while haploid cells do so up to the 13th cycle. When the cell cycle 

durations of haploid cells were compared with those of diploid cells at each 

corresponding cell cycle of synchronous divisions, no significant difference can be 

found between them although the former appears to be slightly shorter. This indicates 

the cell cycle duration during synchronous cell cycle is mainly under the control of a 

cytoplasmic oscillator that is operating independently of the genome size of 

blastomeres- The cytoplasmic oscillator first was proposed by Hara et al., (1980) to be 



present in egg cytoplasm or cortex and to function independent of nuclei. In Zebrafish, 

it was implied that this cytoplasm oscillator also functioned in asynchronous cell cycle 

in water-activated eggs (Kane and Kimmel, 1993). 

In contrast, in the asynchronous cell divisions, cell cycle durations in 

haploid cells were found to be significantly shorter than those of diploid cells up to at 

least the 17th cycle. However, it was noted that the average cell cycle duration of 

haploid ceils at the (N+l)th cycle is always very similar to that of diploid cells at the Nth 

cycle. This suggests that it is the NIC that determines the celi cycle duration of a 

blastomere. It was also noted that both in the haploid and in the diploid, celi cycle 

duration increases approximately in proportion to the square of radius or the cell 

surface area. Taken together, it appears that plasma membrane-related factors play a 

role in determining the critical cell size for the transition of cell cycles as well as cell 

cycle duration after the transition. Further, the transition from cell size-independent to 

dependent cell cycles or synchronous to asynchronous cell divisions appears to be 

signaled by the ratio between the genome size and the surface area as discussed 

before. 

The distribution of cell cycle durations among blastomeres entering 

asynchronous cell cycles, is multimodal in both haploid and diploid blastomeres. In 

both cases the modes appear in a similar fashion. In the first asynchronous cell cycles, 

two modes appeared at 30-35.85-89 in the 13th cycle for diploid and at 30-34, and 90- 

95 min of cell cycle durations in the 14th cycle for haploid (Fig. 1.17D, Fig. 2.4A). In the 

following cycles, although the number of modes appearing at a corresponding haploid 

and diploid cell cycle is different (3 in the 14th cycle of diploid, 5 in the 75th cycle of 

haploid, etc.,), and the cell cycle durations at which modes appear are very similar. 

Apparently, both haploid and diploid biastomeres, enter mitosis more frequently at 



intervals which are approximately equal to integral multiples of a unit time of 30-35 rnin 

than at intermediate times. 

In short. all the observations on the cell cycles of haploid blastomeres 

indicate that their cell cycle behavior is very similar to those of diploid blastomeres in all 

respects, except that it occurs with a delay by one cycle. This implies that the cell cycle 

behavior of both haploid and diploid blastorneres may be explained by the hypothesis 

based on a stoichiometric reaction of a mitotic factor with the nucleus as discussed in 

Chapter 1: cell division cycles of blastomeres are controlled by the mitotic factor which 

is produced in proportion to cell surface area; This factor is neutralized by titration by a 

nuclear factor which is present in a quantity proportional to the genome size. Mitosis 

can be induced by the mitotic factor remaining in the cell after all the nuclear factor had 

been exhausted by the titration reaction. 



CHAPTER Ill 

Probabilistic Analysis of Variability in the Cell Cycle 

1. INTRODUCTION 

Blastomeres isolated from the inner cell layer of the animal cap of a 

Xenopus blastula before MBT divide synchronously and cell cycle durations are 

constant, at approximately 30 min for each cycle. However, after MBT, the blastorneres 

divide asynchronously and their cell cycle durations become prolonged and variable. It 

is the nucleocytoplasmic ratio (NK) in a cell that plays a crucial role in these cell cycle 

changes at MBT. The N/C is also responsible for determination of the cell cycle 

duration after MBT. It appears that cell cycle duration of blastomeres after MBT is 

under the "cell size controln, and its variation could be explained by the variation in cell 

size among blastorneres. However, as seen in Table 3.1 from the 13th to 17th cell 

cycle, the coefficients of variations of cell cycle durations (CVT) in diploid blastomeres 

(0.27-0.38) are approximately twice those of cell sizes (CVs) (0.14-0.18). Similarly, in 

haploid blastorneres at the 14th to 18th cell cycle, CVT s of cell cycle durations (0.27- 

0.29) are almost twice those of cell sizes (0.12-0.15). It may be questioned whether or 

not the variation in cell cycle durations of blastomeres can fully be explained by the 

variation in their cell sizes. 

An alternative answer to this problem could be that cell cycle duration is 

not determined by cell size alone, but it involves a stochastic process, hypothesized by 

the transition probability model as initially proposed by Smith and Martin (1973) and 

Brooks (1 980) to explain cell cycle kinetics in mammalian cells. This model assumes 

that a cell cycle consists of two phases; the fixed phase (B phase), which involves S, 

GZ, M and part of GI of the conventional cell cycle, and the variable (A state) phase 



within GI. The duration of A state is determined by the time when the cell enters B 

phase by a single random process with a constant probability. Therefore, the duration 

of A state becomes variable, while that of B phase remains constant in all cells. Cell 

cycle duration is the sum of durations of A state and B phase, since cells enter A state 

immediately after cell division and some time later enter B phase with a certain 

probability. If a cell enters B phase immediately after cell division without staying in A 

state, its cell cycle duration represents the minimum (shortest) cell cycle duration, 

being equal to the duration of B phase. Therefore. variability in cell cycle durations 

reflects variability in the duration of A state. Further, because the transition from A to B 

is assumed to be random with a constant probability, the proportion of cells in A state 

declines exponentially with the duration of A state. Since B phase is assumed to be 

invariant for all cells, the proportion of cells remaining in a same cell cycle also declines 

exponentially with cell cycle duration (Brooks, 1980). Hence, percentages of undivided 

cells plotted on a logarithmic scale against time, called or-curve, show a line linearly 

declining with time, and its slope represents the transition probability (Appendix I). 

Similarly, the proportion of pairs of sibling cells which have different cell 

cycle durations also dedine exponentially as the difference increases (Appendix 11). 

Hence, the percentage of sibling pain plotted against the difference in their cell cycle 

durations. referred to as @curve, declines lineariy as the difference increases, and the 

transition probability is represented by the slope of the curve (Appendix Ill). 

Thus, this chapter examines, using the data presented in chapter I, to 

what extent the regulation of Xenopus embryonic cell cycles, such as changes in cell 

cycle durations from generation to generation, could be accounted for in terms of the 

transition probability model. 



Table 3.1. Mean cell cycle duration (min) and coefficients of variation of 
cell cycle duration (CV,) and cell sizes (CV,) of diploid and 
haploid in blastomeres isolated from the animal cap of 
Xenopus laevis embryos (22 _+ 1 OC) 

Diploid Haploid 

Cell Cycle Mean # Cell CV, CV, Mean #Cell CV, CV, 



2. MATERIALS AND METHODS 

The data coIlected by the observation of cell cycle durations by tirne- 

lapse video recordings in the chapter I were used for the present analysis. The data 

used for this analysis were obtained from 4 clones; each originated from a single 

blastomere isolated at the 9th cell cycle from the animal cap region. 

a- curves were made from these data by plotting the logarithm of 

percentages of undivided cells at a time t (the percentage of cells with cell cycle time 2 

t ) against the time t. 

Similarly, to make f3 curves the logarithm of the percentages of sibling 

pairs having cell cycle durations differing by a time t is plotted against t (Smith and 

Martin, 1973; Shields et al., 1977; Shields, 1978; Brooks, 1980). 

a- and p- curves of the asynchronous cell cycle period were made for 

each cell cycle starting from the 13th cycle up to the 17th cycle; those of the 

synchronous cell cycle period were made using the data from the 1 l t h  and 12th cycles 

together. 



3. RESULTS 

a) a-curve 

All a-curves of blastomeres at the 1 1 th and 12th cell cycles show almost 

vertical straight lines for the clones examined (Fig. 3.1A, B, C, and D). This indicates a 

very high transition probability during the synchronous cell cycle period, being close to 

1. However, from the 13th cycle, a-curves begin to show various degrees of curvatures 

consisting of a few straight lines, each of which represents an exponential decrease of 

undivided cells with time, and referred to as an exponentia1 tail. They were connected 

by inflections (marked with arrows). 

As seen in the 14th and 17th cell cycle of clone 1 (Fig. 3.1A), the 17th 

cycle of clone 2 (Fig. 3.1 B), the 14th, 16th and 1 7th cycles of clone 3 (Fig. 3.1 C), and 

the 16th and 17th cycles of clone 4 (Fig. 3.1 D), the first exponential tail is followed by 

an inflection of the curves to the right and the second exponential tail appears, which is 

often, but not necessarily, parallel to the first exponential tail (Fig. 3.1). In all of the 4 

clones examined, a majority of cells were found to be involved in the first exponential 

tail, and the remaining 20-40% of cells with longer cell cycle durations, in the second 

exponential tail. However, 542% of cells, with the longest cell cycle durations were 

found to further deviate from these exponential tails. These cells appear most 

frequently in the 16th and 17th cell cycles. These results suggest that there are more 

than one transition points in the cell cycle, which appear as the cell cycle duration 

increases. 

The starting point of the a-curve as well as the entire curve shift to the 

right as the cell cycle advances from the 13th. The later the cell cycle, the more the 



Figure 3.1. a Curves for clone 1 to clone 4 up to the 17th cell cycle. A. a Curve of 

clone 1. The1 1-1 2th cycles (N=12); 0 the 13th cycle (N=15); the 14th cycle 

(N=27); 0 the 15th cycle (N=35); A the 16th cycle (N=40); A17th cycle (N=21). 6. a. 

Curve of clone 2: the 11 -12th cycle (N=7); the 13th cycle (N=10); 14th cycle (N=18); 

the 15th cycle (N=28); the 16th cycle (N=36); the 17th cycle (N=27). C. a Curve of 

clone 3: the 1 1-1 2th cycle (N=7); the 13th cycle (N=9); 14th cycle (N=ll); the 15th 

cycle (N=26); the 16th cycle (N=39); the 17th cycle (N=24). D. a Curve of clone 4: the 

1 1-1 2th cycle (N=12); the 13th cycle (N=14); 14th cycle (N=25); the 15th cycle (N=50); 

the 16th cycle (N=57); the 17th cycle (N=38). Arrows indicate points of inflection of a 

curve. 





minimum cell cycle duration increases. This contributes to the entire shift of the a-curve 

as well as the increase in the average cell cycle duration as shown in Table 3.2. 

Although the minimum cell cycle duration indicated by the starting point of a-curve 

varies among clones, it steadily increases by 6-1 3% from the 1 1-1 2th cycles to the 

13th cycle. Lengthening of the minimum cell cycle duration or B phase duration 

becomes conspicuous from the 14th: by 20-43% from the 13th to the 14th, by 37 -87% 

from the 14th to 15th. by 58-84% from the 15th to 16th and by 34-64% from the 16th to 

17th cycle. 

The relative contribution of the minimum cell cycle durations to the 

average cell cycle duration at the 14th to 17th cycle increases from 42 to 82%. This 

suggests that prolongation of 6 phase (the minimum cell cycle duration) plays an 

important role in the prolongation of the cell cycle duration during advancing cell 

cycles. 

The slope of the exponential tail of a-curve also varies with the 

advancement of the cell cycle. It decreases slightly in the 13th cycle as compared with 

the 1 1-1 2th, suggesting a change in the transition probability p. In the 14th and 15th 

cycles, the starting point of the 1st exponential tail is significantly shifted compared with 

the 13th cycle, but remains parallel to those of the 13th cycle. This implies that the 

extension of the cell cycle duration in the 14th and 15th cell cycles are due to the 

extension of the duration of 8 phase, but not a decrease in transition probability. 

In the 16th and 17th cell cycles, however, the pattern of a-curve becomes different 

between clones. In two clones, exponential tails were found to be almost parallel to 

those of the preceding cycles (Fig. 3.1A, 8), while in other two clones, exponential tails 

decreased markedly from the preceding cycles (Fig. 3.1C. D). These obsewations 



Table 3.2. The minimum and mean cell cycle duration (min) in 
each cycle 

- - - - - - - - -- - 

Minimum cell cycle duration 1 Mean cycle duration 

clone 1 clone 2 done 3 clone 4 

11 -12th 28/30 (12) 30/31 ( 7) 30131 ( 7) 29132 (42) 

( ) indicates the number of cells studied 



suggest that the prolongation of cell cycle durations after the 15th cycle is due in part to 

a decrease in the transition probability. At present, it is unclear whether the variability in 

the pattern of a-curve among clones might represent clonal heterogeneity of cell cycle 

characteristics, or experimental errors of cell cycle duration measurements. 

As seen in Fig, 3.2, when a-curves are constructed using combined 

data from all clones, the trend of an increase in the minimum cell cycle and changes in 

the transition probability with advancing cell cycles becomes manifest. First. it is 

apparent that the number of exponential tails (quasi-straight line segments) in each 

curve increases as the cell cycle advances up to the 16th cycle. At the 17th cycle, the 

exponential tail becomes obscure and the entire a-cuwe forms a continuous convexed 

curve. Secondly, the slope of exponential tail decreases, particularly for the first 

exponential tail, with advancing cell cycles, indicating progressive decrease in 

transition probability. The implications of the trends described above may be 

summarized as follows: more than one group of cells have been found in the same cell 

cycle and variations of cell cycle duration among these groups result from changes in 

the transition probability and the minimum cell cycle duration. The older the cell in the 

same cycle, the longer the minimum cell cycie duration and the higher the transition 

probability. 

A disadvantage of the use of a cuwe for assessing the transition 

probability lies in the difficulty in detecting the exact time for the exponential tail to start. 

On the other hand, p curves have been proved to provide better estimates of transition 



Figure 3.2. a-Curves for data combined from 4 clones. The 11-1 2th cycles (N=47); the 

13th cycle (N=48); the 14th cycle (N=89); the 15th cycle (N=139); the 16th cycle 

(N=172) and the I 7th cycle (N=110). 





probabilities. These curves should be a straight line, if there is only a single random 

transition point from A state to B phase in the cell cycle, and if the duration of the 

remainder of the cycle, i.e. B phase, is identical between sister cells (Shields, 1978; 

Brooks, 1985). 

Thus, P curves at different cell cycles were constructed separately for 

each of the 4 clones and shown in Fig. 3.3 and 3.4. P Curves constructed from the data 

pooled from the 4 clones are also presented in Fig. 3. 5. As seen in Fig. 3.3A, D; and 

Fig. 3.4A, D. P curves for the I 1-1 2th are almost straight and vertical, showing slopes 

close to 90" for all the clones. Thus, the exponential tail of P curve at the 11-12th cell 

cycles show little variability among the clones. This is evident because cells divided 

synchronously up to the 12th cycle (result in chapter I). P Curves at the 13th cycle are 

also almost straight in clone 1 and 2 (Fig. 3. 3A. D), but slightly curved in clone 3 and 4 

(Fig. 3. 4A, D). Those at the 14th cycle are almost straight except clone 4 which shows 

a significant deviation from linearity (Fig. 3. 38, E, 3.46, E). At the 15th cycle, the 

deviation from the linearity of f3 curves becomes more marked in all clones than at the 

preceding cycles (Fig. 3.38. E, 3.4B, E). Similarly, at the 16th and 17th cycles, P curve 

deviation from linearity increases and, as well, the slope of the curve decreases to 

various degrees in different clones. However, except at the 17th cycle. P curves for 

over 90% of cells remain quasi-linear (Fig. 3.3C. F; 3.4 C. F). 

When P curves are constructed with the data pooled from those of 

individual clones, the general trend of the change in P curves with advancing cell 

cycles becomes more evident as seen in Fig. 3.5. Here, P curves become almost 

perfect straight lines at all stages from the 1 l th  to 16th cell cycle, showing a steady 

decrease of the slopes with advancing cell cycles. This suggests that cells enter 

mitosis with a certain transition probability that decreases with advancement of cell 



Figure 3.3. P Curves for clone 1 and 2 up to the 17th cleavage. p curves for clone 1: A: 

the1 1-1 2th cycles (N= 5); and the 13th cycle (N=7); B: the 14th cycle (N=15); and the 

15th cycle (N=16); C: the 16th cycle (N=17); and the 17th cycle (N=8); D: P curve for 

clone 2: the 11-12th cycles (N=5); and the 13th cycle (N=4); E: the 14th cycle (N=8); 

the 15th cycle (N=12); F: the 16th cycle (N=l 1); and the 17th cycle (N=14); Arrows 

indicate inflections of the curve, which signify the existence of group of cells that exhibit 

different cell cycle characteristics such as different transition probability. Conspicuous 

cases may be seen in cells of clone 1 at the 16th cell cycle as well as those of clone 2 

at the 15th and 17th cell cycle. 
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Figure 3.4. P Curve for clone 3 and 4 up to the 17th cycle. A. B. C. P curves for clone 

3: A: the 1 1-1 2th cycie (N=3); and the 13th cycle (N=4); B: the 14th cycle (N=9); and 

the 15th cycle (N=13); C: the 16th cycle (N=18); and the 17th cycle (N=l I); D. E. F. p 

curve for clone 4: D: the 11-1 2th cycle (N=4); and the 13th cycle (N=6); E: the 14th 

cycle (N=12); and the 15th cycle (N=25); F: the 16th cycle (N=27); and the 17th cycle 

(N=34); Arrows indicate inflections of the curve, which signify the existence of group of 

cells that exhibit different cell cycle characteristics such as different transition 

probability. Conspicuous cases may be seen in cells of clone 1 at the 16th cell cycIe as 

well as those of clone 2 at the 15th and 17th cell cycle. 
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Figure 3.5. P Curve for data combined from 4 clones. The 1 142th cycle (N=17); the 

13th cycle (N=21); the 14th cycle (N=44); the 15th cycle (N=66); the 16th cycle (N=73) 

and the 17th cycle (N=67). Arrows indicate the group of cells has the same transition 

probability in each cycle, which are obvious in the 15th and 16th cycles. 
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cycles up to at least the 16th cell cycle. However. at the 17th cycle, the curve shows a 

marked deviation from linearity. In addition, a small fraction of mother cells gives rise to 

daughter cells whose cell cycle durations differ from each other more than 80 min, 

while differences between sibling's cell cycle durations at earlier cycles have always 

remained less than 40 minutes. 

These results may indicate that the deviations of P curves from linearity 

observed before the 17th cycle in individual clones represent statistical fluctuations of 

differences in cell cycle durations between sibling cells among clones. Therefore, from 

these p-cunre studies, it may be concluded that sibling cells enter mitosis at each cell 

cycle with a transition probability which decreases from the 13th cell cycle gradually as 

the cell cycle progresses to the 16th cell cycle. But. at the 17th cycle, cell cycle 

characteristics may greatly change. On the other hand, the a-curve studies show that 

exponential tails as well as starting points of a-curves shift as cells get older, thus, 

indicating that prolongation of the invariant phase (B-phase) of the cell cycle 

increasingly contributes to the prolongation of the entire cell cycle duration in later cell 

cycles. 



4. DISCUSSION 

In this study, both a and p-cuwes of blastomeres at the 1 I th and 12th 

cell cycles were found to be straight lines with the slope close to 90°, indicating that cell 

cycle durations remain almost invariant, and equal to the minimum cell cycle duration 

for all the cell populations examined. This reflects synchrony of cell divisions among 

blastomeres, and the absence of the A state due to lack of GI phase at these early cell 

cycles. Further, it is known that G2 phase is absent at these early cell cycles (Graham 

and Morgan, 1966; Newport and Kirschner, 1982a). Therefore, the minimum cell cycle 

duration is equal to the durations of S and M phases, which are included in the 

invariant B phase. This may be explained by the fact that at these pre-MBT cell cycles, 

cell cycle durations are determined by the period of MPF cycle in the cytoplasm 

(Hartley, et al., 1996). 

However, as the cell cycle advances and blastomeres become smaller, 

the slope of the a-curve or the transition probability decreases, and the minimum cell 

cycle duration increases. A decrease in transition probability implies an increase in the 

average duration of A state which is terminated by the transition to B phase, since the 

duration of A state is inversely proportional to the transition probability (Appendix Ill). 

This reflects the fact that GI phase appears after the 13th cycle or MBT and its duration 

increase as blastomeres become older. The extension of the minimum cell cycle 

duration indicates an increase in the duration of B phase, probably due to the 

increasing duration of S, Gg and M phases after MBT. 



As demonstrated in the previous chapters, cell cycle durations of post- 

MBT blastomeres smaller than the critical size are determined by its size. A decrease 

in the cell size increases the cell cycle duration of the blastomere inversely proportional 

to the surface area. Therefore, it is likely that the minimum cell cycle duration at each 

cycle represents the cell cycle duration of the largest blastomeres among those at the 

respective cycle. Since G3 and G2 phases of the cell cycle first appear after the 13th 

cell cycle even in the largest blastomeres. G, and G2 phases are also included in the 

minimum cell cycle duration. According to the transition probability hypothesis, it is the 

invariant duration of the B phase, but how its duration is determined has been left as 

an unanswered question by the hypothesis. 

However, according to the hypothesis proposed in the previous 

chapters. the cell cycle duration of a blastomere is determined by the time required for 

the cell to produce MPF in the quantity necessary to induce mitosis, which is inversely 

proportional to the cell surface area of the blastomere. Therefore, the transition 

probability, as proposed by the transition probability hypothesis, may, in fact, represent 

a summary expression of probabilities arising from all the stochastic processes 

involved in cell cycle control, including the random variation in cell size resulting from 

random of unequal cell divisions, and fluctuation in the rate of MPF production. 

The appearance of the second exponential tail in a-curves implies 

heterogeneity of a cell population, that is the existence of more than one class of cells 

which differ in the minimum cell cycle duration or in the duration of B phase. This is 

clearly seen at the 14th and 17th cycles in clone 1, at the 17th cycle in clone 2, at the 

14th, 16th and 17th cycles in clone 3 and at the 15th, 16th and 17th cycles in clone 4 

(Fig. 3.1), as well as at the 14th and 15th cycles if data from all clones are combined 

(Fig. 3. 2). The heterogeneity of a cell population containing post-MBT blastomeres in 



the same cycle may also be inferred from the multimodal distribution of cell cycle 

durations after the 13th cell cycle described in the previous chapters. Since. the cell 

size distribution of cell cycle durations at each cell cycle appears to be continuous and 

unimodal (Fig. 1. 9D, F, G; chapter I), in all probability, the heterogeneity of cell cycle 

durations within a post-MBT blastomere population is not a reflection of the 

heterogeneity of their cell sizes. Rather, the heterogeneity in cell cycle durations in the 

cell population showing rather homogenous cell size distribution may be explained by 

the existence of the threshold cell sizes as follows: ceIl cycle durations of biastomeres 

even slightly larger than a threshold size become distinctly longer than those of 

blastomeres slightly smaller than that Thus, two blastorneres of almost the same size, 

one being larger and the other smaller than the threshold, may belong to distinct 

classes of cells having significantly different cell cycle durations. 

This may be explained by the hypothesis proposed in Chapter I. MPF 

produced at a rate proportional to cell size at every MPF cycle, cannot always initiate 

mitosis unless its total amount accumulated from every MPF cycle following the 

previous mitosis exceeds a threshold set by a factor which is present in the nucleus in 

a quantity proportional to genome size and which neutralizes MPF stoichiometrically. 

Therefore, it is possible that while one of two blastomeres of almost equal size but 

proceeding a slightly larger amount of MPF than the other can divide in an earlier MPF 

cycle. the other remains undivided until the following MPF cycle; thus even a slight size 

difference between the two blastomeres with at least one MPF cycle period between 

them can bring about a considerable difference in cell cycle duration. 

On the other hand. p-curves made for sibling blastomeres at each cell 

cycle show only a single exponential tail for all the cell cycles except for the 17th cycle. 

Apparently the difference between two sister blastomeres is so little up to the 16th cell 



cycle that both remain in a single class of cell population exhibiting same cell cycle 

characteristics. This may be explained partly by the fact that the size difference 

between each pair of sibling blastorneres resulting from a single unequal division is 

much less than the range of variation in cell size which occurs in an entire clone of 

blastomeres reproduced by repeated unequal divisions. 

It must be noted that pcurves are designed by definition to eliminate the 

noise from fluctuation of the B phase (the minimum cell cycle duration). Therefore, the 

absence of the second exponential tail in pcurves up to the 16th cycle implies that the 

heterogeneity within a blastomere clone revealed by inflections of a-curves represents 

variability in the duration of the B phase among the blastomeres. At the 17th cell cycle, 

however, linearity of the exponential tail becomes obscure both in a- and kcurves. The 

curves tend to consist of multiple line segments. It is noted that even pcuwes showed 

a considerable deviation from linearity, whether they are constructed from the data of 

an individual clone or from all the data combined. The disappearance of linear line 

segments from both a- and pcurves at the 17th cell cycle may indicate that the 

transition probability no longer remains constant in any group of blastomeres. 

From the above discussion, the cell cycle of animal cap blastomeres of 

Xenopus laevis embryos appears to be regulated in two models. Before the 13th cell 

cycle (pre-MBT) the cell cycle duration is fully determined by the period of the MPF 

cycle independently of cell sizes of blastomeres. However from the 13th cell cycle, the 

cell cycle is partitioned into the A state and the B phase. The duration of the A state 

depends on random transition of the cell from it to the B phase and is inversely 

proportional to the transition probability. Transition probability also decreases with 

advancement of cell cycles. On the other hand, the duration of the B phase is 

determined by the time required for a blastornere to accumulate MPF to the threshold 



level sufficient to induce mitosis. Since the rate of MPF production is cell size- 

dependent, the duration of B phase is prolonged as blastomeres become smaller with 

advancing cell cycles. 



CHAPTER IV 

Alteration of the Cell Cycle by Protein Synthesis Inhibition in Animal Cap 
Blastomeres of Xenopus laevis Embryos 

I. INTRODUCTION 

Results from previous chapters have shown that cell cycle duratioris of 

blastorneres isolated from the animal cap of Xenopus embryos before MBT are 

independent of cell sizes of blastomeres, whereas the cell cycle durations after MBT 

are inversely correlated with size. These latter durations are proportional to the 

reciprocal of the surface area. Cell cycle duration remains constant during the cell size- 

independent cell cycle period, resulting in synchronous cleavage. During the cell size- 

dependent period, cell cycle duration becomes variable due to variation in cell size 

among blastorneres, resulting in asynchronous cleavage. The implication of these 

observations may be that a surface area-related process becomes the rate-limiting 

factor for the cell cycle of btastorneres after MET. 

A key factor that is responsible for the onset of mitosis in eukaryotes is 

the protein kinase MPF, consisting of ~ 3 2 ~ ~ ~  and cyclin B (Gautier et al., 1988. 1990; 

Dunphy et al., 1988). The level of the regulatory subunit of MPF, cyclin B, increases 

continuously throughout the cell cycle before being destroyed abruptly at the 

metaphase-anaphase transition at the end of every ceIl cycle (Minshull et al., 1989). 

Therefore, protein synthesis is required to produce and accumulate cyclin B, which 

Murray and Kirschner (1989a) showed was the rate-limiting factor of the early cell cycle 

in Xenopus embryos. They found that sperm nuclei incubated with Xenopus egg 

extracts in which all mRNAs has been degraded by RNAase could not begin mitosis, 

but their mitosis couId be induced after addition of cyclin B mRNA. This shows that 



cyclin B was the only protein required to be synthesized for cell cycle progression in 

Xenopus embryos. 

In the previous chapters, it was hypothesized that the cell cycle duration 

of bfastomeres could be determined by the rate of MPF production in the cell so that a 

cell produces and accumulates MPF until it reaches a threshold level to trigger mitosis. 

Therefore, the slower the rate of MPF production, the longer the time for the cell to 

enter mitosis. Since the rate of MPF production is limited by the rate of cyclin B 

synthesis, control of cyclin B synthesis leads to alteration of cell cycle duration. 

Recently, overexpression of a mitotic cyclin by exogenous cyclin B 

mRNA microinjected into fertilized eggs after the first cycle has been shown to 

accelerate cell cycles (Hartley et al., 1996). On the other hand, inhibition of protein 

synthesis with cyclohexirnide (CHXM) at concentrations of 10-200 pglml was reported 

to arrest cell cycles (Gerhart, 1980). Several other activities associated with the cell 

cycle in addition to MPF cycle, were also inhibited. Those activities known to be 

dependent on MPF activities include histone kinase activation (Dabauville et af., 2988), 

surface contraction waves (Kimelman et at., 1987). nuclear envelope disassembly and 

chromosome condensation (Miake-lye et al., 1983; Newport and Kirschner, 1984). 

However, the appearance of MPF activities depends not only on cyclin 

B synthesis, but also on the activation of cyclin B/cdc2 complex by phosphorylation as 

well as dephosphorylation. Therefore, it is likely that the cell cycle duration is regulated 

by at least two factors: the rate of cyclin B synthesis and the rate of its activation by 

modification of the phosphorylation status of cycIin B/cdc2 complex. 

The purpose of the present study is two fold. First, an attempt is made 

to clarify whether alteration of the rate of the protein synthesis in blastomeres, which 

affects the rate of cyclin B synthesis, could change the timing of the emergence of the 

size control of cell cycle duration at MBT. According to the hypothesis, the cell cycle 



duration is prolonged by a decrease in the rate of MPF production, resulting from a 

reduction in cell size of blastomeres after MBT. It is expected that slowing the rate of 

MPF production by protein synthesis inhibition would not only prolong the cell cycle, 

but would also promote the appearance of its cell size-dependency. 

Second, the hypothesis assumes that the cell surface or cortical 

activities after MBT becomes the rate-limiting factor of cell cycle progression, 

prolonging the cell cycle duration in inverse proportion to the surface area after MBT. It 

may be questioned whether a decrease in the rate of protein synthesis, which is 

considered to be proportional to the cytoplasmic volume of the blastomere, could 

render the cell volume a rate-limiting factor rather than the cell surface. Therefore, if 

the protein synthesis rate becomes the rate-limiting process when it decreases, it is 

expected that the relationship between cell size and cell cycle duration will change in 

such a way that the cell cycle duration bewmes inversely proportional to the cell 

volume rather than to the cell surface area. 



2. MATERIALS AND METHODS 

a) Chemicals 

. Aliquots of 1 mgfml cycloheximide (CHXM) (Sigma, USA) solution were 

stored at -20°C. thawed at room temperature and diluted with LCMD to different 

concentrations just before use. Dosages of CHXM used in this experiment were 0.10 

~gfml, 0.14 pglrnl, 0.18 pg/ml, 0.22 pg/rnl, 0.26 pg/mI and 0.30 pg/rnl. 

b) Blastomeres and in vitm culture svstem 

Single blastomeres from inner layers of the animal cap of Xenopus 

laevis embryos were isolated at the 7th cell cycle after the 6th cleavage. The 

blastomeres were incubated in LCMD in the presence of CHXM at various 

concentrations 2-10 minutes before the appearance of the 7th cleavage furrow, and 

cultured in the continuous presence of the drug in the same culture system and under 

the same condition as described previously. 

c) Observation of cell cycles and cell size measurements 

Progression of cell cycles of blastomere clones was observed by 

microscopy and time-lapse video system operated as described previously (see 

chapter I). 

Diameters of single blastomeres treated with 0.18 pg/ml CHXM were 

measured from the lateral view when they rounded up and compared with those 



measured from the top view (see chapter I). It was found that there was no significant 

difference in the average diameter between the two measurements (t-test. p >0.05), 

indicating that CHXM treatment does not change the cell shape significantly at division 

compared with untreated blastomeres. Therefore, most data (on diameter) were 

collected from the measurements from top views. 



3. RESULTS 

a) Behavior in CHXM-treated blastomeres 

Blastomeres cultured in LCMD in the presence of CHXM continuously at 

doses of 0.10, 0.1 4, 0.18, 0.22, 0.26 and 0.30 pglml showed abnormaIities of cell 

behaviors from the 9th cleavage. Some cells divided simultaneously into three, three or 

four, or more than four as CHXM doses were increased from 0.1 0-0.14 pglrnl, 0.1 8 

pgfrnl to 0.22-0.26 pg/ml, respectively. 

Very often, daughter cells resulting from irregular cleavage of mother 

cells are connected by a thin cytoplasmic bridge that is barely visible, but persists 

through the following cleavage. At higher doses, the connection between the sister 

cells remains thicken and the cells fail to cleave but return to a single cell before the 

next cleavage. When a cell divides into three daughter cells simultaneously at a low 

dose of CHXM (0.1 0-0.14 pglml), often two of them fused into one, but the other 

divided. At the time of the next division, the fused cell also divides either into two, three 

or four. Thus, division and fusion of blastomeres were repeated alternately for several 

rounds before blastomeres finally arrested. Refusion of incompletely separated 

daughter cells due to incomplete cytokinesis is frequently followed by irregular 

cleavage. Blastomeres treated with CHXM at very high concentrations (above 0.22 

pg/ml) undewent cell membrane fusion even with non-sibling cells. These 

observations suggest that a reduction of protein synthesis affects cell membrane 

properties. The incomplete cytokinesis as well as irregular cleavage occur more often 

in cells treated with CHXM at higher doses (0.22-0.30 pglml) (Fig. 4.1 ). At 0.1 0-0.14 

pg/ml, irregular cleavage occurs with variable frequencies ranging from 3 to 26% 



Figure 4.1. Rates of abnormal cleavage of CHXM-treated blastomeres at different cell 

cycles. Data of blastomeres treated at 0.14 gglml were obtained from one experiment, 

and data of those treated at 0.10 pg/ml, 0.22 and 0.26-0.30 gg/ml from 2.2, 2 and 3 

experiments, respectively. 



Cell Cycle 



during the 10th-14th ceIl cycles, showing the maximum frequency at the 13th cycle. 

When CHXM concentration is increased to 0.1 8 pglml, the frequency of irregular 

cleavage also increases ranging from 10 to 31 % during the 10-1 3th, showing the 

maximum frequency at the 10th cycle. When cells are treated at 0.22 pglml, the 

frequency of irregular cleavage increases to1 9%, 76% and 100% during the 9th, 10th 

and 11 th cycles, respectively. Clearly, as CHXM concentration increases, not only 

does the frequency of irregular cleavage increase, but also the effects on cleavage are 

seen in earlier cell cycles. CHXM treatment also reduced the ability to continue cell 

division even if they cleaved abnormally. Blastomeres treated at 0.1 0-0.1 4 pglml 

divided to the 15th cleavage, then ceased to divide; those treated at 0.18 pglml to the 

14th and those treated at 0.22-0.30 vglml stopped division at the 12th (Table 4.1). 

Therefore, as the dose of protein synthesis inhibitor is increased, cell divisions of 

blastomeres can fail to continue in a dose-dependent manner. 

b) Chancres in cell cycle durations of blastomeres treated with CHXM 

As described above, cell activities of blastomeres treated with CHXM 

vary with increasing drug concentrations from 0.1 0 to 0.30 pglml. Of blastorneres 

treated at concentrations from 0.10 to 0.1 8 pg/ml, those showing no sign of abnormal 

cleavage were selected for the measurements of cell cycle duration and cell size. 

However, since only a small number of blastomeres treated with 0.22 pglml or above 

cleaved normally, these were not included in the study. 

Table 4.1 and 4. 2 show the averages, standard deviations (sad.) and 

CVTs of blastomeres treated with CHXM at different concentrations (0.1 0-0.30 pg/ml). 

Blastomeres exposed to 0.10 pglml CHXM and cultured continuously in the presence 

of the drug from 2 to 10 minutes before the onset of the 7th cleavage, underwent the 



Table 4.1. The mean cell cycle durations (rnin) in blastomeres-treated with protein synthesis inhibitor- 
cyclo heximide 

Cycloheximide Concentration (pglrnl) 

Mean No. Mean No. R. Mean No. R. Mean No. R. Mean No. R. Mean No. R 

: no data available. a : cells undergo abnormal cleavage. N: no further cleavage. R : ratio is defined as mean cell cycle duration of cycioheximide- 
treated cells divided by mean cell cycle duration of untreated control cells. 
In the presence of 0.10 and 0.18 pg/ml CHXM, data were obtained from 4 single blastomeres at the 7th cycle and their progeny in two experiments, 
and at 0.14 pglml, data were analysed from 2 single blastomeres at the 7th cell cycle and their progeny. Similarly, 4 and 6 single blastomeres at the 
7th cycle and their progenies were studied at CHXM concentration 0.22 and 0.26-0.30 pglml, respectively. At all CHXM concentrations, only cells 
undergoing normal cleavage were included in these data, 



Table 4.2. CV,s in blastomeres-treated with protein synthesis inhibitor-cycloheximide 

Cyclohexirnide Concentration (pglrnl) 

Cell Cycle 
CV, NO. CVT NO. CV, NO. CV, No. CV, No. CV, No. 

Single animal cap blastomeres isolated at the 7th cell cycle, and cultured in LCMD containing cyclohexirnide 
continuously. Data of 0.10,0.14,0.18pglml CHXM treatments were collected from 2, 1 and 2 experiments, 
respectively. 
- : blastomeres cleave normally, but no data available. 
N : blastomeres undergo no further cleavage. 
a : blastomeres undergo abnormal cleavage. 



8th cleavage synchronously. The average 8th cell cycle duration was 26.3 * 0.4 

minutes, which is not markedly different from the control cell cycle duration. At higher 

doses of CHXM, the 8th cleavage was delayed in a dose-dependent manner. 

In subsequent cell cycles, ratios between successive cell cycle durations 

of CHXM-treated blastomeres and those of control blastomeres at the corresponding 

cell cycles increased in a dose-dependent manner. The average cycle durations of the 

9th, Z 0th and 14th cycles become almost two times those of untreated control cells at 

lower concentration (0.10-0.18 pglml) and 3.0 and 3.5 fold at higher concentrations 

(0.22 and 0.26-0.30 pgiml). During the 12th to 14th cycles, cell cycle durations were 

further prolonged, 2.6 to 3.9 fold, 2.5 to 3.7 fold and 3.7 to 6.0 fold at 0.10,0.14 and 

0.18 @ml, respectively (Table 4. I ). 

These results suggest that blastomeres become progressively more 

affectedly to protein synthesis inhibition, showing longer delay in completing the cell 

cycles as blastomeres become older. This may imply that blastomeres become more 

dependent on newly synthesized proteins than those younger for operating cell cycle 

machinery. 

c 1 Asvnchronv of the cell cvcle in CHXM-treated blastomeres 

The degree of asynchrony of cell cycles, expressed by the coefficient of 

variation (CVT) of cell cycle durations of blastorneres at a same cell cycle, was also 

increased by partial inhibition of protein synthesis (Table 4.2). The CVrs of CHXM- 

treated blastomeres were mostly found to be significantly higher than those of control 

cells at all CHXM concentrations as well as at all cell cycles. However, the CVT does 



not necessarily increase with increasing CHXM dose in a dose-dependent manner. 

CVTs at the 13th cycle of blastomeres treated with 0.1 0 pg/ml CHXM and at the 1 Oth, 

15th cycles of those treated with 0.14 pgfml CHXM were not different from CV* of 

control blastorneres. This suggests that the increase in the CVT among CHXM-treated 

blastomeres is an expression of the variability among blastomeres in their sensitivity to 

the drug rather than an effect of protein synthesis inhibition. 

The sudden increase in the CVT that signifies the transition from 

synchronous to asynchronous cleavage of blastomeres occurred at an earlier cell cycle 

in CHXM-treated blastomeres than in untreated controls. In 0.10 pg/ml CHXM- 

treatment, the CVT increased abruptly from the 9th cell cycle and reached near 0.2 at 

the 1 I th cycle. In CHXM-treatment at 0.14 pg/ml and 0.1 8 pg/mi, CVTS increased 

sharply at the 12th cycle, near 0.2 and above 0.2 respectively, suggesting the onset of 

asynchronous cleavage one cycle earlier than control cells (Table 4.2). 

CHXM-treatment with at 0.22 pg/ml or above appears to have severely 

reduced protein synthesis, causing a significant delay in the cell cycle as well as highly 

irregular multiple cell divisions. Tberefore, although CV* become quite large at early 

cell cycles when blastomeres were treated at higher doses of CHXM, it seems difficult 

to attach any significance to those results. For this reason, in the following studies the 

data on the bIastomeres treated with CHXM at 0.22 to 0.30 pg/ml will not be included 

for analyses of the cell cycle. 

dl  Variation in cell sizes 

Theoretically, it is expected that cell sizes of CHXM-treated blastomeres 

and of those untreated at the same cell cycle should not be different as long as both of 



the blastomeres are the progeny of a blastomere of the same size, since the average 

volume of blastomeres reduces to a half at every cell cycle. However, it is possible that 

protein synthesis inhibition affects the process of cell division, thus increasing (or 

decreasing) the degree of unequal cell division to result in daughter cells of more (or 

less) unequal sizes. If this is the case, the CVs of CHXM-treated blastomeres would 

become different from that of untreated control blastomeres. Therefore, the distribution 

and variability in the cell size of blastomeres treated with CHXM at 0.10 to 0.18 pglml 

has been measured at each cell cycle up to the 15th cycle. 

In order to examine the regularity of cell divisions of CHXM-treated 

blastomere, the ratio between average volumes of mother and daughter blastomeres 

were calculated at each cell cycle (Table 4.3). Although the average sizes of progenitor 

blastomeres decrease with progression of the cell cycle in both untreated and CHXM- 

treated blastorneres, the ratios between mother and daughter volumes remain almost 

constant being approximately 2.0 at all cell cycles. There is no systematic irregularity of 

cell division caused by progression of cell cycles or by increasing dose of CHXM, 

although the cell cycle duration of CHXM-treated blastomeres was signifimntly 

prolonged as previously described. As well, as seen in Fig. 4.2,4.3.4.4. the CVs s 

among CHXM-treated blastomeres remain within the ranges from 0.07 to 0.1 5 at all the 

cell cycles and at a11 doses of CHXM. The CVs s in the control untreated blastomeres 

from the 10th to 15th cell cycle range from 0.1 1 to 0.1 6 (Fig.1 .a). 

Therefore, no significant changes in the CVs were brought about by 

CHXM-treatment. All in all, these results indicate that there were no morphological 

irregularities of cell divisions of CHXM-treated blastomeres chosen for measurements 

of cell cycle durations. 



Table 4. 3. The mean of cell sizes (in radius) and the ratio of cell sizes of Nth cycle to (N+l)th cycle 

CHXM (pglml) 

Cell Cycle 0 0.10 0.14 0.18 

10th 

11th 

12th 

13th 

14th 

15th 

16th 

17th 

Average 

Rn: average radius of blastomeres at the nth cell cycle. 
Vn: average volume of blastorneres at the nth cell cycle. 



Figure 4. 2. The distribution of cell sizes (radius) of cells treated with 0.10 pgfml CHXM. 
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Figure 4.3. The distribution of cell sizes (radius) of cells treated with 0.14 pgfml CHXM. 
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Figure 4.4. The distribution of cell sizes (radius) of cells treated with 0.18 pglml CHXM 
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e l  The refationshi~ between the cell cvcle duration and the cell size 

To determine the relationship between cell cycle duration and cell size 

for each CHXM treatment, data on all progeny derived from two single blastomeres 

isolated at the 7th cell cycle were pooled regardless of the cell cycle of the blastomere 

and logarithms of cell cycle durations were plotted against logarithms of their radii. The 

graphs generally showed two line segments; however, in one treatment with 0.10 pgfml 

(experiment 2) and one treatment with 0.14 pgJml CHXM (experiment 3), three line 

segments, A, B and C. Line A represents the group of large cells, line B the group of 

middle sized cells, and the line C the group of small cells, as seen in experiment 2 (Fig. 

4. 5). The break point between line A and line B occurs at a radius of 37.7 pm and that 

between line B and line C at a radius of 23.8 or 24.8 pm. The cell size that separates 

line A from line B was found to coincide with the critical size obsewed in untreated 

control blastomeres (Fig. 1.9, Chapter I). It falls between the average sizes of 

blastomeres at the 1 1 th and 12th cell cyde or between those at the 12th and 13th cell 

cycles depending on the sizes of progenitor blastomeres at the 7th cell cycle. 

In all treatments, the critical cell size of CHXM-treated blastomeres that 

separates line A from line B remained unchanged (37.7 pm). Similarly, the break points 

of line B from line C remained roughly the same (23.8 to 24.8 pm). In blastomeres 

larger than the critical size, the cell cycle duration is prolonged in a dose-dependent 

manner under influence of the protein synthesis inhibitor. It is noted that the exponents 

(n) of lines A in CHXM-treated cells decreased from 0.65 to 0.08, as well as the 

correlation coefficient ? from 0.61 to 0.04 (Fig. 4. 5 line A, Fig. 4. 6 line A. Fig. 4. 7 line 

A) as CHXM concentration increases from 0.10 to 0.18 pglml. This means that at a low 



Figure 4.5. The relationship between cell cycle duration and cell size of cells treated 

with 0.10 pg/mi CHXM. Top and bottom figures represent data from two separate 

experiments. In each of experiment, two single biastomeres isolated at the 7th cycle 

and their progeny were observed. Arrowheads indicated break points between lines A, 

B, and C. 
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Figure 4.6. The relationship between cell cycle duration and the cell size of cells 

treated with 0.14 pgfrnl CHXM. The figure represents data from one experiment in 

which two single blastomeres isolated at the 7th cycle and their progeny were 

observed. Arrowheads indicated break points between lines A, 9, and C. 
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Figure 4.7. The relationship between cell cycle duration and the cell size of cells 

treated with 0.1 8 pgfml CHXM. Top and bottom figures represent data of two separate 

experiments. In each experiment, two single blastomeres isolated at the 7th cycle and 

their progeny were observed. Arrowheads indicated break points between tines A, 6. 
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(0.1 0 pglml) and intermediate (0.14 pglml) doses of CHXM the cell cycle duration 

becomes longer in inverse proportion to the cell size, but at a high dose (0.18 pglml) it 

is prolonged to the same degree, independently of the cell size. Therefore, at the low 

and intermediate doses of CHXM, smaller blastomeres appear to be more affected by 

the drug than larger cells, but at the high doses, they are equally affected regardless of 

their sizes. The inverse relationship between cell size dependency and cell cycle 

duration is clearly seen in lines B, which represent cell cycle durations of CHXM- 

treated blastomeres smaller than the critical cell size when the data was pooled for all 

concentrations of the inhibitor except at 0.1 8 pglml. At 0.1 0 pglml, experiment 1 shows 

a single B line with a slope of about 2.0, which was similar to control (the exponent (n) 

= 2.18, P =0.91, p < 0.01 ). However, experiment 2 with 0.1 0 pglml CHXM, and 

experiment 3 with 0.14 pgfml CHXM show two lines separated at cell size 23.8 pm or 

24.8 pm. In both experiments, line B and C run nearly parallel, with the slope about 2.0 

(in experiment 2, exponent (n) = 1.92 for Iine B, and 2-1 3 for line C; in experiment 3, 

exponent (n) = 2.24 for line B and 2.03 for line C). Actual cell cycle durations 

represented by lines B are about 2 times, and those represented by lines C are 3 to 4 

times longer than those of untreated blastomeres of corresponding sizes. However, it 

must be noted that the relationship between the cell cycle duration and the cell size 

was unchanged by protein synthesis inhibitor CHXM in the dose range 0.10 to 0.14 

pg/ml. Thus, cell cycle durations of blastomeres, whose synthesis was partially 

inhibited, still remained inversely proportional to the cell surface area. 

However, in experiments in which CHXM concentration was increased 

to 0.18 pglml, the relationship appeared to be changed- In these experiments, only a 

single Iine, tentatively designated line B was observed in addition to line A (Fig. 4.7). In 

one experiment (experiment 4), the cell cycle duration is increased 2. 5 times, the 



same level as the previous cases, and the slope of the line (exponent) remained at 1.9, 

which is close to 2.0. and indicates that cell cycle durations are inversely proportional 

to the cell surface area. However, due to paucity of the data on blastomeres smaller 

than the critical size that separates line B from line C (23.8 to 24.8 pm in radius), line C 

does not exist in this experiment, suggesting cells stop cleavage at early time. 

In the other case (experiment 5), blastorneres smaller than the critical 

size formed a line whose dope is steeper than other experiments, showing the 

exponent to be 3.0 (2.97). nus ,  a shift of the relationship between cell cycle durations 

and cell sizes could be brought about by CHXM-treatment so that inverse 

proportionality of cell cycle durations to the cell surface area is changed to 

proportionality to the cell volume. It appears that when protein synthesis of blastomeres 

smaller than the critical cell size is strongly inhibited, the cell cycle duration becomes 

cell volume- rather than cell surface-dependent. 

f )  Distribution of cell cvcle durations 

As seen in chapter I, cell cycle durations of blastomeres at the 13th to 

15th cell cycle have a multimodal distribution. Similar multimodal distributions of cell 

cycle durations were also observed in blastomeres treated with CHXM at 

concentrations of 0.1 0, 0.14 and 0.18 pg/rnl (Fig. 4.8, 4.9,4.10). As seen in table 4.4, 

the distribution of modes (major and minor modes) of cell cycle durations is similar 

between control cells and CHXM-treated cells. It is also noted that cell cycle durations 

at which modes appear are similar between blastomeres at different cell cycles, as well 

as between those treated with CHXM at different doses. For instance, modes of cell 

cycle durations at the 10th and 1 I th cell cycles of CHXM-treated blastomeres (60 f 10 



Figure 4.8. Distribution of cell cycle durations of cells treated with CHXM at 

concentration 0.10 Clm/ml. The graph was constructed from the same set of data as 

used in Fig. 4.5. 
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Figure 4.9. Distribution of cell cycle durations of cell treated with CHXM at 

concentration 0.14 prnfrnf. The graph was constructed from the same set of data as 

used in Fig. 4.6. 
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Figure 4.10. Distribution of cell cycle durations of cells treated with CHXM at 

concentration from 0.18 prn/rnl. The graph was constructed from the same set of data 

as used in Fig. 4.7. 
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min) correspond to those at the 12th and 13th cycle of untreated control blastomeres 

(Table 4.4; Fig. 4.1 IA, B). Similarly. the modes at the 12th and 13th cycles of CHXM- 

treated blastorneres are similar to those at the 14th and 15th cycles of untreated 

blastomeres (Table 4.4; Fig. 4.1 1 C, 0). 

Although the modes of the cell cycle durations of CHXM-treated 

blastomeres at the 14th and 15th cell cycle do not exactly correspond to those of 

untreated biastomeres, the general distribution pattern of cell cycle durations of CHXM- 

treated blastomeres at these cell cycles resemble those of the 16th and 17th cell 

cycles of untreated blastomeres (Table 4.4; Fig. 4.1 1 E, F). At these cell cycles, cell 

cycle durations of both CHXM-treated and untreated blastomeres distributed in a wide 

range. Nevertheless, the cell cycle durations tend to fall more frequently near 165,470, 

515, 575 minutes at all concentrations of CHXM with which blastomeres were treated. 

a) Probabilistic analysis of the cell cycle of CHXM-treated blastomeres 

Although the cell cycle duration and the cell size of a blastomere are 

closely correlated with each other as demonstrated in the previous sections, the 

distribution of cell cycle duration and that of cell size do not seem to correspond to 

each other. While the coefficient of variation of cell sizes (CVs) never exceed 0.14, 

those of cell cycle durations (CVT) remain between 0.16 and 0.48 after the 12th cycle. 

Therefore, the cell cycle duration of a blastomere does not seem to be strictly 

determined by its cell size. Hence, it is possible that some other factors including 

probabilistic process may be involved in determining cell cycle duration. To explore this 

possibility, a- and curves for CHXM-treated blastomeres were constructed as 

described in chapter Ill. 



Table 4. 4. Distribution of modes of cell cycle duration in control and 
blastomeres-treated with CHXM 

Cell Cycle 

Cyctoheximide 
Concentration 11th 12th 13th 14th 15th ' 16th 17th 
(~s /mJ)  

35- 39 55-59 140-144 (1 00-1 04 

Major modes are defined as the peak in which the cell number is more than 10% of total cells. Minor 
modes (< 10% of total cells) are indicated in ( ) and selected randomly from the 14th cell cycle. 



Figure 4.1 1. Distribution of cell cycle durations of biastomeres treated with CHXM. 

Data from all treatments at concentrations from 0.1 0.0.14 to 0.1 8 pglml were 

combined. 



The 1 0th 
N=52 The 1 3th 

N-146 
v 

B The I 1 th 
40 1 

N=98 

The 12th 
Nu134 

The 1 4th 
N-99 

The 15th 
N=53  

Cell Cycle Duration (min) 



As seen in Fig. 4.12, the origins of a curves of the CHXM-treated cells 

shift significantly to the right in a dose-dependent manner, i.e. the higher the dose of 

CHXM, the larger the shift. This suggests an increase of minimum cell cycle duration 

by protein synthesis inhibition. The slopes of a curves of CHXM-treated cells are less 

steep at all .cycles and decrease more rapidly with advancing cell cycles than those of 

the control cells. For instances, the a curves of CHXM-treated blastomeres at the 11 th, 

12th, 13th and 14th cell cycle resemble those of untreated control blastomeres at the 

13th, 14th, 15th and 16th or 17th cycle, respectively. It appears that a curves of 

CHXM-treated blastorneres can be represented by those of control blastomeres 

advanced by two or three cycles, with the starting point shifted to the right up to the 

point where the a cuwes of CHXM-treated blastomeres start. 

However, it is unclear whether or not the slope of the curve changes 

with dose of protein synthesis inhibitor, although it changes in a cell cycle- or tirne- 

dependent manner (Fig. 4.12). In other words, it is difficult to see from a-curves in this 

study whether the transition probability from A state to B phase is affected by protein 

synthesis inhibition. Therefore, P curves were constructed for CHXM-treated celis, and 

it was found that the slopes of f3 curves decrease in a dose-dependent manner. This is 

most conspicuously observed at the 14th cell cycle (Fig. 4.13). At other cell cycles also 

CHXM-treated blastomeres always exhibited less steep slopes of P curves than those 

of control cells. Therefore, the transition probability of blastomeres from A state to B 

phase is decreased by protein synthesis inhibition as well as with advancing cell cycles 

or aging of blastorneres. Since a decrease in transition probability results in 

prolongation of A state, and an increase in the minimum cell cycle represents 



Figure 4.12. Comparison of a curves between untreated control and CHXM-treated 

cells. 
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Figure 4.1 3. Comparison of P curves between untreated control and CHXM-treated 

ceIls. 
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prolongation of B-phase, protein synthesis inhibition increases the total duration of the 

cell cycle by increasing durations of both A state and 8-phase. 



4. DISCUSSION 

Blastomeres isolated into LCMD containing CHXM at concentrations 

ranging from 0.10 to 0.30 pgfmi at the 7th cell cycle frequently undergo irregular 

cleavage and abortive cell division, especially at dosages higher than 0.18 pg/ml. The 

frequency of the failure in cytokinesis or irregular cleavage is increased by increasing 

the dose of protein synthesis inhibitor. Morphologically, these abnormalities in cell 

divisions are similar to blastorneres which have been isolated after the MBT, kept from 

contact with each other, and cultured with no cell-protein substrata after dissociation on 

agar (Winklbauer, 1 986). Under these conditions, nuclear division continues several 

rounds without cell divisions (Winklbauer, 1986). 

These observations suggest that cell surface activities, which are 

dependent on proper cell-cell contacts or substrate contacts, may regulate the protein 

synthesis required for cytokinesis of blastomeres, such as membrane proteins of the 

newly forming membranes of the cell surface. This has been inferred from the fact that 

eIectrophysiological properties of newly formed plasma membrane surface are different 

from those of the existing one (de Laat and Bluemink, 1974). It is also known that 

normal cytokinesis requires centrosome reproduction whose timing is precisely 

coordinated with the progression of the nuclear event during the cell cycle (Mazia et al., 

1960; Sluder, 1989). The present study showed that irregular cleavage increases with 

increasing prolongation of cell cycle duration when protein synthesis in blastomeres is 

inhibited at high concentrations of CHXM. Since centriole multiplication can not be 

inhibited by CHXM treatment blastomeres in both sea urchin (Sluder et al., 1990) and 

Xenopus eggs (Gard et al., 1990), it is likely that the multipolar cytokinesis caused by 

partial inhibition of protein synthesis is caused by the disruption of the temporal 



coordination between centriole reproduction and the nuclear events associated with the 

cell cycle. 

The occurrence of irregular cleavage in blastomeres treated with low 

doses of cycloheximide (0.10-0.30 pg/ml) may- be explained by the following 

hypothesis. Partial inhibition of protein synthesis slows down the accumulation of 

proteins necessary for cell division including cyclins, resulting in retardation of the cell 

cycle. However, since centriole multiplication is not affected by CHXM treatment (Gard 

et at., 1990; Sluder, et al., 1990), cells delayed in the cell cycle will contain multiple 

centrosomes. Thus, these cells divide into more than two daughter cells. A similar idea 

was proposed by the two-random transition model of Brooks that assumes two 

stochastic processes, one for the centriole cycle and the other for the nuclear cycle, 

which take place sequentially in time (Brooks, 1980). However, in order to test the 

hypothesis, it would be necessary to examine the number of nuclei per cell for CHXM- 

treated blastomeres. At present, how centriole cycIes are coordinated with nuclear 

cycles still remains unclear. In this connection it is interesting to note that microinjection 

of purified centrosornes is sufficient to re-initiate the cell cycle in mature, GI- arrested 

starfish oocytes (Picard et al., 1987). This suggests that the centriole cycle plays an 

important role in regulating cell cycle durations of blastomeres. 

The present results show that in CHXM-treated blastomeres, the cell 

cycle is prolonged during the 9th to 11 th cell cycle, and cycle synchrony becomes 

'imperfect', showing CVTS close to 0.2. The variability of cell cycle duration may 

represent variable effects of CHXM on individual blastomeres resulting from their 

permeability differences to the drug as well as from the variability in cell size. These 

effects could change in protein synthesis activity to various degrees among 

blastomeres. Thus, the total quantity of MPF produced by a CHXM-treated blastomere 

in the time equal to the cell cycle duration of untreated control blastomeres (28 i 2 min) 



may be less than sufficient to induce mitosis. If so, not only are their divisions delayed, 

but also become asynchronous due to variability in protein synthesis activity among the 

b lastomeres. 

Clute and Masui (1 995) have shown that Xenopus animal cap 

blastomeres, recovered from temporary, protein synthesis inhibition during the 

synchronous cleavage period, continue to cleave normally and enter asynchronous cell 

cycle at the same cycle as untreated btastorneres after the 12th cleavage. Unlike in 

their experiment, CHXM-treated blastomeres in the present experiment began cell 

cycle asynchrony at earlier cell cycles than untreated cells. The difference in the result 

between these two experiments could be explained by the fact that the blastomeres 

isolated in the present experiment are smaller than those used by  Clute and Masui 

(1995) for CHXM treatment. Also in the present experiment, protein synthesis in 

blastomeres has been partially, but continuously inhibited, whereas in their experiment 

it is severely, but temporarily inhibited. 

Moreover, as seen in Fig. 4.5 to 4.7, the A lines clearly show that the 

cell cycle duration of CHXM-treated blastomeres, larger than the critical size, become 

size-dependent in the presence of CHXM, although the correlation between the cell 

cycle duration and cell size is much less than that found in blastorneres, smaller than 

the critical size. The size dependency of cell cycle duration of CHXM-treated 

blastomeres, larger than the critical size may be explained by differential effects of the 

protein synthesis inhibitor on blastorneres of different sizes. Perhaps, CHXM affects 

more severely small blastomeres than large ones, since higher surface/volume ratio of 

the former facilitates permeation of the drug, thus prolonging cell cycle duration to a 

larger extent in the former than in the latter. Therefore, among these blastomeres 

variability in cell size brings about variability in cell cycle duration. This also explains 

early initiation of asynchronous cleavage, by blastomeres larger than the cri.tical size. 



The onset of cell cycle asynchrony has been demonstrated to be 

nucleocytop~asrnic ratio-dependent by excising egg cytoplasm (Kobayakawa and 

Kubota, 1981) or delaying in nucleation (Clute and Masui, 1995). The earlier onset of 

cleavage asynchrony in CHXM-treated blastomeres suggests that partial inhibition of 

protein synthesis has the same effect as reduction in cytoplamsic volumes of 

blastomeres. Thus, the present results are consistent with the idea that the N/C . 

dependent process is under the control of protein synthesis. It seems that changing 

protein synthesis activity has an effect equivalent to the experimental alteration of the 

cell size of blastomeres. 

It is important to note that the critical size of blastorneres which 

separates the line A from the line B in CHXM-treated blastomeres always coincides 

with the critical size in untreated control cells. The slopes of lines 6, which represent 

blastomeres smaller than the critical size also remain unchanged, being close to 2.0, 

irrespective of doses of CHXM with which blastomeres were treated. Thus, cell cycle 

durations of CHXM-treated cells as well as control cells smaller than the critical cell 

size inversely correlate, more frequently (4/5 case), with cell surface areas than 

volumes. The fact that slopes of lines B are very different from those of lines A 

suggests that the size-dependent limiting factor for the cell cycle duration of 

blastomeres smaller than the critical size is different from that of larger blastomeres. 

The former remains constant at all doses of CHXM, being inversely proportional to the 

cell surface area, and therefore, independent of protein synthesis, whereas the latter 

decrease with increasing dose of CHXM, and therefore dependent on protein synthesis 

activity. 

When blastomeres treated with CHXM at intermediate doses become 

smaller (Fig. 4.5 experiment 2, Fig. 4.6 experiment 3) at another threshold size (24.3 k 

0.5 pn), their cell cycle durations suddenly increase. The cell cycle durations of 



blastomeres smaller than this size, represented by lines C, remain inversely 

proportional to the cell surface area of the blastorneres. Therefore, it appears that 

another factor which depends on protein synthesis becomes involved in determining 

the cell cycle duration when blastomeres become smaller than 24.3 t 0.5 pm in tadius. 

The relationship between cell cycle duration and cell size appears to 

become different from that described above when protein synthesis in blastorneres is 

severely inhibited with CHXM at a high dose (0.18 pglml) (Fig.4.7 experiment 5). In this 

case, the cell cycle durations of blastorneres smaller than the critical size (37.7 pm in 

radius) are inversely proportional to the approximate cube of the radius of blastomeres. 

Apparently, a volume-dependent cell cycle control process becomes the rate-limiting 

factor for cell cycle progression when protein synthesis is suppressed to a sufficient 

degree. 

These observations indicate that cell cycle duration of blastorneres is 

regulated, on the one hand, by factors independent of protein synthesis but dependent 

on cell surface area and, on the other, by those dependent on protein synthesis. The 

present study shows that cell cycle durations of blastomeres larger than the critical size 

(37.5-37.7 prn in radius) appear to be under control of a protein synthesis-dependent 

process rather than cell sizedependent processes, whereas those of smaller 

blastomeres are under the control of both protein synthesis-dependent as well as cell 

surface area-dependent processes. However, when protein synthesis activity is 

suppressed at a high dose of CHXM, a volume-dependent process appears as the 

limiting factor for the progression of cell cycles. This may imply that in cells whose 

protein synthesis is weakly inhibited, as well as control cells, the volume-dependent 

cell cycle control process is hidden by surface area-dependent processes. The 



problem of how to explain this in molecular terms will be discussed in the last section of 

this thesis. 

The present experiment also shows that both the minimum cell cycle 

duration and transition probability are altered by protein synthesis inhibition. A shift of 

a-curve to the right occurred in a dose-dependent manner when blastomeres were 

treated with CHXM. This implies prolongation of the B phase by protein synthesis 

inhibition. Similarly, dose-dependent decreases in the slope of the P curve of CHXM- 

treated blastorneres indicate that the transition probability of the blastomeres from the 

A state to 8 phase is lowered by protein synthesis inhibition. Clearly, in the animal cap 

blastomeres of Xenopus embryos, the transition from the A state to the B phase and 

passage through the B phase are both regulated by protein synthesis activities of the 

blastomere. 

Blastomeres treated with CHXM, like the untreated control, show the 

multimodal distribution of cell cycle durations. However, the pattern of the distribution is 

altered by protein synthesis inhibition in such a way that the pattern exhibited by 

CHXM-treated blastorneres becomes similar to that which untreated blastomeres 

exhibit two or three cell cycles later. For example, the pattern of the distribution of 

CHXM-treated blastomeres at the 1 1 th, 12th and 13th cell cycles resemble those of 

untreated blastomeres at the 13th, 14th and 75th cell cycle respectively. Thus, it 

appears that protein synthesis inhibition has a similar effect as reducing the volume of 

cytoplasm of the blastorneres to M. However, severe inhibition of protein synthesis 

does not appear to cause precocious aging of blastomeres, since complete inhibition of 

cell divisions during synchronous cleavage period, followed by resumption of cleavage 

after withdrawal of the inhibitor, does not alter the time of the onset of asynchronous 

cleavage if counted by the number of division cycles (Clute and Masui, 1995). 



It is also possible that the changes in the distribution of cell cycle 

durations brought about by protein synthesis inhibition may result from a decrease in 

transition probability. Thus, partial, but continuous, protein synthesis inhibition of 

cleaving blastomeres renders their cell cycle characteristics similar to those of smaller 

blastorneres. However, it is not clear how protein synthesis inhibition alters the patterns 

of multirnodal distributions. 



CHAPTER V 

Cell Cycles in Different Embryonic Regions and Under Influence of Growth 
Factors 

1. INTRODUCTION 

It has long been known that the cell cycle of blastomeres progresses at 

a different rate in different regions of a Xenopus laevis early embryo (Satoh, 1977). 

While cell divisions occur synchronously among blastomeres at the same latitude of 

the animal-vegetal axis they are gradually delayed towards the vegetal pole when 

blastomeres are compared between latitudes. Thus, cell cycle activities appear to 

propagate through the embryo in a wavelike fashion from the animal pole to the 

vegetal pole. This phenomenon has been referred to as "rnetachronous' cleavage 

(Satoh, 1977). 

At MBT, the cell cycle prolongation becomes more prominent in the 

region above the future dorsal blastopore than in the animal region (Boterenbrood and 

Narraway, 1986). In Axolotl embryos before MBT it was also reported that the timing of 

cell cycles in the vegetal region vanes in a range of time as long as 40 minutes (Hara, 

1977), implying an earlier onset of cell cycle asynchrony than in the animal region. 

These observations all indicate that cleavage activities of blastomeres located in the 

three different regions of an embryo are regionally variable. Since blastorneres located 

in the animal, marginal and vegetal regions are involved in the formation of three germ 

layers, ectoderrn, mesoderm and endoderm, respectively, it may be supposed that 

different cell cycle patterns of blastomeres correlate with their cell differentiation. 

Therefore, it would be interesting to compare the cell cycle patterns between 



blastomeres of other regions before and after MBT by measuring cell cycle duration in 

vitro. 

It has been known that some growth factors, such as members of the 

fibroblast growth factor family (FGF), and transforming growth factor- P (TGF-P) family, 

act on the animal cap ectoderrn of stage 8 Xenopus laevis embryos to induce ventral 

and dorsal mesoderm differentiation, respectively (Smith, 1993; Asashima, 1994). In 

Xenopus oocytes rnRNAs of FGF receptor (xbFGFR), activin receptor and TGF-P are 

stored during oogenesis and translated during meiotic maturation or after fertilization 

(Thornsen et al., 1990; Robbie et al., 1995). Inhibitions of xbFGF and activin signals in 

vivo lead to a deficiency in mesoderm formation (Amaya et al., 1991; Hernrnati- 

Brivanlou et al., 1992). These results suggest that FGF and activin-like molecuies bind 

with the respective receptors in blastorneres to send mesoderm-defierentiation signals 

in vivo as well as in vitro. 

It is well known that FGF and TGF-P are involved in the regulation of 

somatic cell proliferation. They inhibit or stimulate cells depending on the nature of the 

target cell. bFGF inhibits highly tumorigenic PC cells, but acts as mitogen on non- 

turnongenic1246 cells and for the moderately tumorigenic 1246-3A cells (Zhou and 

Sherreo, 1993). TGF-P family has been widely viewed as growth stirnulatory for 

rnesenchymal cells, but a growth inhibitor for epithelial cells (Frater-Schroder et al., 

1986). However, whether the cell cycle-regulating effects of these growth factors are 

correlated with their mesoderm-inducing activities in amphibian development has not 

been investigated to date. 

In the previous chapters, the results have shown that cell cycie 

durations of dissociated animal cap blastomeres of Xenopus embryos become 

inversely proportional to their surface areas after MBT. This suggests that cell surface 



activities of blastorneres regulate their cell cycle activities. In view of the fact that 

growth factors act on the receptors localized in the ceil surface to regulate the cell 

cycle, it is possible that the cell surface activities responsible for determining the cell 

cycle duration can be controlled by growth factors. The growth factors, may regulate, 

cell cycles of blastomeres, on the one hand, but on the other hand, at the same time, 

their course of differentiation. In the present experiments, differences in cell cycle. 

characteristics between blastomeres located in the presumptive ectoderm, mesoderm 

and endoderm areas were observed. Secondly, cell cycle characteristics of the animal 

cap blastomeres under the influences of mesoderm-inducing growth factors, xbFGF 

and activin were compared. 



2. MATERIALS AND METHODS 

a) Froas and embrvos 

Fertilized eggs were obtained from mating frogs for blastomere culture 

as welt as by in vitro fertilization to synchronize development of embryos. Jelly coats 

were removed by treating embryos with 3% cysteine-HCI (pH 8.0) as described in 

Chapter I. 

For mitotic index study, healthy embryos at 4- or 8- cell stage with 

typical pigment patterns in the animal cap were selected and incubated in 20% 

Steinberg solution. At these stages, two blastorneres on the ventral side of the animal 

hemisphere were usually darker than the blastomeres on the dorsal side. To mark the 

dorsal side for its identification at late stages, embryos were placed in hypertonic 

solution (150 mM NaCI, 1 mM HCI, 1 rnM CaCl*, 1 mM MgC12 and 5 mM Tris-HCI, pH 

7.4) for about 5 minutes. The hypertonic solution will reduce the water filled between 

fertilization membrane and egg membrane, resulting in fertilization membrane is able to 

touch the egg membrane. Then, the dorsal side of the vegetal region of a 4-cell embryo 

was stained by attaching 1 % niie blue suiphate crystal to the surface of the embryo. 

Embryos were incubated at 18 * 1 "C or 20 k ? "C. 

bl Mitotic index (MI) studies 

To count Mls of blastomeres in different regions of the embryo along the 

animal-vegetal polarity, 5 embryos were fixed at 3 to 10 minute intervals from the onset 

of the 4th cleavage to the beginning of gastrulation following the procedures described 



in chapter I. Cell clusters were dissected out of the animal, equatorial and vegetal 

regions of the fixed embryo. Similarly, embryos with the dorsal side marked were fixed 

at 5-minute intervals from the onset of the 5th cell cycle. Before dye disappeared in 

fixative, the dorsal side of an embryo was excised and the same size of cell clusters 

from dorsal and ventral subequatorial regions (Godsave and Slack, 1991) were 

dissected. 

MI was calculated as the percentage of the sum of mitotic nuclei 

including pro- (P), meta- (M), ana- (A) and telo- (T), phases. When the number of 

nuclei in a cluster was less than 100, cell nuclei in the sample were counted, and when 

the number of nuclei in a cluster was more than 100, 50 to100 nuclei were counted 

(Fig. 5.1). Thus, the degree of cell cycle asynchrony and cell cycle duration were 

estimated from the height of a peak of mitotic indices and the interval between the 

times at which 50% nuclei are going out of mitosis in successive cycles. 

c)  Cell cvcle  att terns under influence of arowth factors 

Embryos of the 8-cell stage were immersed in CaF Danilchik solution 

(see chapter I) until 15 minutes after the 8th cleavage. Single blastomeres were 

isolated from the inner layer of the animal cap and cultured following the procedure 

described in chapter I. Cell cycle durations and cell sizes of the blastomeres were 

measured using a time-lapse video recorder system under a microscope as described 

in chapter I. Isolated blastomeres were washed once with LCMD containing a growVl 

factor, then cultured in LCMD containing the growth factor continuously at 22 * 1 OC 

from 20 minutes after the onset of the 8th cleavage. 



Figure 5.1. Nuclei and chromosomes stained with Hoechst. a. Chromosomes of animal 

cap blastomeres at anaphase (A) during synchronous cleavage period (the 11 th cycle) 

(X 450). b- Chromosomes of animal cap blastomeres at various phases of the cell cycle 

interphase (I), prophase (P), metaphase (M), anaphase (A) and telophase (T) during 

asynchronous cleavage period (the 13th to 14th cycle) (X 450). 





d) Growth factors 

Stock solutions of 5 pglml Xenopus basic fibroblast growth factor 

(xbFGF) and 0.75 pg/ml activin, which had been stored at -70 OC, were kindly provided 

by Dr. Elinson, and I rng/rnl epidermal growth factor (EGF, human recombinant), which 

had been stored at -20 OC, was purchased (Sigma). They were thawed at room 

temperature and diluted to desired concentrations before use. For testing mesoderm 

induction activity, the stock was diluted to 50 or 100 nglml in 100% Steinberg solution 

containing 1 % BSA, 2 mglml chloramphenicol, 0.6 mglml penicillin-G, 1 mg/ml 

streptomycin, and for cell cycle study, the stock was diluted to 100 ng/ml in LCMD. 

e) Treatment with arowth factors for mesoderm induction 

Embryos at stage 7.5 or 8 (Nieuwkoop and Faber, 1975) were selected 

and incubated in 20% Steinberg solution. Fertilization membranes were removed 

manually and animal caps were dissected. They were explanted in 100% Steinberg 

solution containing a growth factor (50 or 100 ngfml) in 100% Steinberg solution and 

without growth factors as a control. Animal cap explants in both experimental and 

control groups were frequently observed in the first 3 to 4 hrs after culture and further 

observation was made after 21 hours explantation at room temperature. 



3- RESULTS 

a) Chanaes in mitotic indices (MIS) durina cleava~e and at MBT 

Dissociated blastomeres of the equatorial and vegetal regions contain a 

large amount of yolk and were difficulty to culture in vitro. ConsequentIy, Mls of 

blastomeres of the animal cap, marginal and vegetal regions were measured in situ 

and their changes before and after MBT were compared from the 8th division to the 

onset of gastrulation (Fig. 5.2). 

In the animal region, MIS oscillate between 0 and 100% until the I 1  th 

cell cycle, showing a well-maintained cell cycle synchrony. The cell cycle durations 

were estimated from the intervals, between the points at which the percentage of cells 

in mitosis decreased to 50% in two successive cycles. The cell cycle durations of the 

animal cap blastomeres remained almost constant, at 32 min, up to the 10th cycle at 

20 + 1 OC (Fig. 5.2A left). When embryos were cultured at 18 + 1 O C  after the 10th cell 

cycle, the cell cycle duration of the 11th cycle increased to 38 min (Fig. 5.24 right). In 

these embryos, MI failed to reach 100% for the first time at the 12th cycle and the cell 

cycle duration increased to 41 minutes, 14% increase over the 1 1 th cell cycIe duration. 

The height of the MI peak of thel3th cycle further decreased to about 75%. Thereafter, 

MIS fluctuate between 40 and 5%, and gradually decreased to approximately 5% when 

gastrulation began (Fig. 5.24 right). The experiment was repeated and the results were 

confirmed (Fig. 5.3A). 



Figure 5.2. Changes in mitotic indices (Mls) in the animal, equatorial and vegetal 

regions of Xenopus laevis embryo from the 8th cell cycle to the onset of gastrulation. 

Data at each point in the left graphs were obtained from 2 to 5 embryos kept at 20 i 

1 "C and data at each point in the right graphs were obtained from 1 to 5 embryos kept 

at I 8  k 1°C. 
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Figure 5.3. Changes in mitotic indices (Mls) in the dorsal and ventral subequatorial 

regions of Xenopus laevis embryo from the 5th cell cycle to the onset of gastrulation. 



- Animal cap 

1 + Dorsal subequatorial 

1 00 * Ventral subequatorial 

80 

60 

40 

20 

0 

0 100 200 300 500 000 

Time Post-5th Cycle (rnin) 



In the both experiments, cell cycles continued to be synchronous up to 

the 1 1 th cell cycle, and became slightly asynchronous at the 12th cycle, followed by 

asynchronous cleavage from the 13th cycle. The cell cycle durations remained 

constant during the synchronous cleavage period, 32 min at 20 + 1°C. and 38 rnin at 

18 + 1 OC. Thus, these in sifu observations agree well with those observed in vitro in 

dissociated blastomeres described in the previous chapters. 

Blastomeres in the equatorial region undergo similar MI cycles as those 

in the animal region up the 10th cycle. Their cell cycle durations remained 32 min at 20 

_t I0C, and the peaks of MI cycles reached 100%. However, MIS during the 1 l th cycle 

failed to reach 100% for the first time and the duration lengthened to 36-38 minutes. At 

the 12th cycle the height of MI peak continued to decrease and the cell cycle duration 

increased to 50-55 minutes. At the 13th cycle, the peak of MI cycle decreased to 36%, 

the level less than half that of the animal region and steadily declined to low levels 

afterwards (Fig. 5.2B right). Clearly, the cell division in the equatorial region becomes 

asynchronous one cycle earlier than that in the animal region, during the 1 1-1 2th cell 

cycle. 

Changes in MIS of blastomeres in the vegetal region were similar to 

those in the animal region until the 8th cycle. Their cell cycles were synchronous and 

the cell cycle durations were constant (32 min at 20 t, 1°C, and 39 min at 18 + 1°C). 

However, during the 9th cycle, the MI did not come down to the base line, but 

remained at the level of 50%. When the 10th cell cycle began, it failed to reach 100% 

for the first time at its peak (Fig. 5.2C). Therefore, cell cycle asynchrony appeared 

during the 10th cycle. Hereafter, discrete MI cycles become difficult to identify, but 

rather MIS fluctuate irregularly between 40% and 75% during the 1 I th cycle, and 

between about 30% and 65% during the 12th and 13th cycles. 



In another set of experiments, Mls of the dorsal and ventral 

subequatorial regions of an embryo were compared from the 5th cleavage to the onset 

of gastruIation. There was no marked difference in the patterns of Mls between dorsal 

and ventral subequatorial regions as seen in Fig. 5.3B and C. Rather, the MIS of both 

dorsal and ventral subequatorial regions exhibited patterns of temporal MI changes 

similar to those of the vegetal region described above (Fig. 5.2C). These results . 

indicate that the onset of cell cycle asynchrony occurs during 9th-10th chromosome 

cycles in the subequatorial region, including the presumptive mesoderm area, 

simultaneously at the dorsal and ventral sides at two or three cycles earlier than in the 

animal region. It may be concluded that the cell cycle asynchrony in blastorneres 

begins in the vegetal region first, followed by the equatorial region with one cycle delay, 

then by the animal regions with two or three cycle delay. However, no difference can 

be detected in the time course of cycles between dorsal and ventral sides of 

subequatorial region. 

b) Mesoderm-inducina activities of qrowth factors 

To test the activity of growth factors for mesoderm induction, dissected 

animal caps from stage 7.5 or 8 embryos were cultured in Steinberg solution containing 

one of the growth factors (50 or 100 ng/rnl) and without the growth factor as a control 

(Fig. 5.4). The number of elongated animal cap explants was scored at 21 hours of 

explantation at room temperature. Animal cap explants treated with 100 ng/rnl XbFGF 

stretched overnight to elongate, forming the typical of the body shape half unpigmented 

and the other half with all pigmented, while control explants remained spherical. 



Figure 5.4. Animal cap explants treated with different growth factors. a. untreated 

control animal cap explants. b. 50 ngfrnl xbFGF treated animal cap explants. c. 100 

ng/ml activin treated animal cap explants. d. 100 ngfml EGF treated animal cap 

expalnts. All explants were observed at 21 hrs after explantation at room temperature, 

which operated at stage 8 embryos. Untreated control (a) and EGF treated explants (d) 

remain round, while xbFGF (b) and activin (c) treated expiants are elongated to form 

rod- shaped or dumbbell shaped bodies, indicating the occurrence of mesoderm 

induction. Scale bars in a, b, and d represents 200 pn and bar in b applies to c. 





These results were reproducible. However, the best result of mesoderm induction in 

animal cap expiants was obtained from the treatment of animal caps with 50 ngfml 

xbFGF. in which six out of seven anirnal caps formed rod-shaped bodies about twice 

as long as it is wide and one showed the shape described above (Fig. 5-48). This 

observation agrees with that by Green et al., (1990), who reported that doses of xbFGF 

greater than 48 nglml could induce animal cap explants to take a round shape with the 

length about twice the width. Furthermore, animal caps responded to xbFGF in a dose- 

dependent manner: the higher dose of xbFGF (above 48 ngfml) the more muscle was 

induced in animal cap explants (Green, et al., 1990). 

Similarly, animal caps expiants taken from embryos at stage 7.58 and 

cultured in Steinberg solution containing I00 ngfml activin for 21 hours at room 

temperature elongated to form dumbbell-shaped bodies three times as long as it is 

wide. In one experiment, all animal cap explants (818) treated with100 ngfml adivin 

elongated after 21 hour of culture (Fig. 5.4C). These results were reproducible. It was 

found that animal cap explants treated with activin elongated more than those treated 

with xbFGF, when compared in the same time period. This indicates the difference in 

induction effects on the animal cap blastomeres between xbFGF and activin. 

On the other hand. 4 control animal caps cultured without growth factor 

were found to remain spherical. Thus, clearly, at the concentration of 50 or 100 ngfml 

xbFGF and 100 nglml activin are capable of inducing mesoderm formation in the stage 

8 animal cap expiants. In this present study, however, no further analysis was done 

concerning this problem. 



By contrast, animal cap explants cultured in the presence of 100 ng/ml 

EGF all remained spherical after 21 hour of culture (Fig. 5.4D), indicating that EGF has 

no ability to induce the animal cap blastomeres to differentiate into mesoderm. 

c) Cell cycle patterns under influence of arowth factors 

To observe effects of growth factors on the cell cycle of dissociated 

blastomeres, inner blastomeres of the animal cap were isolated and cultured in LCMD 

containing 100 ng/ml xbFGF, activin or EGF from 20 minutes after the appearance of 

8th cleavage furrows. In blastomeres cultured in the presence of xbFGF, the 9th 

cleavage furrow appeared with a significant delay compared to untreated control cells, 

indicating an immediate effect of xbFGF on the cell cycle. This immediate effect 

corresponds to the short time (10 min) which is sufficient for mesoderm induction in 

animal cap explants (Slack et at., 1988), suggesting the possibility that the same 

pathway of mesoderm induction may involve in the cetl cycle prolongation. Unlike 

untreated control cells, which complete the 17th cell cycle, xbFGF-treated blastomeres 

frequently arrested during the 13, 14, 15, 16th cycles. The arrest of FGF- 

treated cells occurred from the 13th cell cycle with variable frequencies (Table 5.1, Fig. 

5.5e. 9. In some cases, one of sibling cells stopped cleavage at an early time, while the 

other continue to divide up to the 16th cycle. None of FGF-treated blastomeres 

undenvent the 17th cleavage. Another feather of xbFGF treated cells undergo less cell 

migration (Fig. 5.5e1 f). 

In contrast, the cleavage arrest was rarely observed in activin and EGF- 

treated blastomeres except for arrest observed at the 16th cell cycle in a small fraction 



Figure 5.5. Morphology of dissociated animal cap blastomeres in culture medium 

containing a growth factor. a, b, and c are activin-treated blastomeres; d, e, and fare 

xbFGF-treated blastomeres. The arrowhead in b indicates cells migrating on fibronectin 

and laminin substrate and arrowheads in d, e and f indicate arrested cells after FGF 

treatment. Scale bar in f is 60 pm and applies to all figures. 





Table 5.1. Percentages of arrested cells at different cell cycles 

Cell Cycle Untreated xbFGF actiiin EGF 

*Some of activin-treated cells migrate out of screen field, so whether they divide or 
not during the 16 and 17th have not been observed. 



( I  7%) of activin-treated blastomeres. I n the presence of activin, cells after the 15th 

cleavage began to migrate actively away from cell clusters and spread like fibroblasts 

on the fibronectin and laminin substrate (Fig. 5.5b, c), suggesting their tendency to 

differentiate into mesoderm. 

The cell cycles of xbFGF-treated blastomeres were prolonged from the 

9th cleavage (Table 5.2, Fig. 5.6). Their cell cycle durations at the 10th and 1 I th cydes 

were comparable to those at the 13th and 14th cell cycle of untreated blastorneres, and 

equal to those of CHXM-treated blastomeres at the 10th and I I th cycles (Table 5.2). 

However, the onset of cell cycle asynchrony was delayed (Table 5.2). CVTS of xbFGF- 

treated cells increased to 0.18 during the 14th, but the sudden increase exceeding 0.2 

that characterizes the onset of asynchronous cleavage did not happen until the 15th 

cell cycle when it rose to 0.25. Therefore, asynchronous cleavage of xbFGF-treated 

blastorneres may be considered to begin from the 14th cell cycle. 

In contrast, cell cycle durations of activin-treated blastomeres became 

significantly shorter than those of untreated control cells up to the 14th cell cycle, but 

suddenly longer during the 15th and 16th cycles (Table 5.2, Fig. 5.6). As well, the 

onset of asynchronous cell cycles was delayed. Cleavage was perfectly synchronous 

up to the 12th cycle with CVTS remaining less than 0.05, and then less than even 0.2 at 

the 14th cycle. However, cell cycle asynchrony suddenly becomes manifest during the 

15th cycle, when the CVT increased to an extremely high level (0.80) (Table 5.2). Thus. 

it becomes clear that blastomeres responding to activin enter asynchronous cleavage 

at the 15th cell cycle. 

On the other hand, the cell cycle of EGF-treated blastomeres 

progressed at almost the same pace as those of untreated control cells throughout 

from the I l th  to the j7th cell cycfe. Differences in cell cycle durations between those 





Figure 5.6. Mean cell cycle durations of growth factor-treated blastomeres and 

untreated control blastomeres. 
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EGF-treated and untreated were not found to be very significant. The CVT of cell cycle 

durations suddenly rose in EGF-treated and untreated blastomeres to 0.36 and 0.27 

respectively during the 13th, indicating the onset of asynchrony from the 13th in both 

cases (Table 5.2). However, it is noted that EGF-treated blastomeres cleaved more 

synchronously than untreated control, FGF-treated and activin-treated blastomeres 

after the 14th cell cycle. CVT s of EGF-treated blastomeres remained less than 0.2, 

while CVT s of other blastomeres become very high (Table 5.2). It appears that the 

degree of cleavage asynchrony is reduced by EGF when it acts uniformly on 

blastomeres. 

d) Changes in the relationshio between the cell size and cell cvcle duration under the 
influence of clrowth factors 

The transition from the cell size-independent synchronous cell division 

to the cell size-dependent asynchronous cell cycle occurs from the 12th to 13th cell 

cycle in untreated control blastomeres when they reach the critical cell size (37.5 prn in 

radius). In xbFGF-treated blastorneres, the reiationship between cell size and cell cycle 

duration changed at two cell sizes, 37.9 pm and 25.5 pm (Fig. 5.7), when the transition 

cell size was determined as described in chapter I and IV. As line A shows, cell cycle 

durations of cells larger than 37.9 pn in radius are almost constant regardless of cell 

sizes, about 55 min, but abruptly increase when the cell become smaller. The 

difference in cell cycle duration between blastomeres smaller or larger than 37.9 pn 

indicates a discontinuous prolongation of cell cycle duration at this critical size. As line 

B shows, cells whose radii fall between 25.5 to 37.9 pm, the cell cycle duration slightly 

increases as cell size changed, but remained almost constant, about 80min (Fig. 5.7 

line B). Finally, when blastorneres became smaller than 25.5 pm, their cell cycle 



durations were inversely correlated with their cell sizes as line C shows, increasing in 

proportion to the inverse radii with the exponent 2.44 (r2=0.62, p<O.Ol) (Fig. 5.7). 

The relationship between cell size and cell cycle duration in activin- 

treated blastomeres (Fig. 5.8) is cleariy different from that in FGF-treated cells. Cell 

cycle durations of activin- treated blastomeres larger than 37.9 pm in radius, 

represented by line A, remain almost constant, about 27 minutes (?=0.47, p<0.01), but 

those of smaller blastomeres represented by line B were inversely correlated with cell 

sizes. Interestingly, the cell cycle duration appears to be proportional to the inverse of 

the cell volume, since the exponent of radius (3.1 2) is close to 3 (P=0.81 , p<0.01). The 

critical cell size (37.9 pm), which separates the two phases, is equal to that for EGF- 

treated blastorneres and very close to that of untreated control cells (37.5 pm). 

The relationship between cell size and cell cycle duration of EGF 

treated cells is similar to that of the untreated control cells (Fig. 5.9). Line A, 

representing blastomeres larger than the critical size, shows cell cycle durations to be 

independent of their cell sizes (P=0- 17, p=O.l4). For cells smaller than the criticai size 

represented by line B, cell cycle durations were inversely proportional to their radii with 

the exponent close to 2.0 (1.87) (f= 0.76, p<0.01), implying the cell cycle durations 

proportional to the surface area. It is remarkable that in all growth factor treatments the 

critical cell size which separates line A from line B remains unchanged. This indicates 

that the action of growth factor does not change the critical cell size that characterizes 

the transition from the cell size-independent to dependent cell cycle. 



Figure 5.7. Relationship between cell sizes (in radius) and cell cycle durations 

(minutes) in xbFGF-treated cells plotted on logarithmic scale. Arrowheads mark the 

critical cell sizes (37.9 pm and 25.5 pn). 
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Figure 5.8. Relationship between cell size (in radius) and cell cycle duration (minutes) 

in activin-treated cells plotted on logarithmic scales. The arrowhead marks the critical 

cell size (37.9 pm). 
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Figure 5.9. Relationship between cell size (in radius) and cell cycle duration (minutes) 

in EGF-treated cells plotted on logarithmic scales. The arrowhead marks the critical cell 

size (37.9 pm). 



Cell Cycle Duration (min) 
4 



e) Distribution of cell sizes and cell cvcle durations 

XbFGF-treated blastomeres: 

As seen in Fig. 5.1 0, the average cell sizes of FGF-treated blastomeres 

at the 12th cell cycle is 38.5 * 2.9 pm in radius and 59% of the celk are larger than the 

critical cell size (37.9 pm). Since all cells at the 13th cycle, are smaller than the critical 

size, with an average size of 30.0 * 3.0 pn, the transition from line A to line B occurs 

during the 12th cycle (Fig. 5.108). This also coincides with the onset of asynchronous 

cleavage or a large increase in the CVT of cell cycle durations (Table 5.2). At the 13th 

cycle, only 11% of cells are smaller than the second critical cell size (25.5 pm). Most 

cells, whose radii fall within the range between 25.5 and 37.9 pm, cleave 

synchronously with cell cycle durations which remain nearly constant, but 1.5 times 

longer than that of the previous cycles. 

Cells smaller than 25.5 pm increase to 91% at the 14th cycle and to 

100% at the 15th cycle (Fig. 5.10D, E and F). These blastomeres undergo cell size- 

dependent cell cycles. As seen in Fig. 5.12 (A, B and C), FGF-treated blastomeres 

divide synchronously at 50-54, 65-74 and 75-79 minutes intervals during the 1 1 th, 12th 

and 13th cell cycle, respectively. However, from the 14th cell cycle, asynchronous 

cleavage begins with the CVT approaching 0.2 (Table 5.2). Thus, the onset of cell size- 

dependent cell cycles coincides with the onset of cleavage asynchrony starting from 

the 14th cell cycle. 

When blastomeres enter the asynchronous cleavage period, the 

distribution of cell cycle durations becomes rnultimodal (Fig. 5.1 1). while the distribution 

of cell sizes remains unirnodal (Fig. 5.1 0). After the 14th cycle, the coefficients of 



Figure 5.1 0. Distribution of cell sizes of xbFGF-treated blastomeres. Progeny from 3-4 

single blastomeres isolated at the 9th from inner layers of animal cap were studied. 

Each bar represents 2-prn interval. 
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Figure 5.1 1. Distribution of cell cycle durations of xbFGF-treated blastomeres. Progeny 

of 3 4  single blastomeres isolated at the 9th from inner layers of animal cap were 

observed. Each bar represents 5 minutes interval. 
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variation of cell cycle durations (CVT) (0.18-0.45) become much larger than those of 

cell sizes (CVs) (0.10-0.12). Modes of cell cycle duration appear at 85-89, 100-1 04 

minutes in the 14th cell cycle and at 125-129, 140-144, 165-1 69, 21 0-214 and 270-274 

minute during the 15th cycle (Fig. 5.1 I D, E). It appears that cells divide more 

frequently at intervals of multiples of 30-35 minutes in the 12th to the 15th cell cycle, 

and widely scattered in the 16th cycle (Fig. 5.1 1 F). 

Activin-treated blastomeres: 

At the 12th cycle, 58% of cells were larger, but at thel 3th cycle all cells, 

became smaller than the critical cell sizes (37.9 pm) (Fig. 5.12). Therefore, cell cycles 

became partially cell size-dependent during the 12th cell cycle and fully at thel 3th 

(Table 5. 2). The distribution of cell cycle durations became rnultimodal from the 14th 

cycle, as shown in Fig. 5.13. In the 14th cycle, two modes were clearly seen at 55-59, 

and 75-79 minutes, and in the 15th cycle four modes at 65-69, 80-79, 100-1 14 and 

170-174 minutes. In this regard, it is interesting to note that the cell cycle durations of 

activin-treated blastorneres during synchronous cleavage period (27 min) are also 

shorter than those of the control blastomeres (Fig. 5.1 3). Thus, it appears that cells 

divide more frequently at intervals of multiples of a unit time, about 27 min, shorter than 

30-35 minutes from the 13th to 15th cycle. 



Figure 5.1 2. Distribution of cell sizes of activin-treated blastomeres. Progeny from 3-4 

single blastomeres isolated at the 9th from inner layers of animal cap were studied. 

Each bar represents 2-pm intewal. 
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Figure 5.1 3. Distribution of cell cycle durations of activin-treated blastomeres. Progeny 

from 3-4 single blastomeres isolated at the 9th from inner layers of animal cap were 

studied. Each bar represents 5 minutes interval. 
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EGF-treated blastomeres: 

Cells at the 11th cell cycle were all larger, but 84.6% of the cells at the 

12th cycle are smaller than the critical cell size. At the 13th cycle, all cells become 

smaller than the critical size (Fig. 5.14). Therefore, it is expected that the cell size- 

dependent cell cycle phase starts from the 12th cycle. However, cell cycles at the 12th 

cycle are highly synchronous as seen in Fig. 5.1 5, and the CVT of cell cycle durations 

remains low (0.07) (Table 5.2). This may imply that EGF treatment causes a reduction 

in asymmetric cleavage and actual asynchronous cleavage begins at the 13th cell 

cycle. 

Indeed, distribution of cell cycle durations becomes multimodal from the 

13th cycle as shown in Fig. 5.1 5. Two modes were clearly seen at 40-44, 100-1 04 

minutes during the 13th cycle, at 60-64 and 90-99 minutes during the 14th cycle, and 

at 120-1 24 and 150-1 54 minutes at the 1 5th cycle. Further three modes appeared at 

165-1 69, 190-1 94 and 240-244 minutes during the 16th cycle. Thus, except for a major 

mode (40-44) during the 13th cycle, cells divide more frequently at intervals of 

multiples of 30-35 minutes from the 13th to 16th cycle. These are the same trends as 

observed in the cell cycles of untreated control blastomeres (Chapter I). 

f) Chanaes in ~robabilistic as~ects of cell cvcles under influence of qowth factors 

a- and 9- curves for FGF-, activin- and EGF- treated biastomeres were 

constructed in the same way as described in chapter Ill, and compared with those of 

untreated control blastomeres. As seen as Fig. 5.16A, and B at the 1 1 th and 12th cell 



Figure 5.14. Distribution of cell sizes of EGF-treated blastomeres. Progeny of 3-4 

single blastomeres isolated at the 9th from inner layers of animal cap were studied. 

Each bar represents 2-pm interval. 
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Figure 5.1 5. Distribution of cell cycle durations of EGF-treated blastomeres. Progeny of 

3-4 single blastomeres isolated at the 9th from inner layers of animal cap were studied. 

Each bar represents 5 minutes intewal. 
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cycles, no marked differences were found in the shapes of a- and j3- curves between 

growth factor-treated and untreated cases. In all cases, a- and p- curves become 

vertical straight lines. indicating cell division synchrony, except that a-curves of FGF- 

treated blastorneres at the 12th cell cycle shifted to the right indicating an increase in 

the minimum cell cycle duration (Fig. 5.16A. 5.17A, 5.18A and 5.19A). 

At the 13th and 14th cell cycles, FGF-treated blastomeres exhibited a- 

and p curves that were both very similar to those of untreated cells. Both a- and p- 

curves of activin-treated and EGF-treated blastomeres were more vertical and straight 

than those of untreated control cells, reflecting higher degrees of division synchrony in 

those growth factor-treated cells (Fig. 5.16%, 5.17B, 5.18B and 5.19B). 

At the 15th and 16th cell cycles, the shapes and positions of a-curves of 

blastomeres treated with different growth factors become markedly different from each 

other as well as from those of untreated control blastomeres. The a-curves of FGF- 

treated blastomeres at the 15th and 16th cell cycle have the starting points shifted 

further to the right by about 100 minutes, and the slopes decreased compared with 

those of untreated control blastomeres at the same cell cycles. thus closely resembling 

a-curves of the control at the 16th and 17th cycles (Fig. 5.17A). On the other hand, a- 

curves of activin-treated blastomeres at the 15th and 16th cycles show no further shift 

of the starting points, but considerable decreases in the slopes (Fig. 5.18A). Unlike the 

a-curves of FGF and activin-treated blastomeres. those of EGF-treated blastomeres, 

while having the starting point shifted to the right about 50 min, show increases in the 

slopes, compared with the a-curves of untreated blastomeres (Fig. 5.1 9A). Effects of 

growth factors on transition probabilities of blastomeres at different cell cycles have 

been further clarified by comparison of pcurves. In FGF-treated blastomeres, the 

transition probability judged from the slope of fkcurves becomes lower than that of 



Figure 5.1 6. a, and P curves for untreated control cells. A. a curves: the 1 1-1 2th 

cleavage (N=47); the 13th cleavage (N=48); the 14th cleavage (N=89); the 15th 

cleavage (N=139); and the 16th cleavage (N='l72); and the 17th (N=110). B. P curves: 

the 1 1-1 2th cleavage (N=4 7); the 13th cleavage (N=21); the 14th cleavage (N=44); the 

1 5th cleavage (N=66); and the 16th cleavage (N=73); and the 17th cleavage (N=67). 
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Figure 5.1 7. a, and P curves for xbFGF-treated cells. A. a curves: the 11-1 2th cleavage 

(N=24); the 13th cleavage (N=36); the 14th cleavage (N=46); the 15th cleavage 

(N=29); and the 16th cleavage (N=14); B. P curves: the 1 1-1 2th cleavage (N=12) ; the 

13th cleavage (N=18); the 14th cleavage (N=23); the 15th cleavage (N=14); and the 

16th cleavage (N=7). Legends in A apply to B. 
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Figure 5.18. a. and P curves for activin-treated cells. A. a curves: the 1 1-12th cleavage 

(N=35); the 13th cleavage (N=32); the 14th cleavage (N=30); the 15th cleavage 

(N=28); and the 16th cleavage (N=26); B. P curves: the 1 1-1 2th cleavage (N=18); the 

13th cleavage (N=16); the 14th cleavage (N=15); the 15th cleavage (N=14); and the 

16th cleavage (N=13). Legends in A apply to B. 
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Figure 5.1 9. a, and P curves for EGF-treated cells. A. u curves: the 1 1-12th cleavage 

(N48); the 13th cleavage (N=20); the 14th cleavage (N=16); the 15th cleavage 

(N=18); the 16th cleavage (N=28); and the 17th cleavage (N=6). B. P curves: the 1 1 - 
12th cleavage (N=9); the 13th cleavage (N=10); the 14th cleavage (N= 8); the 15th 

cleavage (N=9); the 16th cleavage (N=14); and the 17th cleavage (N=3). Legends in A 

apply to B. 
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untreated blastomeres from the 14th cell cycle (Fig. 5.16B1 5.17B). In contrast, the 

transition probability of activin-treated blastomeres becomes higher than that of 

untreated blastomeres until the 14th cycle, reflecting a delay in the initiation of 

cleavage asynchrony by the growth factor mentioned before. However, at the 15th and 

16th cycles. considerable decrease in the transition probability suddenly occurs (Fig. 

5.1 6B, 5.18B). The transition probability of EGF-treated blastomeres are always higher 

than that of untreated blastomeres as shown by steeper slopes of burves at all cell 

cycles except for the 17th (Fig. 5.1 6B, 5.1 9B). Thus, changes in transition probability 

inferred from p-cunres of growth factor-treated blastomeres corroborate those inferred 

from a-curves described above. 

From these observations, it may be concluded that growth factor 

treatments have distinct effects on the cell cycles of blastomeres after the 15th cell 

cycle. FGF prolongs the minimum cell cycle duration, and decreases the transition 

probability (Fig. 5.17A. B) and activin does not change the minimum cell cycle duration, 

but decreases the transition probability (Fig. 5.18A1 B). In contrast, EGF prolongs the 

minimum cell cycle duration. but increases the transition probability (Fig. 5.19A. B). 



In the present study, cell cycle asynchrony in different regions of 

Xenopus embryos was studied by observation of mitotic index (MI) at 3 to 5 min 

intervals. Therefore, the timing of chromosome condensation observed in this study 

involves errors ranging ffom 3 to 5 minutes, and the average MI may also reflect these 

errors. Nevertheless, the progression of cell cycles as gauged by the height of the MI 

peak and intewals between successive chromosome cycles agreed with the 

observation previously made by time-lapse recording of cell divisions of dissociated 

blastorneres. Thus, it is safely assumed that progression of cell cycles in animal cap 

blastomeres remains unchanged when blastomeres are dissociated in culture. 

In the present study, it was found that cleavage asynchrony in Xenopus 

embryos starts first in the vegetal regions at the 9th or 10th cell cycle, then in the 

equatorial region at the 11 th cycle, followed by the animal region at the 12th or 13th 

cycle. These results agree with observation on axolotl (Hara, 1977) that cell cycle . . 

asynchrony begins earlier in the vegetal region than in the animal region. However, no 

marked difference in cell cycle duration was detected between the dorsal and ventral 

subequatorial regions. Therefore, it may be safely said that the difference in 

progression of cell cycles between dorsal and ventral sides of a blastula is not as 

manifest as the difference between the animal, equatorial and vegetal regions. 

Results from the study of dissociated blastorneres showed that when 

blastomeres become smaller than the critical size, the cell cycle duration becomes a 

function of cell size, and that a variation in cell size resulting from unequal divisions 

leads to cell cycle asynchrony. It was found that chromosome cycles became 



asynchronous earlier in blastomeres of vegetal regions than in those of animal regions. 

Therefore, the critical size for vegetal blastomeres must be larger than that for animal 

blastomeres. This may imply that the former contains less cytoplasm engaged in cell 

cycle activities than the latter, due to the fact that vegetal blastomeres contain more 

yolk than animal blastomeres. The delay in the onset of cell cycfe asynchrony along the 

animal-vegetal axis from the vegetal to animal pole may reflect the distribution in a 

gradient fashion of the substances involved in cell cycle activities, such as the 

cytoplasmic factor proposed to be titrated by nuclear material (Newport and Kirschner, 

1982b). Indeed, the animal region of the egg contains MPF at a higher concentration 

than the vegetal region (Masui, 1972). 

Since cell cycle durations are inversely proportional to the cell surface 

cortical area in animal cap blastomeres at or after MBT, some cell cycle regulators, for 

example, MPF or cyclins, might be synthesized near the cell surface or in the cortex. In 

general, since vegetal blastomeres are larger than animal blastomeres, the cell surface 

area of a vegetal blastomere is larger than that of an animal blastomere in the embryo 

at the same developmental stage. If cell cycle durations of vegetal blastomeres at or 

after MBT are inversely proportional to their cell surface or cortical areas, vegetal 

blastomeres should divide faster than those of animal biastomeres. However, 

endoderrn of gastrulae and neurulae in Xenopus iaevjs (Woodland and Gurdon, 1968) 

and in Rana pipiens (Flickinger et al., 1970) have been found to have longer 

generation periods than ectodem-mesoderm cells do. 

This discrepancy may be explained as follows. Although vegetal 

blastomeres have relatively large cell surface areas compared with those of animal 

blastomeres at the corresponding cell cycle, the quantity of putative cell cycle 

regulators, such as cytoplasmic factor proposed to be titrated by a nuclear material 

(Newport and Kirschner, 1992b), may actually be less in vegetal biastomeres than 



animal blastorneres. Furthermore, it has been noted that the properties of the cell 

surface and cortex of animal blastomeres are different from those of vegetal 

blastomeres. For example, pigment granules distribute mainly on the surface of the 

animal hemisphere of an oocyte. RNAs and proteins, such as An1 (Linnen et al., 

1993), An2 (Weeks and Melton, 1987a), An3 (Gururajan et al., 1994), and Xlan4 

(Reddy et al., 1992) distribute in the animal hemisphere. whereas Vgl, Xwnt 1 I 

(Weeks and Melton, 1987b), and Xcat-3 (Elinson et al., 1993) in the vegetal 

hemisphere. During cleavage, Vgl mRNA is released and distributed to the 

presumptive endoderrn (Melton, 1991). Although no evidence suggest that differential 

localization of these RNAs are involved in cell cycle control, these observations 

indicate that differences in properties of cell surface cortical regions exist between 

animal and vegetal blastomeres. Therefore, it is possible that animal blastomeres 

divide slower than vegetal blastorneres despite the fact that there are larger cell 

surface areas in the latter than in the former. 

It is known that blastomeres in the equatorial region require signals from 

vegetal pole cells to differentiate into mesoderm during the blastula stage (Nieuwkoop, 

1969; Gurdon et al., 1985). The signals are likely growth factors, such as FGF which 

induces ventral mesoderm and members of the TGF-P family which induce dorsal 

mesoderm (Slack et al., 1988; Green and Smith, 1990; Thomsen et al., 1990; Smith, 

1993; Asashima, 1994). These growth factors have also been found to regulate cell 

proliferation in a variety of cells, as mentioned in the introduction of this chapter. In the 

present study, FGF and activin were found to have different effects on the cell cycle of 

dissociated animal cap blastomeres in culture. It is possible that blastomeres at the 

dorsal side and those at the ventral side of the equatorial region are subjected to TGF- 

p and FGF-type growth factors respectively. If so, cell cycle patterns of blastomeres 



would become different at the dorsal and ventral sides of a blastula. However, contrary 

to expectation, there was no marked difference in the cell cycle pattern of blastomeres 

between dorsal and ventral sides of the subequatorial region. 

In normally developing embryos, blastorneres in the equatorial regions 

enter asynchronous cleavage one cycle earlier than those in the animal regions as 

revealed by MI studies. In contrast, the onset of asynchronous cleavage of both FGF- 

treated and activin-treated blastomeres were delayed by at least one cycle, and cell 

cycle durations of FGF-treated blastomeres were considerably prolonged, whereas 

those activin-treated were shortened. These results may mean that different 

mechanisms or different signal transduction pathways bring about differentiation of 

blastomeres in the equatorial region in the course of normal development from those 

by which mesoderm differentiation is induced in blastomeres of the animal region by 

growth factors. 

In the present experiment, activin-treated blastomeres in LCMD, like 

those isolated from the dorsal marginal zone (Syrnes and Smith, 1987), migrate 

actively and spread on fibronectin and laminin substrates after the 14th cleavage, 

which corresponds to the time for the onset of gastrulation in Xenopus embryos. On 

the other hand, untreated cells, while adhering to fibronectin and laminin substrate after 

the 14th cleavage, migrate little. This indicates that activin activates the mesoderm 

induction signaling pathway in dissociated blastorneres in LCMD in a manner similar to 

that seen endogenously. 

FGF-treated blastomeres in LCMD prolonged the cell cycle immediately 

and many FGF-treated blastomeres arrested in the 13th to 16th cell cycle. In Xenopus, 

mitogen-activated protein kinase (MAPK) has been shown to be a downstream 

component of FGF signaling, and its activity is necessary and sufficient for mesoderm 

induction (Gotoh et al., 1995; Urnbhauer et al., 1995). MAPK signaling pathway is 



turned off following fertilization until the blastula stage (stage 8) and in Xenopus animal 

cap explants, MAPK is activated 10 minutes after FGF treatment (Graves et al., 1994). 

tnappropriate reactivation of MAPK results in cell cycle arrest (MacNicol et al., 1995). 

Thus, it appears that the timing of MAPK activation by xbFGF treatment in animal cap 

explants coincides with the immediate cell cycle prolongation in response to this growth 

factor, and persistent MAPK activity is also responsible for the random cell cycle arrest 

observed in the present study during the 13th to 16th cell cycle in the continuous 

presence of xbFGF. Therefore, it appears that MAPK is activated by xbFGF treatment 

in dissociated blastorneres in LCMD and some features of mesoderrn induction both at 

the molecular level and the cellular level have been manifested in dissociated 

blastomeres cultured in LCMD containing xbFGF. 

According to Godsave and Slack (1989, 1991), single animal cap cells 

from stage 8 post MBT embryos can differentiate to mesenchyme, muscle and neurons 

after FGF treatment. However, in the present study, dissociated blastomeres from the 

animal cap at stage 7% embryos or the 9th cell cycle failed to develop definite 

morphological characteristics of mesodermal differentiation as described by Godsave 

and Slack (1 989, 1991). Clearly, both the activin- and FGF-treated cells in LCMD 

acquire some of the characteristics of blastomeres of the marginal zone, but failed to 

completely express definite mesodermal characteristics. The lack of mesoderrn 

differentiation may be due to the fact that the low Ca* level in the culture medium 

prevents cell aggregation, and that aggregation of blastomeres is essential for 

mesoderm differentiation. This view is supported by the fact that the expressions of 

mesoderm-specific transcription markers, such as xbra and xwnt-8, are prevented in 

cells kept dissociated after activin treatment (Green et al., 1994). 

While activin accelerates progression of cell cycles of blastomeres by 

shortening the cell cycle duration from the 8th cell cycle during the 11 th to 14th cell 



cycle, it prolongs the cell cycle durations after the 15th cycle. Therefore, activin 

appears to have a dual effect on Xenopus blastomeres. A similar treatment of 

blastomeres with xbFGF prolongs cell cycIe from the 9th cleavage throughout. In 

contrast, EGF treatment neither accelerates nor delays cell cycle compared to 

untreated cells, but reduced cell cycle asynchrony after the 14th cell cycle. 

These observations were corroborated by probabilistic analyses of cell 

cycle. a-Curves of blastomeres treated with growth factors showed that no marked 

effects of growth factors treatments were obsewed until the 12th cycle except for FGF 

which doubles the minimum cell cycle duration. Effects of other growth factors 

appeared from the 73th and 14th cycles. In these two cell cycles, the minimum cell 

cycle durations of FGF-treated blastomeres became longer, but their transition 

probabilities became higher than those of untreated blastomeres, reflecting a reduction 

of cell cycle asynchrony. After the 15th cell cycle, the minimum cell cycle durations 

were increased in FGF- and EGF-treated blastorneres, but not in those activin-treated, 

while transition probabilities were decreased in FGF and activin-treated blastomeres, 

but not those EGF-treated. 

Thus, probabilistic analyses have also revealed specifically different 

effects of these growth factors on the cell cycle of early embryonic cells. The 

differences in the timing for their effects to be manifest may reflect different timings of 

the receptor activities in blastomeres for the respective growth factors. Also, the 

difference brought about by these growth factors in the cell cycle pattern of 

blastorneres may signify the difference in the signal transduction pathways which can 

be activated by the respective growth factors. 

Mesoderm induction by xbFGF and activin are initiated by binding to 

their respective receptors, resulting in activation of different signal transduction 

pathways. One candidate is the raf/mek/mapk signal transduction pathways as 



discussed above. Therefore, it is possible that the alteration in protein phosphorylation 

by MAPK induced by the growth factors is a cause of cell cycle changes as well as 

mesoderm induction. 



GENERAL DISCUSSION 

I. Transition from synchronous to asynchronous cell divisions 

Changes in the cell cycle are a characteristic feature of development In 

many animal species, cell divisions of the zygote proceed synchronously among all 

blastomeres until a certain time of development. Then some blastomeres divide later 

than others, and cell divisions becoming asynchronous among blastomeres. The 

transition from synchronous to asynchronous cell division occurs at different times 

during early development in different species of animals. This can be seen in classical 

examples cited by Agrell (1 964). Cell divisions of the zygote remain synchronous in 6 

cycles in Aequorea forskalea, the coelenterate, for 3 cycles in molluscs, and for 4 

cycles in annelids. In insects and spiders synchronous nuclear division continues 

without cell division until blastoderm formation when cellu~arization occurs. Nuclear 

divisions remain synchronous for 6 cycles in the spider, for 9 cycles in the damsel fly, 

Platychnemis and the moth, Ephestia, and for 12 cycles in Droshophiia. In vertebrates, 

synchronous cell divisions of the zgyote continue for 7 to 9 cycles in fish, for 12 cycles 

in amphibians and for 3 to 5 cycles in birds, but no synchronous divisions were 

observed in mammals. 

The number of cell cycles during which synchronous cell divisions 

continue in the zygote appears to have no relation either to the taxonomical order of 

animals, or to structures of the zygote. For instance, in echinoderms, zygotes of the 

holothurian. Synapta digitata, continue synchronous divisions for 9 cycles (Agrell, 

1964). Although it appears that zgyotes exhibiting spiral cleavage, such as those of 

molluscs, undergo fewer synchronous divisions than those of others, this is not the 

case when molluscs are compared with mammals. As well, although fish and bird 



zygotes are very similar in physical structure, both being telolecithal and undergoing 

discoidal cleavage, fish zygotes continue synchronous divisions for more cycles than 

bird zygotes. It is also noted that in sea urchin zygotes, although synchronous 

cleavage continuous for only 3 cycles until they give birth to micromeres, whose 

divisions thereafter will lag behind meso-and macromeres, the latter continue 

synchronous divisions for 6 to 7 more cycles (Agrell, 1964). Similarly, in the Ascidia, 

Ciona intestinalis, although complete synchrony of divisions lasts only for 4 cycles, cell 

divisions continue synchronously among blastomeres belonging to same cell lineage at 

intervals specific to the lineage (Balinsky, 1931). 

In some animals before cell divisions become asynchronous, a gradual 

delay in the timing of cell division occurs from one pole to the other pole of an embryo. 

It appears as if mitotic activity starts at the one end of the embryo and propagates to 

the other end, as "cleavage wavesn (Shirakami, 1 %8), forming a "mitotic gradient" 

(Agrell, 1962). Division patterns of this type have been called "metasynchronousn 

(Sato h, 1 977). For example, in the insect, Calliphora erythrocephala, mitotic waves 

propagate from the anterior end of the embryos at the 9th to the 12th cell cycle (Agrell, 

1962), and in the amphibian, Xenopus laevr's, from the dorsal side near the animal pole 

of the embryos at the 7th to the 12th cell cycle (Satoh, 1977; Boterenbrood et al., 

1983), and then blastomeres enter asynchronous cell cycles from the 12th or 13th 

cycle. This coincides with the blastoderm formation stage in insects and the 

midblastula (M BT) stage (Stage 8) in amphibians. 

Further in Xenopus laevis, as described in chapter V, the timing of the 

onset of cell cycle asynchrony is region-dependent. It begins first among blastorneres 

located in the vegetal region at the 9th cycle, and then among those in the equatorial 

region at the I 1  th cycle, followed by those in the animal region at the 13th cycle, after 

the 12th cleavage. However, no significant difference in the timing of asynchronous cell 



cycles was found between the dorsal and ventral blastomeres at least in the 

subequatorial region. 

2. Nucleocytoplasmic ratio and critical cell size 

Rott and Sheveleva (1 968) observed that in diploid loach embryos 

intervals of cell divisions remained constant at 31 min for the first 10 cell cycles, 

whereas in haploid embryos, this constant cell cycle lasted up to one cycle later than in 

diploid embryos. Similarly, Signoret and Lefresne (1973) pointed out that haploid 

embryos of the urodele, axolotl were delayed in entering asynchronous cleavage by 

one cycle, but diploid embryos developed from the zygotes having a portion of 

cytoplasm withdrawn did not. Thus, they suggested that the timing of the onset of 

asynchronous cleavage was dependent on the ploidy of embryos, but not on the 

nucIeocytoplasmic ratio. However, Kobayakawa and Kubota (1 981) succeeded in 

reducing the volume of the newt zygote Cynops pynhogaster to half or one quarter by 

bisecting them and proved that the nucleocytopiasrnic ratio was the crucial factor for 

determining the timing of asynchronous cleavage. Namely, zygotes reduced in size to 

half or quarter of their original volume continue synchronous cleavage up to the 1 1 th 

and 10th cleavage, respectively, while zygotes of normal size continue up to 12th 

cleavage. Conversely, if blastomeres of 2-cell embryos of Xenopus laevis received the 

nucleus with a delay of several cell cycles, they began asynchronous cleavage with a 

delay that corresponds to the period of delayed nucleation (Newport and Kirschner, 

1982a; Clute and Masui, 1995). Therefore, the time for blastorneres to begin 

asynchronous cleavage coincides with the time when they reach a certain critical 

nucleocytoplasrnic ratio. 



This has further been corroborated in a wide variety of animals. In 

starfish, tetraploid parthenogenetic embryos produced by caffeine treatment, which 

suppresses the formation of one polar body, continue synchronous cleavage up to the 

9th cleavage, compared to the 10th cleavagein diploid controls (Mita and Obata, 

1984). Similarly, in Drosophila, haploid embryos continue for one more synchronous 

nuclear cycle, and ligated diploid embryos with reduced cytoplasm enter asynchronous 

division a few cycles earlier than diploid embryos (Edgar et al., 1986). Recently, similar 

experiments were carried out with zebrafish embryos in which nucleocytoplasmic ratios 

of blastomeres were altered by haploidization and delayed nucleation. Haploid 

embryos begin asynchronous cleavage one cycle later, and blastorneres, delayed in 

nucleation by one cycle, begin synchronous cleavage one cycle earlier than 

blastorneres of normal embryos (Kane and Kimmel, 1993). Thus, the transition from 

synchronous to asynchronous cleavage of blastomeres occurs when blastorneres 

attain a critical nucleocytoplasmic ratio. 

Blastomeres isolated from the animal cap of Xenopus laevis zygotes 

undergo cleavage when they are dissociated in culture. However, blastorneres cultured 

on a nonadhesive agar substrate fail to continue cleavage beyond the 12th cell cycle 

unless cell-cell contact or contact with a protein substrate such as gelatin and 

fibronectin is provided (Winklbauer, 1986). In the present study, dissociated animal cap 

blastorneres from diploid Xenopus laevis embryos completed the 'I 7th cleavage without 

aggregating in a low calcium medium if they were cultured on the fibronectin/laminin 

substrates as described by Godsave and Slack (1989) in the absence of added growth 

factors. These blastomeres divide at constant intervals of about 30 min up to the 12th 

cell cycle at 22 t 1 OC. At the 13th cycle the division intewal are suddenly prolonged to 

about 60-90 min. At the same time, cell divisions become asynchronous, showing a 

sudden increase in the coefficients of variation of cell cycle durations (CVT) from values 



less than 0.1 before the 12th cycle to over 0.2 thereafter. Blastomeres can continue 

cell divisions in the same manner as those in intact embryos up to the 17th cleavage, if 

they have been prevented from cell-cell contact, but they fail to complete the 18th 

cleavage. On the other hand, haploid blastomeres cultured under the same condition 

divided synchronously up to the 13th cell cycle and completed the 18th cleavage. 

Hence, it is the nucleocytoplasmic ratio that limits the ability of blastomeres to continue 

to divide without cell-cell contact as well as determines the timing of the onset of their 

asynchronous cleavage. 

3. Transition from cell size-independent to cell size-dependent cell cycles 

As discussed above, blastomeres divide at a certain interval during the 

synchronous cleavage period, up to the 12th cell cycle in Xenopus laevis. Since cell 

cycle durations of blastomeres remain constant while their cell volumes are halved at 

every division, cell cycle durations are independent of cell size. However, between the 

12th and 13th cell cycles, asynchronous division starts. At the same time, smaller 

blastomeres tend to take a longer time to enter the next division than larger ones. The 

relation between cell size and cell cycle duration of a blastomere changes from the 

12th or 13th cycle depending on the size of the blastomere. In diploid cells, when 

blastorneres become smaller than 37.5 pm in radius, their cell cycle durations become 

proportional to the inverse square of radius, while those larger than these blastomeres 

have the same cell cycle duration of about 30 min. This critical size of blastomeres is 

attained at the 12th or 13th cell cycle (Chapter I). Similarly, in haploid embryos, when 

blastomeres become smaller than 27.5 pm in radius, at the 13th or 14th cell cycle, one 

cycle later than diploid embryos, their cell cycle durations are prolonged in proportion 



to the inverse square of the radius. When the cell cycle durations of haploid cells 

become cell sizedependent. the cell surface area rather than volume becomes half 

that of diploid cells as discussed in Chapter II. It appears that the ratio between the 

genome size and the cell surface area becomes the critical factor for animal cap 

blastomeres to undergo the transition from cell size-independent to dependent cell 

cycles. 

The relationship between cell cycle duration and cell size after MBT was 

studied by Kane and Kimrnel (1993) in the zebrafish. In their case, the first 9th cell 

cycles have a constant duration, 15min, regardless of btastomere sizes, but after the 

10th cycle the cell cycle duration becomes reciprocal to cell size, and the cells undergo 

asynchronous cycles. They also obsewed that this transition of the cell cycle occurred 

one cycle later in haploid blastomeres, but 5 cycles earlier in blastomeres which had 

been prevented from nucleation for 6 divisions. Therefore, in both haploid and diploid 

embryos, cleavage asynchrony begins when the same nucleocytoplasmic ratio was 

reached. 

It is interesting to note that the transition from cell sizeindependent to 

dependent cell cycles similar to that observed in Xenopus blastomeres has been 

observed in several other kinds of cells. For example, in the ciliate, Tetrahymena 

pyriformis, cells, enlarged due to inhibition of cell division at a high temperature, divide 

rapidly at constant intervals when returned to normal temperature until their sizes 

reduce to normal (Zenthen, 1964). Similarty, in the fission yeast, S. pornbe, cells grown 

to an abnormally iarge size divide rapidly at constant short intervals until their cell sizes 

reach a certain critical size. This was clearly demonstrated when cdc2-33 mutants 

enlarged by growth at 35°C are returned to 25°C (Fantes. 1977), when wee 1 mutants 

grown at 25°C are cultured at 35°C (Nurse, 1975), and when wild type cells grown in 



nutrient-rich medium are transferred to nutrient-poor medium (Fantes and Nurse, 

1977). In all these cases, the cell cycle duration remained constant in cells larger than 

the critical size, but became inversely proportional to the cell size in smaller cells 

(Miyata et a!., 1978; Fantes, 1977). 

It is also important to note that as blastomeres undergo the transition 

from cell size-independent to cell size-dependent cell cycles. they change the pattern 

of cell cycles from the synchronous to the asynchronous one at the same time. This 

can be explained by variability in cell cycle duration presupposes variabiiity in cell size 

if the cell cycle duration is determined as a function of cell size as cells smaller than the 

critical cell sizes. The variability in cell size among blastomeres at MBT or the 12th cell 

cycle results from repeated unequal cell divisions in the preceding cell cycles. Kane 

and Kimmel (1993) also pointed out that "asynchrony is due to volume differences 

among the cells. The differences could arise because of unequal early division" (p455). 

Both the transitions from cell size-independent to cell size-dependent cell cycle occur 

simuitaneously with the transition from the synchronous to the asynchronous cleavage 

at MBT in animal cap blastomeres of Xenopus embryos. 

Unequal cell divisions occur in developing embryos of various species 

with a variety of consequences in differentiation of progeny cells. This is clearly seen in 

the first equatorial divisions of amphibian zygotes that separate the zygote into animal 

and vegetal hemispheres with different yolk content, as well as the 4th cleavage of a 

sea urchin zygote which gives rise to micromeres (Gilbert, 1991). In the latter case, it 

was observed that the movement of the nucleus led by the centrosome in late 

interphase was responsible for the shift of cfeavage furrow towards the vegetal pole 

(Dan, 1979; Schroeder, 1987). As well, in the nematode, Caenorfrabditis elegans, the 

first unequal cleavage gives rise to blastomeres AB and p, whose progeny divide at 

different cycle periods and differentiate into different cell types. This is found to be 



caused by asymmetric positioning and growth of mitotic spindle in the zygote (Sulston 

et al., 1983; Kemphues et at., 1988). 

However, unlike these deterministic unequal cleavages, the unequal 

divisions of animal cap blastomeres of Xenopus embryos appear to be caused by 

random events and do not give rise to qualitatively different daughter cells with different 

developmental capacity. They all differentiate into a single type of cell, either epidermal 

or neural (Godsave and Slack, 1989). Pehaps, the unequal division of these 

blastomeres is caused by fluctuation of the position of the mitotic spindle around the 

center of the cell. The present study (Chapter I) demonstrated that the degree of 

unequal cleavage expressed in the ratio of the difference in volume between two 

daughter cells to the volume of the mother cells, the index of unequal division (IUD), 

vanes between 0.15 and 0.30 at each division. Therefore, repeated unequal cleavage 

could produce a wide range of variation in cell size among progeny. The coefficient of 

variation of cell sizes (CVs) ranges from 0.1 1 to 0.18 in diploid, and 0.12 to 0.15 in 

haploid blastomeres during cleavage period from the I lth to 17th cell cycle. However, 

the coefficient of variation of the cell cycle duration (CVT) becomes much larger than 

the CVS after blastomeres enter asynchronous cleavage period at the 13th cell cycle in 

diploid cells and at the 14th in haploid cells. In diploid cells CVTs range from 0.26 to 

0.37, and in haploid cells from 0.27 to 0.29. This may imply that the cell cycle durations 

of blastomeres entering asynchronous cell cycles are not uniquely determined by their 

cell sizes alone, but that some other stochastic mechanisms are also involved in the 

timing of cell division. This will be discussed later in section 10. 

4. Cell size and cell cycle duration 



From the above discussion, it becomes clear that cell sizes play a 

crucial role in determination of the timing of cell division in animal cap blastomeres of 

Xenopus embryos at MBT- It has been common knowledge that normally the cel1 does 

not divide until it grows to reach a certain critical size which is specific to the cell type, 

and proportional to the genome size of the nucleus or the ploidy (Hertwig, 1908). Thus, 

the cells maintain their characteristic celi size as well as nucleocytoplasmic ratio when 

it divides. This was repeatedly observed in haploid, diploid and tetraploid sea urchin 

embryos (Boveri, 1902, 1905), and in haploid to pentaploid newt embryos 

(Fankhauser, 1945). As well, Hartmann (I 928) first showed, and Prescott (1 955) 

confirmed that Amoeba proteus could never undergo divisions if cytoplasm was 

repeatedly amputated from the growing cell body before it reaches a critical size. 

Further, Prescott (1955) found that the cell cycle duration was inversely proportional to 

the cell size at birth. Similar inverse relationships between cell size and cell cycle 

duration were reported in experimentally generated small cells of the budding yeast, S. 

cerevicisae (Johnston et al., 1979), as well as in stawed mammalian cells in culture 

which have been stimulated to proliferate by readdition of a serum (Shields et al., 

1978). In Stentor that in order for the cell to begin DNA replication, a normal 

nucleocytoplasmic ratio must be established (Frazier, 1973). In bacteria, although the 

cell size at division becomes variable depending on nutritional conditions, the cell 

initiates DNA replication at a constant cell size irrespective of its growth rate (Donachie 

et al., 1973). 

Recently, based on their observations of zebrafish blastoderm cleavage 

during the MBT, Kane and Kimmel (1993) proposed that 'the relationship between the 

volume of the cytoplasm and the nucleus continues for several cycles after the 

beginning of MBT, so that during a MBT 'period' the nucleocytoplasmic ratio constantly 

regulates the cell cycle length-the higher the nucleocytoplasmic ratio, the longer the 



cell cyclew (p455). Their proposal mostly agrees with the observation made by the 

present studies of animal blastomeres of Xenopus embryos. In both cases. 

blastomeres have a constant cell cycle duration, 15 minutes at 28°C in zebrafish and 

28 + 2 min at 22 k 1 OC in Xenopus, until the cell size diminishes to a metical level which 

is proportional to the ploidy of the cell. In other words, it is only when 

nucleocytoplasmic ratios of blastomeres exceed a critical value that cell size becomes 

a limiting factor for the cell cycle progression. This may suggest that a blastomere 

produces a cytoplasmic factor or factors to a quantity proportional to cell size, but then 

consumes these factors in a quantity proportional to its genome size in order to 

complete the cell cycle. Therefore, blastomeres smaller than the critical size have 

longer cell cycle durations as they get smaller, since it takes a longer time for a smaller 

cell to produce these factors in the quantity to be consumed for completing the cell 

cycle. 

5. Cell cycle control by cell surface activities 

As mentioned before, cell cycle durations of zebrafish blastoderm cells 

in vivo become inversely proportional to cell volume after MBT, whereas those of 

animal cap blastomeres of Xenopus embryos dissociated in vitro become inversely 

proportional to cell surface area after the 12th cleavage corresponding to MBT. The 

reason for this discrepancy is not resolved at present, but it is conceivable that the 

discrepancy may stem from the difference in the methods of analyzing the cell cycle 

duration and cell size relationship between the two studies. 

First, the methods for measuring cell sizes between the two studies 

were different. In the zebrafish study, several planes of focus of each deep cell were 



observed, and its volume was estimated from the most circular outline. On the other 

hand, in the present study, the diameter of the circular contour of an isolated cell was 

measured at the moment when the cell stands up to form a perfect sphere shortly 

before cleavage. Therefore, from a geometric point of view, the latter method is more 

accurate than the former. 

Secondly, it is likely that the discrepancy results from the differencein 

the methods employed for analyzing data. In the zebrafish study, the authors obtained 

a straight line from cell cycle durations plotted against reciprocal of cell volumes. 

However, in the present study, different data plotting methods were compared. These 

include plotting cell cycle durations against inverse cell volumes, or inverse surface 

areas, as well as cell cycle durations against cell radii on logarithmic scales. The 

regression line obtained from the latter method showed the best fit with a slope close to 

-2.0 compared with regression lines obtained by other methods. 

However, it is also possible that cell cycle activities of a cell become 

different when the cell has contact with surrounding cells in vivo as in the zebrafish 

study, compared to when it is isolated in culture as in the present study. This is 

apparent in view of the fact that post-MBT blastomeres of Xenopus laevis embryos fail 

to undergo cell cycles without contact with appropriate substrate (Winklbauer, 1986). If 

so, the discrepancy between the obsewations of zebrafish blastoderm cells in vivo and 

Xenopus animal cap blastomeres in vitro suggests an important role of cell surface 

contact in cell cycle regulation of post-MBT vertebrate embryos. It was also reported 

that cells of Xenopus embryos up to the gastrula stage showed similar cell cycle 

patterns whether dissociated in vitro or situated in an intact embryo. By the late tail bud 

stage, however, a majority of cells in intact embryos stayed in GI phase, but those 

dissociated in vitro stayed in S phase (Frederick and Andrews, 1994). Recently, in 

starfish embryos it was found that cell cycle durations of blastomeres are significantly 



prolonged when an anti-spectrin antibody was injected into the blastomeres, and the 

actin network in the cortex was disrupted (Wong et al., 1996). Since spectrin is known 

to anchor actin filaments to the cell surface, but not to be specifically involved in cell 

cycle regulatory mechanisms, the authors suggested that disruption of the cortical actin 

cytoskeleton altered cell cycle timing. Taken together, these observations suggest that 

cell cycle activities are under control of cell surface or cortical activities of the cell. 

In the present study, cell cycle patterns of blastomeres dissociated on a 

protein substrate were not significantly different from those of biastomeres in an intact 

embryo observed in situ (Satoh, 1977; Ham et al., 1977; Boterenbrood et al., 1983; 

Boterenbrood and Naraway, 1986;), as well as those of aggregated blastomeres 

cultured in the presence of ca2' at a high concentration (Chapter I). This suggests that 

cell-cell contacts between blastomeres have no significant influence on their cell cycle 

activities at least before MBT in Xenopus embryos. However, blastorneres fail to 

undergo cell cycles after MBT unless they are cultured on an appropriate protein 

substrate (Winklbauer, 1986), indicating the important role of the cell surface in 

maintaining cell cycle activities after MBT. The fact that cell cycle durations become 

proportional to the inverse square of radius, or cell surface area, rather than cell 

volume after MBT suggests that the cell cycle progression of post-MBT blastomeres is 

under the control of cell surface or cortical activities even in the absence of cell-cell 

contact. This may be explained by the hypothesis that a factor or factors, which cause 

the cell cycle to progress, are produced by cell surface or cortical activities at a rate 

proportional to the cell surface area, and a minimum quantity of those factors are 

required by the blastomere to complete one cell cycle. 

The above hypothesis assumes that blastomeres produce cell cycle 

regu!ating factors near the cell surface, but we know very little about the intracellular 

localization of the respective factors involved in regulation of the cell cycle. However, 



some observations made on the oocyte and the early zygote provide circumstantial 

evidence that makes the above assumption plausible, In early studies, it was noted that 

maturation-inducing substances such as progesterone for vertebrate oocytes and 1- 

methyladenine for starfish oocytes act only on the cell surface since injection of these 

substances into the oocyte had no effect (Kanatani and Hiramoto, 1970; Smith and 

Ecker, 1971 ; Masui and Markert, 1971 ). 

MPF activity first appears in the animal hemisphere of the oocyte and is 

propagate towards the vegetal half in the frog egg (Masui, 1972), and protein 

phosphorylation, which is a prerequisite for triggering oocyte maturation, is stimulated 

more rapidly and extensively in the cortex than in the endoplasm in the starfish oocyte 

(Guevier et al., 1977). Stimulation of adenylcyclase activities by cholera toxin could 

inhibit oocyte maturation in Xenopus oocytes (Sadler and Maller, 1985), whereas 

inhibition of adenylcyclase by inactivation of the as subunit of G-protein with an 

antibody stimulates it (Gallo et al., 1995). This suggests the involvement of the cell 

surface activities in the initiation of oocyte cell cycles, since both adenylcyclase and G- 

protein activities are regulated by membrane receptors (Baldwin, 1994). Since G- 

protein as  subunit activity is known to be a factor which can either prevent or stimulate 

the cell cycle in somatic cells (Chen and lyengeer, 1994), it is likely that cell surface 

reactions, including ligand binding to the plasma membrane receptor, play a role in 

regulating post-MBT cell cycles as well as oocyte maturation. 

This view is further strengthened by the findings on ras a membrane- 

associated protein that functions by binding with GTPase activating protein (GAP) to 

regulate G-protein activity (Barbacid, 1987). Injection of ras protooncogene mRNA into 

the Xenopus oocyte induces its maturation (Birchmeier et al., 1985) and that injection 

of an anti-ras antibody into the Xenopus oocyte inhibits insulin-induced maturation 



(Kom et al., 1987). Further, injection of an anti-ras antibody into zygote of Xenopus 

(Miron et al., 1990) and Axolotl (Baltus et al., 1988) was found to prolong the cell cycle 

duration of blastomeres during the synchronous cleavage period. 

In S. cerevisiae cells, from a kinetic analysis of the cell cycle of 

cdc25lras 2 mutants, it was suggested that cdc25 and ras 2 gene products modulate 

the critical cell size by controlling cell growth through regulation of cyclic AMP 

metabolism (Baroni et al., 1989). It is also probable that ras protein regulates the cell 

cycle by its effect on Ca ion release mechanism, since it was found that ras protein 

injection could induce a rapid increase in phosphoinositol turn over in Xenopus oocytes 

(Lacal et al., 1987). Cell cycle durations of blastomeres of Xenopus embryos could be 

changed by Ca ion distributions in the blastomere under the control of 

inositoltriphosphate (lP3) (Han et al., 1992). 

Finally, a recent immunofluorescent study in the newt egg has 

demonstrated that changes in cyclin B abundance in blastomeres are synchronous 

with cell cycles. Cyclin B appears first in the cortex of the animal hemisphere, and then 

diffused into internal cytoplasm during the cell cycle (Sakamoto et al., 1998). 

Therefore, it is probable that the reactions which give rise to MPF activity, as well as 

synthesis of cyclin B itself are initiated in the cortex of the oocyte as well as 

blastomeres. 

6. Rotes of protein synthesis in cell cycle control 

Since the identification of MPF as a protein kinase consisting of cyclin B 

and cdc2 proteins (Lohka et al., 1988; Anon et al., 1988; Labbe et al., 1989; Meijer et 

al., 7989; Minshull et al., 1989; Gautier et a[., 1 WO), a great deal of information 



concerning the molecular mechanism of cell cycle control has been obtained. The 

understanding of cell cycle control has rapidly developed based on studies of 

maturation and activation of the egg, early cleavage of the zygote, cell divisions of 

yeast and cultured mammalian cells. Thus, it is known that MPF constitutes the 

fundamental cell cycle oscillator and is a universal factor for inducing the cell to enter 

mitosis in eukaryotes. 

The development of MPF activity prior to mitosis mainly depends on 

cyclin synthesis (Booher and Beach, 1987; Minshull et al., 1989), and its association 

with cdc2 protein (Welch and Wang, 1992). MPF is activated when tyrosine 15 (tyr15) 

of cdc2 protein is dephosphorylated by cdc25 protein phosphatase (Gautier et al., 

1991 ; Dunphy and Kumagai, 1991 ). and its threonine 161 (thrl61) is phosphorylated 

(Fresquet et al.. 1993; Poon et al., 1993; Solomon et al., 1993) and inactive when tyrl5 

of cdc2 is phosphorylated by wee1 protein kinase (Russell and Nurse, 1987; Soloman 

et al., 1993). MPF activity also disappears (Murray et al., 1989; Luca and Rudeman, 

1989; Westendorf et al., 1989) when cyclin is destroyed by proteolysis after its 

ubiquitination at the end of M-phase. In Xenopus zygotes, MPF activity cycles coincide 

with those of mitoses during cleavage of blastomeres whether the zygotes are 

nucleated or enucleated (Gerhart et al., 1984). Murray and Kirschner (1 989a), using a 

cell-free system constituted of Xenopus egg extracts and sperm nuclei, demonstrated 

that cyclin synthesis and degradation alone are sufficient to drive the cell cycle. 

However, compared with abundant information about cell cycles in 

oocytes and zygotes, information about embryos at later stages is scanty. As well, little 

is known about cell cycle changes at MBT except a few studies which strongly suggest 

that the mode of cell cycle control changes at MBT. In Drosophila, during early 

synchronous cell cycles from the 2nd to the 7th, cyclinfcdc2 complexes are 

continuously present, showing little oscillation of activity, while during MBT, from the 



8th to 13th cycle. activities of cyclidcdc2 and string (cdc25) proteins oscillate. and 

mitoses are triggered by string transcription thereafter (Edgar et al., 1994). 

In Xenopus embryos, cyclinWcdc2 activity and phosphorylation of cdc25 

oscillate with a period coinciding with cleavage cycles. Tyrl5 of cdc2 remains 

dephosphorylated during the synchronous cleavage period from the 2nd to the 12th 

cycle, whereas tyrosine phosphorylation appears after MBT (Ferrell et al.. 1991 ; 

Hartley et al., 1996). Also cyclin A and E, which are present in cleaving embryos 

disappeared after MBT (Hartley et al., 1996; Howe and Newport, 1996). These findings 

suggest that while the timing of the cell cycle in the Xenopus embryo is regulated by 

accumulation of mitotic cyclin during synchronous cell cycles, it is regulated by 

mechanisms that involve GI cyclin as well as tyrosine phosphorylation of cdc2 protein 

during asynchronous cell cycles after MBT. Therefore. it may be misleading to 

speculate on the mechanism that regulates post-MBT cell cycles by extrapolating 

current knowledge of the molecular mechanism of cell cycle control which has been 

focused on pre-MBT cell cycle regulation. 

However, it is safe to state that progression of the cell cycle is generally 

controlled by synthesis of cyclins followed by association with cyclin-dependent 

kinases (cdk) and by activation of cyclin-cdk complex. Some of these processes 

probably take place near the cell surface or the cortex of the blastomere. In Xenopus 

embryos, during the synchronous cleavage period up to the 12th cycle, synthesis of 

cyclin B may be considered the only rate-limiting factor of the progression of cell cycles 

(Murray and Kirschner, l989a; Hartley et al., 1996). Perhaps there is no need for 

regulating the length of GI and G2 phases which are entirely absent during these cell 

cycles. However, during MBT, G1 and G2 phases appear and the S phase lengthens in 

endoderm cells (Graham and Morgan, 1966). Therefore, not only mitotic cyclin (cyclin 

B), but also G1 cyclin syntheses and phosphorylation of their complex with cdks are 



involved in the regulation of cell cycles during and after MBT. In the yeast, S. 

cerevisiae, G1 cyclins (CLN 1, 2 and 3) interact with cdc28 kinase to drive the cells to 

enter S phase (Reed, 1991). Mutations of CLN genes affect cell growth, apparently by 

changing response to nutrients, thus determing the time for the cell to reach the size 

sufficient to enter S phase (Hadwiger et al., 1989). 

Among the many cdks in higher eukaryotes, cdk2 is generally 

considered to be the one most directly involved in DNA replication, since it is activated 

by cyclins A and E (Fang and Newport, 1991). In Drosophila, cell cycles in a cyclin E 

mutant are arrested at the 17th cell cycle, the cell cycle at which first G1 phases appear 

(Knohlich et al., 1994). In mammalian fibroblasts, overexpression of cyclin E 

accelerates the entry into S phase and injection of anti-cyclin E antibody prevents the 

cell from the entry into S phase (Ohtsubo and Robert, 1993). Similarly, injection of anti- 

cyclin A antibody into fibroblast cells inhibits the entry into S phase (Girard et at., 

1991). Therefore, both cyclin A and E are involved in the transition from G1 to S phase. 

In mammalian cells, the cycfin-cdk complexes which are most closety 

involved in the progression through G1 are the D-type cyclins (Hunter and Pine, 1994). 

For example, cyclin D l  forms complexes with different cdks, cdk4 and cdk6 (Xiong et 

al., 1992; Matsushime et al., 1994). Overexpression of cyclin D l  or 02 accelerates GI 

transition by several hours to result in an equivalent shortening of generation time. It 

reduces the cell's serum requirement for growth and makes cells smaller than normal 

(Quelle et al., 1 994). 

In Xenopus embryos, cyclin A and E are present before MBT, and 

mediate G2/M transition (Walker and Maller, 1991 ) and the entry to S phase (Rempel et 

al., 1995), respectively. However, both cyclins disappear shortly after MBT (Hartley et 

al., 1996; Howe and Newport, 1996). Most likely, post-MBT cell cycles in Xenopus 

embryos are regulated by synthesis of D-type cyclin and associated cdks, although no 



cyclin Ds have been identified in Xenopus embryos to date. It may be generally 

assumed that cyclin synthesis in a blastomere is primarily responsible for the 

progression of its cell cycle before as well after MBT. 

There may be two alternative possibilities implied by the fact that post- 

MBT cell cycle durations are inversely proportional to the surface areas of blastomeres. 

First, cyclin synthesis itself may take place in the cortex as observed in the newt zygote 

(Sakamoto et al., 1998) and becomes the ratelimiting factor proportional to the cell 

surface area to determine cell cycle durations. If cyclins are synthesized near the cell 

surface, inhibition of protein synthesis would delay cell cycle progression, but should 

not change the relationship of the cell cycle duration, since the rate of cyclin synthesis 

is proportional to the surface area. Alternatively, cyclins may be synthesized in the 

internal cytoplasm, but the reactions conferring cell cycte-promoting kinase activities to 

the cyclins take place near the cell surface. These reactions may involve complex 

formation between cyclins and cdks, or phosphorylation, and these reactions may be 

rate-limiting factor for cell cycle progression. In this case, inhibition of protein synthesis 

would not only delay cell cycle progression, but would also render protein synthesis the 

rate-limiting factor for cell cycle progression. The rate of protein synthesis is assumed 

to be proportional to cytoplasmic volume. Cell cycle duration, may be assumed to be 

equal to the time required for the cell to accumulate the necessary cyclins to threshold 

levels, so that, cell cycle duration becomes inversely proportional to the rate of 

synthesis of the cyclins. It would be expected that cell cycle durations become 

inversely proportional to the cell volume instead of the cell surface area. 

In the present study (Chapter IV), when Xenopus animal cap 

blastomeres were cultured in the continuous presence of cycloheximide at 

concentrations of 0.1 0 to 0.18 pg/rnl, cell cycle durations were increased about 2 times 

during the synchronous cleavage period from the 9th to the 1 I th cycle, and 3 to 6 times 



during the asynchronous cleavage period from the 12th to 15th cycle. It is remarkable 

that while there was a considerable delay in progression of cell cycles the partial 

inhibition of protein synthesis altered neither the critical cell cycle nor the critical cell 

size, at which the shift from the cell size-independent to the cell size-dependent 

cleavage occurs. In cycloheximide-treated blastorneres, the change at MBT occurred 

from the 13th cycle, and at the same critical size (37.7 pm in radius) as in untreated 

control blastomeres (37.5 pm). AS well, cell cycle durations of the blastomeres, which 

have become smaller than the critical cell size and undergone cell size-dependent 

cleavage, remained inversely proportional to the square of radius except in one of 5 

cases treated at the highest concentration of CHXM. In this exceptional case cell cycle 

durations were found to be inversely proportional to cube of the radius. These results 

may mean that a reduction in the rate of protein synthesis occurs in proportion to the 

cell surface area, suggesting the localization of cyclin synthesis activities near the cell 

surface. 

However, in 2 of 5 cases, the line showing the cell cycle durationlcell 

size relationship breaks into two segments at the cell size, 24.3 k 0.5 pm in radius (Fig. 

4.5.4. 6; Chapter IV). This may suggest that there exist two distinct protein synthesis 

activities regulating the cell cycle, with different susceptibility to protein synthesis 

inhibition. The one case in which cell cycle durations became inversely proportional to 

cell volume may suggest the existence of a cell cycle regulating protein synthesis 

activity taking place in the internal cytoplasm, which can be revealed as the rate- 

limiting factor for cell cycle progression only under severe conditions of protein 

synthesis inhibition. Perhaps, syntheses of some proteins may become the rate-limiting 

factor. These may include histone H I  (Adamson and Woodland, 1977; Woodland and 

Adarnson, 1977; Flynn and Woodland, 1980) and fk and 6- actin (Ballantine et al., 



1979), which are essential for cell cycle progression, but stored maternally. and mainly 

synthesized in internal cytoplasm only after MBT. 

7. Roles of growth factors in cell cycle control 

As discussed above, it appears highly probable that cell surface 

activities of a blastomere become the ratelimiting factor for cell cycle progression after 

MBT when the blastomeres become smaller than the critical size, 37.5 prn in radius. 

Therefore, it is conceivable that agents interacting with the cell surface stimulate or 

inhibit cell activities near the surface to alter progression of the cell cycle. These 

include a variety of growth factors. Animal cap blastomeres of Xenopus embryos 

posses cell surface receptors for the epidermal growth factor (EGF), fibroblast growth 

factor (FGF) (Gillespie et al., 1989; Musci et al., 1990) and transforming growth factor P 

(Kondo et al., 1991; Mattews et al., 1992). Unlike mammalian cultured cells, these 

blastomeres are capable of dividing at a normal rate in protein-free medium in isolation 

without the stimulus of growth factors. This suggests that the factors responsible for 

cell cycle regulation inside the cell surface can function sufficiently without external 

signals of growth factors. 

However, it is well known that an aggregate of animal cap blastomeres, 

isolated at or shortly after MBT, responds to several growth factors to change its 

course of differentiation. FGF induces these celIs to differentiate to ventral mesodermal 

tissues, and activin, to dorsal mesodermal tissue (Slack et al., 1988; Green and Smith, 

IWO; Thomsen et al., 1990; Smith, 1993; Asashima, 1994). EGF has no mesodermal 

inducing effect. To date, no studies of the effects of these growth factors in cell cycles 

of animal cap blastomeres of Xenopus embryos have been published. 



The results of the present study showed that all of the growth factors 

tested are effective in altering cell cycles of blastomeres in specific ways. FGF-treated 

blastomeres almost immediately reduced rates of cell division, with cell cycle durations 

doubled during synchronous cleavage period. Activin-treated blastomeres divided at 

faster rates up to the 14th cell cycle, then suddenly at slower rates thereafter (Chapter 

V). It is interesting to note that both FGF- and activin-treated blastomeres divided 

synchronously up to the 14th cycle. On the other hand, EGF-treated blastomeres 

divided at almost same rates as those untreated, but more synchronously after the 

13th up to the 17th cycle, than those treated with other growth factors or untreated. 

The reason for the improvement of cleavage synchrony in the growth 

factor-treated blastomeres is unclear at present. The effect of the growth factor, EGF in 

particular, on the organization of cortical cytoskeleton, may favor positioning of mitotic 

spindle to the cell center, thus reducing the chance for unequal cell division and this 

would be responsible for the synchronization of growth factor-treated blastorneres 

(Chapter V). This notion may be supported by the observations that cells cultured in 

growth factors-deficient medium fail to undergo normal cytokinesis (Orly and Sato, 

1979; O'neil et a!., 1985; Brooks, 1988). 

Mesoderm induction by FGF and activin is triggered by their binding to 

the respective receptors, which leads to activation of signal transduction pathways 

through phosphorylation of intracellular proteins. The FGF receptor has tyrosine kinase 

activity and the activin receptor has serine/threonine kinase activity in their intracellular 

domains (Asashima, 1994). The initial reaction of growth factor binding to its receptor 

eventually leads to the expression of mesoderm-specific marker genes such as xbra 

and xwnt8 (Green et al., 1994; Conlon et al., 1996). 

How the signal transduction pathway activated by growth factors affects 

progression of the cell cycles during Xenopus embryogenesis is poorly understood. In 



Xenopus embryos, the mitogen-activated protein kinase (MAPK) is inactivated after 

fertilization, and remains inactive, at least, until MBT (Ferrell et al,, 1991). Inappropriate 

timing of the appearance of MAPK activity in blastomeres causes cell cycle arrest 

(Haccard et al., 1993; MacNicol et al., 1995). Nevertheless, MAPK can be activated in 

the animal cap of Xenopus embryos 10 minutes after FGF treatment and several hours 

after activin treatment (Graves et al., 1994). In the present study, differences were 

found between the effects of FGF and activin on Xenopus blastomeres. In FGF-treated 

blastomeres, immediate prolongation of cell cycle durations before the 12th cycle were 

brought about with random cell cycle arrest from the 13th to 16th cell cycle. In activin- 

treated blastomeres the prolongation of cell cycle durations and cell cycle arrests were 

delayed until the 15th cell cycle. The difference between the effects of the two growth 

factors may be ascribed to the difference in the timing of MAPK activation by these 

growth factors. On the other hand, in mammalian cells continuation of synthesis of 

short-lived D-type cyclins (during GI phase) depends on the stimulation of celI activities 

by growth factors (Matsushime et al., 1991, 1992), It is also possible that effects of 

growth factors on the cell cycle of Xenopus blastomeres after MBT can be brought 

about through cyclin D activation. 

8. Cell cycle control by nucteocytoplasmic interactions 

In the normal course of animal development, transcription cannot be 

observed during the synchronous deavage period, but only after blastomeres have 

entered asynchronous cleavage (Dettlaff, 1963). Progression of cell cycles during the 

eariy period of synchronous cleavage requires only the translation of cyclin B message 

stored in egg cytoplasm (Murray and Kirschner, 1989a). Other proteins needed for 

making new cell components for cleavage have been stored in a larger quantity in egg 



cytoplasm during oogenesis. These include DNA polymerases (Benbow et al., 1975). 

histones (Adamson and Woodland, 1977; Flynn and Woodland, I98O), P and 6 actin 

(Woodland and Adamson, 1977; Ballantine et al., 1979). larnins (Forbes et al.. 1984), 

ribosomal proteins (Brown and Gurdon, 1964;-Baum and Wormington, l985), tubulins 

(Gard and Kirschner, 1987) and centrosome components (Gard et al., 1990). No 

synthesis of these proteins is required during cleavage before MBT in Xenopus 

embryos. 

As well, the period of contraction cycles (Hara et al., 1980; Shinagawa, 

1985). and MPF cycles (Gerhart et al., 1984) in the enucleated Xenopus egg remained 

constant, being equal to the period of cleavage cycles of the nucleated zygote- 

Therefore, during the synchronous cleavage period, the nucleus undergoes 

karyokinesis following the schedule dictated entirely by oscillation of MPF activity in the 

egg cytoplasm, which is solely dependent on the translation of cyclin B mRNA. 

However, synchronous cleavage of animal cap blastomeres cannot 

continue after the nucleocytoplasmic ratio has reached a critical ratio. It was 

established that asynchronous and cell size-dependent cell cycles could begin at the 

same time when the nucleocytoplasmic ratio exceeds the critical value, regardless of 

the initial condition of the zygote. This evidently implies that cell cycles after MBT are 

under control of nucleocytoplasmic interactions. 

To explain how the cell size dependency of the cell cycle duration 

becomes inversely proportional to the cell surface area, it was hypothesized in the 

preceding section of this discussion (section 5) that a factor or factors which cause the 

cell cycle to progress are produced at a rate proportional to the cell surface area. A 

minimum quantity of these factors is required for a blastomere to complete the cell 

cycle. The minimum quantity of the factors appears to be determined in proportion to 

the genome size of the blastomere. This is evidenced by the fact that cell size- 



dependent cell cycle begins in haploid blastomeres one cycle later than the diploid, 

indicating that cytopiasmic factors do not become a rate-limiting factor for the cell cycle 

progression in haploid cells until they become half the critical size of the diploid. 

In order to corroborate the hypothesis, it wouId be necessary to 

determine which of the geometric measures of the haploid blastomere, either the 

surface area or the volume, becomes half that of the diploid blastomere when they. 

reach the respective critical sizes. Unfortunately, the method adopted in the present 

study to determine the critical size does not appear to be precise enough to answer 

this question. Both surface area ratio, and the volume ratio between the diploid and 

haploid blastomeres were found to fall between 2.0 and 3.0 when the blastomeres 

reach their respective critical cell sizes although the surface area ratio becomes closer 

to 2.0 than the volume ratio (Chapter 11). 

The nucleocytoplasmic interactions, that take place after blastorneres 

have become smaller than the critical size appear to be inhibitory to the cytoplasmic 

activity that promotes cell cycle progression. This may be inferred from the fact that cell 

cycle duration increases with increasing nucleocytoplasmic ratio. More direct evidence 

has been obtained from experiments in which mitosis is inhibited in M-phase cytoplasm 

by increasing the density of nuclei in the cytoplasm. Clark and Masui (1 987) showed 

thai mouse oocytes, made polyspermic by insemination at 1st meiotic metaphase (MI), 

exhibit the capacity to induce mitosis of sperm nuclei in proportion to the volume of the 

cytoplasm. In the frog, Rana pipiens, sperm nuclei are induced to form mitotic 

chromosomes in the cytoplasm of cytostatic factor (CSF)-arrested blastomeres of 2-cell 

embryos when fewer than 100 were injected per blastomere, but not if more were 

injected (Shibuya, 1981). Similar observations were carried out by incubating sperm 

nuclei in Xenopus egg extracts at various densities. Chromosome condensation and 

MPF activity cycles continued regularly at a normal rate when the nucleocytoplasmic 



ratio was kept at 100 nuclei/pl, but the cycle period was prolonged proportionally to 

nucleocytoplasrnic ratio as it was increased. The cycles finally stopped at 1500 

nuclei/pI (Dasso and Newport, 1990). 

In all these experiments, sperm nuclei which failed to enter mitosis 

remained at interphase. In Xenopus egg extracts, these nuclei were arrested at S 

phase (Dasso and Newport, 1990). It is unlikely that retardation of DNA synthesis-is the 

only cause of the prolongation of cell cycle duration in post-MBT blastorneres, since G, 

and G2 phases also appear in these cells. To date, the data provide a satisfactory 

mechanism for the prolongation of cell cycle duration by the increase in 

nucleocytoplasmic ratio. 

The simplest explanation may be given by the hypothesis discussed in 

chapter I. It assumes the presence of an inhibitory factor in the nucleus, which titrates 

"mitotic factor" or MPF to neutralize it. As discussed in section 5 of this discussion, it is 

also assumed that the mitotic factor is produced or activated, near the cell surface of 

the blastomere at a rate proportional to the cell surface area. When the mitotic factor 

has completed the reaction with all the inhibitory factor present in the nucleus, the 

remaining active mitotic factor induces the blastomere to undergo mitosis. 

The threshold or minimum quantity of the mitotic factor required for 

triggering mitosis is determined by the quantity of the nuclear inhibitory factor. 

Accordingly, the time required for initiating mitosis, or cell cycle duration becomes 

proportional to the quantity of the nuclear inhibitory factor as well as to the inverse of 

the cell surface area. Cell size-dependent cell cycles begin one cycie later in the 

haploid blastomere than in the diploid, and cell cycle durations of haploid blastomeres 

are shorter than those of diploid blastomeres at the same cycle, but similar to those of 

the diploid at one cycle behind. Therefore, it appears that the quantity of the nuclear 



inhibitory factor present in a blastomere is proportional to its genome size or DNA 

content, suggesting dose association of the inhibitory factor with DNA or 

chromosomes. 

The model proposed in this thesis is based on the assumption that an 

inhibitor present in proportion to the amount of DNA in the nucleus will be directly 

titrated by MPF which is an essential factor required for entry to mitosis. Thus, MPF is 

inactivated by the nuclear inhibitor and the cell cannot enter mitosis until all of the 

nuclear inhibitor has been titrated. However, the alternative assumption may be that 

the nuclear inhibitor is titrated indirectly by a factor that plays an essential role in 

regulation of MPF activity or in the cell cycle progression during interphase prior to 

MPF activation. Possible candidates for playing these roles are factors that interacts 

with chromatin during interphase, or factors involved in the signal transduction 

pathways that regulate MPF activity or factors that regulate chromosome condensation 

by leading to the conformational change of chromatin from the dispersed to 

chromosome condensed structure. 

Among the factors that regulate the cell cycle progression during 

interphase, the most important are the factors that regulate DNA replication. DNA 

replication is one of the central events in the eukaryotic cell cycle and initiated from a 

large number of replication origins and chromatin must be modified by a putative 

'licensing factor" to undergo one round of semiconservative replication in each cycle. 

'Licensing factor" is relocated into the nucleus by relocation (Blow, 1993). DNA 

replication origins are not simultaneously activated at the onset of S phase, but 

throughout the S phase in a predictable pattern with some origins early and others later 

being activated. However, the relationship between 'licensing factor" and replication 

origins remain unclear. Nevertheless, it is reasonable to assume that nuclei containing 



a larger amount of DNA must take in a larger amount of 'licensing factof and thus take 

a longer time to complete DNA replication, resulting in lengthening of the S phase. 

On the other hand, the completion of DNA replication is monitored by S 

phase checkpoint proteins. such as rad 3, Chkl and 14-3-3 proteins. Among them, 14- 

3-3 protein has been shown to act as a negative regulator of the mitotic inducer cdc25, 

which activates cdc2, by an experiment using Xenopus egg extracts (Kumagai et al., 

1998). Although no evidence has been presented to date that activities of 'licensing 

factor" and these checkpoint proteins are cell size-dependent, it is likely that the 

"licensing factor", and the S-phase checkpoint proteins are dependent on the N/C ratio 

of the cell. The possibility remains to be investigated. 

It is also known that cdc25 protein that activates MPF as transiocated 

from cytoplasm into the nucleus just before mitosis begins, whereas wee1 protein that 

inactivates MPF is localized in the nucleus during interphase until mitosis begins 

(Heald et al., 1993). Moreover, RCCl protein that suppresses MPF activity during 

interphase is known to be a DNA binding protein (Nishitani et al., 1991). Therefore, the 

possibility also exists that these proteins regulate MPF activity in a N/C ratio-dependent 

manner as will be discussed in details in the next section 9. 

9. Molecular aspects of nucleocytoplasmic interactions during the cell cycle 

The information currently available is not sufficient to identify the 

molecules involved in the nucleocytoplasmic interactions that regulate the cell cycle. 

However, there are proteins localized in the nucleus which inhibit MPF activity in 

various types of cells. These include wee1 kinase and RCCl (regulator of chromosome 

condensation) protein. 



Wee1 inactivates cdc2 kinase by phosphorylation of tyr 15 of the kinase 

upon interaction with a cyclin subunit in somatic cells (Parker and Piwnica-Worms, 

1992). It is localized in the nucleus in somatic cells (Heald et al., 1993) as well as in 

mouse oocytes (Mitra and Schultz, 1996). However, its localization changes during the 

cell cycle in cultured human cells. During interphase, wee1 is found in the nucleus, but 

during cell division, it is relocalized to the mitotic equator and by the end of mitosis, it is 

associated with the midbody bridge (Baldin and Ducommun, 1995). Therefore, in 

somatic cells, wee I appears to shuttie between the celi surface and the nucleus. 

On the other hand, RCCl protein, which was initially discovered in the 

mutant (tsBN) cells derived from a hamster cell line (BHKZI), is a DNA-binding protein. 

In the mutant cells cultured at the restrictive temperature, thus being deprived of RCCI 

protein, premature chromosome condensation and a surge of MPF activity occur 

during S and G2 phases (Nishitani et al., 1991). Therefore, it has been assumed that 

the presence of RCC1 prevents activation of MPF during interphase to allow the cell to 

complete DNA replication (Dasso, 1993). 

Although it is unknown whether the abundance of these proteins is 

proportional to the DNA content of the nucleus, the DNA-binding nature of RCCl 

protein suggested that this may be the case. Also, the classical observation showed 

that depletion of wee1 kinase in mutant fission yeast cells cultured at the restrictive 

temperature reduces cell size at division to half that of the wild type cell (Nurse, 1975). 

This suggests the involvement of wee1 in the nucleocytoplasmic interactions that 

regulate cell size at division. On the basis of a mathematical analysis of the cell cycle, it 

was also suggested that wee1 plays a role in cell size control at division through its 

antagonism against cdc25. Thus the nucleocytoplasmic ratio is sensed by these two 

proteins, because size at division is very sensitive to their relative amounts (Tyson et 

al., 1997). 



The nucleocytoplasrnic interaction that regulates the cell cycle as 

discussed above presupposes transport into the nucleus of the cytoplasmic factors that 

cause mitosis. The transport of cyclin BIcdc2 complex from the cytoplasm to the 

nucleus before the beginning of mitosis has been well documented by means of 

fluorescent immunocytochemistry in starfish oocytes (Ookata et al., 1992), human 

somatic cells (Heald et al., 1993) and in the mouse oocytes (Mitra and Schultz, 1996). 

The results of a recent study with Xenopus egg extracts suggest that 

MPF activity of cyclin Bfcdc2 protein can be suppressed by some factor associated 

with the nucleus when DNA synthesis is inhibited (Kumagai and Dunphy, 1995). The 

experiment showed that an extract containing DNA synthesis inhibitor, aphidicolin, 

could accumulate an endogenous, inactive cyclin BIcdc2 complex, and no mitosis 

could be induced in the nuclei incubated with it. However, when a mutant cyclin Bfcdc2 

complex that had no MPF activity was added to the aphidicolin containing extract, MPF 

activity appeared and mitosis was induced. This result was interpreted as indicating 

that an inhibitor produced in the aphidicolin-containing extract binds with cyclin Blcdc2 

complexes, but the mutant cyclin B/cdc2 complex competing for the binding could 

release the endogenous cyclin B/cdc2 complex from the inhibitor. 

Evidently, prolongation of the entire cell cycle duration after MBT is the 

sum of prolongation of the time for blastomeres to pass all cell cycle phases except M 

phase whose duration remains constant, being equal to that of pre-MBT blastomeres 

(Graham and Morgan, 1966). Therefore, it would be desirable to determine which 

phases are, and how they become, cell size-dependent, since in other cells cell size- 

dependent cell cycles appear to be regulated not only at G$M transition, but also at 

G1/S transition. 

In mammalian somatic cells, nucieocytoplamsic ratio was found to play 

a crucial role in the timing of the initiation of DNA synthesis (Killander and Zetterberg, 



l965a, b). In a fission yeast mutant, weel, that although the cell cycle duration at the 

restrictive temperature is the same as that of the wild type, the GI phase of the mutant 

is longer than that of the wild-type (Nurse, 1975; Nurse and Thuriaux, 1977). This is 

explained by the fact that cells must attain a certain minimal size before DNA 

replication can be initiated. The wee1 mutant cells are beneath this size just after 

division, whereas wild-type cells are above this size (Nurse and Fantes, 1980). 

Recently, in the budding yeast, it was reported that the threshold quantity of CLN 

products for 'ATART", or the initiation of DNA synthesis, is correlated with growth rate 

as well as cell size in such a way that the larger the cell or the slower the cell growth, 

the lower the threshold quantity of CLN (Schneider et at., 1996). 

The assumption of nucleocytoplasmic interaction between cyclin BIcdc2 

complex and nuclear factors that inhibit its activity explains only the cell size- 

dependent prolongation of Grphase, since the cyclin BIcdc2 complex operates only at 

G2/M transition. Possibly, prolongation of the duration of other phases may also be 

explained by a similar assumption of nucleocytoplasrnic interactions between GI 

cyclinfcdk complexes produced in the cytoplasm and their inhibitors localized in the 

nucleus. However, in Xenopus embryos, cyclins that regulate G,/S transition after MBT 

were yet to be discovered, since cyclin A and E, which has been known to regulate 

G,/S transition in other cells, were found to be destroyed after MBT (Hartley et al., 

1996; Howe and Newport, 1996). There exists the possibility that other cyclins, 

including D type cyclins, may play a role in cell cycle regulation in post-MBT 

blastomeres of Xenopus embryos. Then, it would be necessary to investigate how 

these cyclins interact with the nucleus at Gl/S as well as G$M transition in blastomeres 

of Xenopus embryos after MBT. 



0. Division timing and variability in cell cycle duration 

According to the hypothesis discussed above, it is assumed that the 

MPF activity appears in the blastomere at a rate proportional to the surface area, and 

the nucleus contains the inhibitor in a quantity proportional to DNA content. Therefore, 

a blastomere must wait for division until the inhibitory factor in the nucleus has all been 

reacted with cytoplasmic "mitotic factor", MPF, and the nucleus has no more ability to 

neutralize MPF. It follows that the cell cycle duration of a blastomere, or the interval 

between the two successive divisions, its mother blastomere's and its own, becomes 

inversely proportional to its cell surface area, if all the MPF in the mother blastomere 

has been destroyed at the time of her division. Hence, division timing is determined by 

cell size, and it would be expected that distribution of cell sizes matches that of cell 

cycle durations. 

However, before MBT, when blastomeres are larger than the critical 

size, cell cycle durations are almost constant and their distribution is highly uniform 

with very low coefficient of variation (CVT), while their cell sizes are highly variable. In 

contrast, after MBT, distribution of cell cycle durations becomes multimodal with a high 

CVT, being 0.26 to 0.37, while that of cell sizes remained uniform with a low CVs being 

0.14 to 0.1 8. These observations suggest that division timing is not completely 

determined by cell size, since it is well known that the animal cap consists of a cell 

population that is uniform in developmental capacity. 

The hypothesis mentioned above explains the cell sizeindependent cell 

cycle that can be observed when a cell is larger than the critical size as follows: the 

quantity of MPF produced during a single MPF cycle, which progresses autonomously 

in the cytoplasm, exceeds the quantity which can be neutralized by the inhibitory factor 

in the nucleus. Therefore, all cells larger than the critical size are induced to divide 



synchronously coinciding with the peak of MPF activity, at the intervals equal to the 

period of MPF cycle, which is constant, regardless of cell size. As discussed previously 

(section 3) the cell divisions of overgrown yeast cells and protozoa as well as cleavage 

of pre-M5T animal zygotes are examples of cell size independent cell cycles, and they 

may be explained as above. 

On the other hand, when cells become smaller than the critical size, 

probably the quantity of MPF produced in the cytoplasm during a "single MPF cycle" 

becomes less than that which can be neutralized by the inhibitor in the nucleus. No 

active MPF remains in the cell, and no mitosis ensues. However, MPF produced during 

repeated MPF cycles may accumulate until its total quantity exceeds that which can be 

neutralized by the nuclear inhibitor, and mitosis is induced. Therefore, the timing of 

mitosis coincides with the last peak of MPF activity. This explains why mitosis occurs 

more frequently at intervals that are integral multiples of the unit cycle time of the MPF 

cycle, which results in a multimodal distribution of cell cycle duration. 

In the present study, post-MBT blastomeres of the animal cap of 

Xenopus embryo was found to divide more frequently at the intervals equal to integral 

multiples of 30 to 35 min than at intervals of other lengths (Chapter I, II, IV and V). 

Similar multimodal distributions of cell cycle durations have also been found in other 

cells. For example, cell cycle durations of Chinese hamster V79 cells show multiples of 

3 to 4 hours (Klevecz, 1976), and those of osteoblasts of the rat mandible with the 

peaks at multiples of 6 to 7 hours (Petrovic et al., 1984). 

Klevecz (1 976) called these phenomena, which show cell cycle 

durations or generation times clustering at multiples of a unit time, 'quantizement of 

generation time". In order to explain many cases of quantizement of generation time, 

Klevecs and his colleagues (Klevecz et al., 4984) proposed the following hypothesis, 

similar to that adopted in the present study. The hypothesis assumes that cyclic 



changes in biochemical activities of a cell, oscillating at intervals equal to a quanta1 

time, operates as a cell clock, but magnitudes of the osciilating variables fluctuate 

randomly, and if one of variables of the cycle exceeds a threshold value, the cell is 

triggered to enter mitosis. 

In the model proposed in this thesis, the timing of cell division is 

determined by the amount of MPF produced in the cell in proportion to the cell surface 

area, but the rate at which unit surface area produces MPF as well as the total cell 

surface area may fluctuate randomly from time to time depending on changes in cell 

shape. Thus, the time of cell division depends on both deterministic as well as 

stochastic factors. In other words, the cell cycle consists of deterministic and 

probabilistic processes. Nurse (I 98O), reviewing a variety of cases, states that 'there is 

a deterministic size-related element and a probabilistic element in the cell cycle control 

of both microbial and mammalian cells" (p. 10). The discrepancy between the 

frequency distribution patterns of cell size and that of cell cycle duration observed in 

the present study may be accounted for by this dualistic feature of cell cycle control. 

However, the probabilistic model of cell cycle control initially proposed by Smith and 

Martin (1 973) and later modified by Brooks (1980) seems to have ignored effects of cell 

size on cell cycle duration, although it has been successfully applied to a variety of 

cells, including bacteria (Shields, 1 WO), Euglena (Smith and Martin, 1974), and 

mammalian cells (Robinson et al., 1976; Shield, 1977; Shields and Smith, 1977) to 

explain the timing of cell divisions. 

The minimum cell cycle duration, which according to the probabilistic 

model represents an invariant time required to complete most of the conventional cell 

cycle (B-phase), changes under various conditions. In the present study, the minimum 

cell cycle duration represented in a-curve of animal cap blastorneres of Xenopus 

embryos was found to progressively change with advancement of cell cycles after MBT 



(Chapter Ill) as well as in the presence of a protein synthesis inhibitor (Chapter IV) or 

growth factors (Chapter V). 

Similar changes in the minimum cell cycle duration have been observed 

in diploid human fibroblasts WI 38 (Smith, 1977), NHK cells (Rerning et al., 1981) and 

V79 cells (Brook et al., 1983) during long term culture. Further, it was shown that the 

minimum cell cycle duration of mouse fibroblast 3T3 cells could be prolonged when 

concentration of plateletderived growth factor in culture was reduced (Brooks and 

Riddle, 1988), as well, cell size is diminished (Shields et al., 1978). These observations 

taken together with the results of the present study strongly suggest that the minimum 

cell cycle duration representing the length of the invariant B phase is under the control 

of metabolic activity as well as size of the cell. 

According to the studies of mammalian cultured cells, growth factor- 

dependent, and cell size-dependent variations in minimum cell cycle duration is mainly 

due to those in the length of GI phase (G,B) (Shields et al., 1978; Brooks and Riddle, 

? 988). However, in rat hepaporna cells, it was found that most of the van'ability in cell 

cycle durations was due also to variability in the duration of Gp phase (Van Wijk et al., 

1977). The appearance of G2 as well as GI phases after MBT. and the prolongation of 

their durations with advancement of cell cycles in Xenopus blastorneres (Graham and 

Morgan, 1966) indicate that not only duration of GI, but also that of G2 phase are cell 

size- and cell metabolism-dependent. 

The present study also showed that transition probability expressed in 

slopes of a- and f3-curves could systematically change with advancing cell cyctes 

(Chapter Ill), and is under the influence of protein synthesis inhibitor (Chapter IV) and 

growth factors (Chapter V). In blastomeres after the 13th cycle a- and pcurves showed 

more than one exponential segment in a single curve, indicating the presence of 



blastomeres with varying transition probability in a clone. This may mean that transition 

probability becomes variable as cell size varies, as Koch (1980) contended. 

Needless to say, for a cell to complete the cell cycle, it must pass two 

transition points, G,/S and G$M boundaries. Whether or not a cell can cross these 

boundaries appears to depend on accumulation of different cyclins, the rates of which 

are proportional to cell size. Therefore, the time taken for the cell to cross each 

transition point is inversely proportional to cell size, yet the rate of cyclin accumulation 

may fi uctuate randomly with a certain probability among cells. Therefore, 

corresponding to the two transition points for a cell to cross to complete the cell cycle, 

the cell cycle duration becomes contingent upon two random events. However, it 

remains open to question whether G,/S and G$M transitions actually correspond to the 

two points of random transitions in the cell cycles as previously postulated to be 

required for a cell to complete the cell cycle (Brooks, 1980). 
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APPENDIX 

1. 

This is expressed mathematically as follows: 

t = time after previous division, dt = a short time span 

nt = the number of cells that have divided before t. 

N = the initial number of cells (the size of cell population at t = 0) 

N - nt = the number of cek  remaining undivided up to t. 

dnt = the number of cells that divide between t and t + dt. 

p = probability (or percentage) of cells that divide in a unit time. 

Then, dnt/ (N- nt) = p dt 

When this equation is integrated, log (N - nt) - log N = -p t 

Log (N - nt)/N = - p t 

11. 

From the above formula, 

nt = N ( 1  -ePt) 

In N pairs of sibling cells, there are those in which one of sibling cells divided at time t, 

and the other divided between (t + At) and (t + At) + dt with a delay by At. The number 

of these pairs is given by dn , + ., = Np e *" **I dt, (On, At ). 

Therefore, the total number of these pairs overall t is 

dn,,,, =I: N pe*(t+At) 

= [ -  Np - (e -P(t+At) / 1: 

= N e -P (At) 



and the logarithm of the percentage of these pairs becomes negatively proportional to 

the division delay ~t as : 

log lz dn ( ,+, I N 

or log N e -P(w f N 

= -  pAt 

dnt / (N-nt )  = pdt 

dn, = p (N - n,) dt 

= p  ~ e ~ ~ d t  

Average duration of state A = 1: t dnt l N 

=I: t p N e m d t I N  

= p 1: tePtdt 

=[(-egtt)  - (e9 ' /p ) ] :  

= l / p  


