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(i) 

Summary 

Circadian rhythms in DNA synthesis have been shown to be 

present in the epithelium of whole chick lenses. 	These rhythms are 

a reflection of the mitosing epithelial cells and are strain specific. 

Three chick strains were studied: Hy-1, Hy-2 and N. 	The results 

suggest that the cell cycle in L.E. cells is under genetic control. 

Synchronous cultures of L.E. have been induced in vitro by two 

different methods: mitotic selection and a cell cycle arrest method. 

Protein synthesis studies of these synchronised cells showed 

that no qualitative differences were apparent at different times during 

the cell cycle. 	Several instances of quantitative changes were found 

including an increase in 6-crystallin synthesis during S-phase and an 

increase in actin synthesis during the transition into S-phase. An 

increase in newly synthesised actin associated with the membrane was 

also found at this time. 

Few other changes in the L.E. cell membrane polypeptides during 

the cell cycle could be resolved by SDS-polyacrylaxnide gel electro-

phoresis. 	In apparent contrast, differences were found in the 

lectin binding capacity of L.E. cells during the cell cycle. 	Binding 

of all lectins under study wds found to be greatest during mitosis. 

Strain differences were apparent: strains Hy-1 and Hy-2 showed greater 

lectin binding than strain N both during mitosis and interphase. 

Insulin, foetal calf serum and a retinal extract were found to 

induce changes in growth rate, cell morphology and crystallin synthesis 

in L.E. cultures of the 3 strains of chick under study. 	In all cases 

strain differences were apparent. 	The role of external signals to 

the lens is discussed in the context of lens epithelial cell differ- 

entiation. 
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I . 

CHAPTER 1. INTRODUCTION 

1.1 Naturally Synchronous Cell Systems 

In the past there has been an emphasis on the idea of constancy in 

physiological systems and that constancy is - a characteristic of life. 

This attitude is rapidly changing in the light of the proliferation of 

data over the past 40 years pertaining to biological rhythms. 	It Is 

now known that all levels of biological organisation, as well as all 

levels of animal life, exhibit some form of oscillatory phenomena 

ranging from the molecular level to the social level, from seconds to 

years. 	Oscillation rather than constancy seems to be a fundamental 

property of all life. 

1.1.1 Biological Rhythms 

These circannual, circadian and ultradian rhythms, so named because 

of their frequency, are endogenous self-sustained oscillations. 	They 

possess certain characteristics which are somewhat unorthodox In terms 

of biological properties. The rhythms are maintained despite variation 

in the temperature at which the organisms are kept. Drugs or chemicals 

which are known to alter the metabolic rate have little or no influence 

on the rhythm frequency.. 	The oscillation itself also seems to be in- 

dependent of protein synthesis as judged by chloramphenicol administration 

In some species at least. For example, the photosynthetic rhythm of 

acetabularia was unaffected as was the luminescent rhythm of the, proto- 

zoan Gonyaulax (Vanden Dreissche, 1975). 	Such patterns of activity 

which recur daily in constant conditions can undergo a phase-shift by 

applying signals, or Zeitgebers as they are known, such as light or 

temperature at a changed time for a few experimental daily cycles. 

The resultant new phase relationships of the rhythm.may then persist 

in continuing constant conditions. This, no doubt, would serve to 
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adjust the organism to periodic shifts in the environment. 

In this discussion I am primarily concerned with biological 

rhythms at the cellular and biochemical level, although there is 

a considerable amount of literature concerned with rhythms at the 

behavioural level which I will not discuss here. However, it is 

worthwhile pointing out that social rhythmic behaviour may be dis-

cussed in terms of biochemical and cellular oscillations, relating 

them to the organism's biological clock. This will be mentioned 

in more detail in a later section. 

1.1.2 	The Cell Cycle 

Progress through the cell cycle is usually assessed by observing 

two major cell cycle events which may be readily identified: 

(a) DNA replication; 

and 	(b) mitosis. 

These events divide the cell cycle into four successive discrete 

phases: G19  S, G and M (mitosis) (Figure 1.1). 	The G phase 

preceding mitosis, mitosis itself and DNA synthesis (S phase) have 

been recognised as being relatively invariable in their duration 

for any cell type when compared to the G phase. 	This led to the 

belief that variation in the duration of the cell cycle was attri-

butable to variation in the length of the G phase. However data 

on the timing of cellular events in liver regeneration were found 

to be inconsistent with this view (Cater, Holmes and Mee, 1956). 

A period of cellular dormancy was proposed which involved the 

transition of cells into a phase outside the normal G1-S-G2-M 



Figure 1.1 

Diagrammatic representation of the cell cycle showing the 

various phases: G 1 , S (DNA synthesis), G2  and 15 (mitosis). 

G0  represents cell cycle arrest. 
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proliferation cycle (See Figure 1.1). 	Lajtha (1963) coined the 

term 'Go phase' to describe it. 	Cells at this stage may or may 

not be triggered to re-enter the cell cycle and so undergo pro-

liferation. 

The cell cycle is another endogenous self-sustained oscillatinn. 

It is however, in principle, independent of biological rhythms and 

differs from their other characteristics outlined above. 	For 

example, the cell cycle is temperature dependent and single signals 

of light or temperature changes do not entrain the cell cycle al- 

though they do entrain circadian rhythms. 	The cell cycle is also 

dependent on RNA and protein synthesis. 	It may, however, be syn- 

chronised by biological rhythms, particularly the circadian rhythm, 

such that the length of the cell cycle or multiples of it is ad-

justed to the length of the circadian rhythm. 	The Zeitgeber 

signals produced by the circadian rhythm and received by the cell 

cycle in a multicellular organism could be amid . a wide range of 

factors. 	These include biochemical oscillations of enzymes 

(Goldbeter and Caplan, 1976), periodic neuronal, hormonal or 

other blood borne signals (Bullough, 1962; Reusing, 1972) some 

of which have been discussed in this context by Rensing and Goedeke 

(1976) and will be mentioned in a later section. 
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1.1.3 Cellular Circadian Rhythms 

This natural synchronisation of cells is evident from the ob-

servations of circadian fluctuations of DNA-replicating and dividing 

cells, each of which occurs in a discrete and easily monitored phase 

of the cell cycle. Every cell-renewing tissue studied so far have 

exhibited such circadian fluctuations. 

Some of the first work on proliferative circadian rhythms dates 

back to the 1930's when Carleton (1934) ,among others, demonstrated 

the presence of a significant mitotic rhythm in the epidermis of 

various animals. 	Since then a wide range of epithelial. tissues 

have been studied. 

Von Saliman (1952), in an effort to evaluate the effect of X-ray 

radiation on mitosis in the rabbit lens, observed that there was a 

large variation in mitotic counts in the epithelium from untreated 

lenses. 	Using litter mates to minimise the amount of genetic vari- 

ation, he found that the mitotic index at 21.00 hours was consistently 

greater than at 09.00 hours • 	He concluded that his findings were an 

expression of circadian variation but did not pursue it further. 

Studies of mitotic activity in the lens epithelium of rats, using 

larger numbers and 4 time points per day also revealed a circadian 

variation (Von Sallmnan and Grimes, 1966). 	Mitotic counts in epi- 

thelial flat mounts of animals killed at 24.00 hours and 06.00 hours 

were significantly higher than in the 12.00 and 18.00 hour groups. 

The highest average count was 1.6 times the lowest figure. No con-

sistent pattern of circadian variation in 3H-thymidine incorporation 

in the rat lens epithelium was evident, but it is possible that 

examinations at shorter intervals may have revealed that rhythmic 

fluctuations do exist. 
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Rhythmic uptake of 311-thyinidlne over a 24-hour period has been 

reported elsewhere for other tissues. 	For example, Pilgrim, Erb 

and Maurer (1963) employing autoradiography, demonstrated circadian 

fluctuations In the percentage of 3H-thymidine labelled nuclei of 

cells in the tongue, oesophagus, fore stomach and abdominal epidermis 

of the mouse. No fluctuations however were determined in the 

jejunal crypt epithelium and the convoluted tubules of the kidney. 

Frczn the data presented they determined that the peak in the 

labelled cell index preceded the peak in the mitotic index by approx-

imately 12 hours. Literature on the subject up to that time (re-

viewed by Bullough, 1962), tended to assure that fluctuations in the 

mitotic Index was directly attributable to parallel fluctuations in 

the triggering of mitosis. 	This in turn may result in an accuinu- 

lationof S-phase nuclei some time later. However, as PIlgrimet 

al. (1963) pointed out, it would be difficult to reconcile the ob-

served sharp peak of thyniidlne incorporation with the known long and 

variable G 1  in the cell types which they studied. They concluded 

that the causes of fluctuations in the mitotic index were, no doubt 

complex, but suggested that they were partially attributable to 

synchronisation of S-phase cells. 

Potten, Al-Barwari, Hume and Searle (1977) reported evidence 

fOr circadian rhythms of mitosis and 3H-thymidine incorporation in 

the intestinal epithelium of adult mice which up till then was minimal. 

The conflicting evidence of-the presence or absence of such rhythms 

and also variation of data in the literature concerning such things 

as peak time of mitosis or 311-thymnidine labelling are due, at least 

in part, to differences of species, strain, age, handling conditions 

and the time of sampling. Potten etal. (1977) examined the 



percentage of li-thymidine labelled cells and mitoses by autoradlo-

graphy of 3 epithelial tissues over 24 hours from the sane mice - 

tongue, epidermis and intestine. 	Each of the 3 regions showed a 

clear circadian rhythm sharing a common single peak of tritium 

labelled cells at 24.00 - 03.00 hours determined using 3 hour in- 

terval time points. 	They suggested from this that the factors 

determining the circadian rhythm may be systemic affecting all the 

responsive tissues together, rather than local, although the latter 

was by no means ruled out. 

A similar type of study was carried out on 7 day old rats, 

scoring the mitotic and 311-thymidine labelled cells at 3 hour inter-

vals over a 24 hour period but on a different set of tissues 

(Bystrenina and Podderingina, 1976). 	Liver hepatocytes, epidermis 

and pancreatic acini from the sane animals all exhibited sigiifictnt 

circadian variation in the mitotic and labelling index. 	However, 

the dynamics of the changes differed in the different' tissues. 	The 

peak times also varied from those of Potten et al. (1977), two peaks 

of tritium labelling occurring in the liver at 10.00 and 22.00 hours. 

These differences could he attributable to- any varying factors between 

experiments as already discussed above, but it does suggest that 

either the circadian rhythm of these cells in different tissues are 

under separate local control or their sensitivity to some systemic 

factor is different in the various cell types. 	It is therefore 

quite likely that the relationship of the cell to the circadian os-

cillator is not a simple one. 

Circadian fluctuations of mitosis'have been shown to shift with 

age. Von Scilnan et al. (1966) showed that in rat lens epithelium, 

a 6 hour shift of peak mitotic activity occurred in rats aged between 

6 weeks and 12 months old. 



!uth work on these circadian proliferative rhythms have been 

carried out in various animals but a restricted amount, for experi-

mental reasons, on humans. 	Fisher (1968), however, conducted a 

study of mitosis in the human epidermis and reported the presence of 

a significant circadian variation in the mitotic index reaching a 

peak about 03.00 hours. 	This conflicts with Scheving's report 

(1959) that two peaks were apparent, one In the early morning, and 

another smaller peak In the afternoon. 	Some of the discrepancy 

may be attributable to variation in sampling populations because 

Fisher demonstrated that exercise appeared to have a dampening 

effect on the frequency of mitosis. 	Prolonged exercise caused a 

reduction in mitosis to a value much lower than that normally recorded 

for that time of day. 	From this observation Fisher suggested that 

the circadian mitotic rhythm may be a result of reciprocal variation 

in the corticosteroids which can act as a mitotic inhibitor. 

Circadian variation in mitosis and DNA synthesis have also been 

recorded in organisms other than mammals. 	For example, the epidermis 

of salamander larvae have been shown to exhibit rhythms in the mitotic 

rate and 31.7-thymidine uptake (Scheving and Chlakulas, 1964). 	Signi- 

ficant mitotic rhythms have also been reported in larval salamander 

corneal epithelium (Scheving and Chiakulas, 1962) and gastric mucosal 

epithelium (Chiakulas and Scheving, 1961). 	Scheving et al. (1964) 

reported two peaks of nitotic activity in epidermis and two of 3H- 

thymidine incorporation. 	One peak of tritium uptake was correlated 

to a peak in mitosis occurring 9 - 10 hours later; another peak of 

uptake was correlated to a mitotic peak occurring 16 hours later. 

7. 



From their-data the suggestion was made that two sub-populations 

of cells existed which differed in their inter-mitotic times. This 

would suggest that cell differences are present in their response 

to the Zeitgeber. 

Some years later Potten et al. (1977) proposed a model concerning 

cellular circadian rhythms involving two such sub-populations based 

on data from 3 epithelial cell types. 	They observed that circadian 

rhythmicity was most striking in cells at positions which correlated 

with presumptive stem cell activity. 	Their model suggested that 

epithelial tissues contain two types of proliferative cells - stem 

cells and their derived cells which are committed to further differ- 

entiation, and with a more limited division potential. 	The stem 

cells which had a longer cycling time, however, were the only cells 

responsive to the circadian oscillator controlling their cycling 

behaviour. 	The derived cells were not susceptible to these factors 

and exhibited less rhythm the further they were in time from their 

stem cell origin. 	Although this model fits in well with the data 

of Potten and colleagues, it would be of greater siiificance if it 

could be related to further data on the subject. 	The results could 

prove fruitful In drawing some possible relationships between endo-

genous circadian rhythms and differentiation. 

Some tissues which exhibit a circadian rhythm in mitoticrate, 

such as the rodent liver (see Hardeland, Hohmann and Rensing, 1973 

for a review) continued to express similar waves of mitosis when they 

regenerate. 	These rhythms in the regenerating tissue roughly coin- 

cide with the normal pattern. 	Barbasonetal. (1974) noted that 

young rats did not exhibit a mitotic circadian rhythm until after the 

8 . 
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20th day after birth. 	15 day old rats showed no cyclical variation 

in mitotic rate in the regenerating tissue after partial hepatectomy. 

However when 25 day old rats were partially hepatectomised at 10.00 

hours, a series of mitotic waves were evident occurring at approxi-

mately 24 hour intervals thereafter, during the day. 	When the same 

operation was performed at 20.00 hours, the first mitotic peak was 

delayed to coincide with the beginning of the 2nd day and at approxi-

mately 24 hours thereafter. 

The rabbit lens, in response to injury by a fine needle inserted 

through the anterior face of the lens, stimulated thyinidine incorpor-

ation in a large nunber of the cells surrounding, but outside of the 

injury zone itself (Harding and Srinivasan, 1961).A concentric wave 

of DNA-synthesising cells around the injury was propagated through 

the epithelium followed approximately 10 hours later by a second 

similar mitotic wave. 	A second wave, of thymidine incorporation 

and mitosis was also evident. 	Von Salman (1952), as previously 

noted, recorded a circadian rhythm of mitosis in the epithelium ,  of 

rabbit lenses. 	Although no dataavailable to suggest that the 

respdnse of the lens epithelium to injury is a reflection of the endo-

genous mitotic rhythm, it is a genuine possibility in the light of 

other related data. 

1.1.4 	Circadian Rhythms and Carcinqgenesis 

Rapidly proliferating cell populations tend to be particularly 

susceptible to carcinogens (Rajewsky, 1972) and the binding of a 

carcinogen to DNA in the nucleus is considered to be closely involved 

in the carcinogenic process, being a common feature of a large number 



of known carcinogens (Brookes, 1977). 

It has been shown, as outlined above, that many normal tissues 

undergo profound circadian variations in DNA replication and mitosis, 

and that most of these exhibit rapid proliferation. 	It is therefore 

not surprising that these tissues have become the focus of various 

experiments involving the effect of carcinogens (Laerum, 1976). 

In an attempt to evaluate whether time-dependent variations of 

different biological processes were of importance in the process of 

carcinogenesis, Iversen, Iversen, Hennings and Bjerknes (1970) studied 

the effect of 20-methylcholanthrene (MCA), a strongly carcinogenic 

hydrocarbon, on the epidermis of the hairless mouse (hr/hr). 	One 

half of the mice under study were given a single application of MCA 

at 24.00 hours, when the rate of DNA synthesis was at a maximum. 

The other half were administered with the same dose at 06.00 hours 

whenDNA synthesis was about 40 0K.,  lower. 	Papillomas, squamous cell 

carcinomas and sarcomas were all observed up to a period of 20 months. 

In the mice treated when DNA synthesis rate was high, tumours appeared 

earlier and were 35 0/0' greater in frequency. 	The persistence of MCA 

and its metabolites in the cell were taken into account, 	However, 

Scheving et al. (1974) pointed out the value of studying carcinogenic 

effects over 24 hours with conconmitant measurements in mitotic fre-

quency, before final conclusions could be made. 

Other studies such as that of Marquardt (1974) who applied 

various carcinogens to fibroblasts in cell cultures are consistent 

in yielding the highest frequency of malignant transformation when 

the carcinogen was administered during S-phase or early G 1 . 

Izquierdo (1977) carried out some interesting experiments in 

10. 
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which squarous cell neoplasms were induced by repeated administration 

of 7, 12-dimethyl-benzanthracene in the Syrian. hamster cheek pouch. 

These tu.rnours exhibited both circadian rhythms of DNA synthesis and 

mitotic activity. 	The presence of a circadian mitotic rhythm has 

already been demonstrated in normal hamster cheek pouch (MØller, 

Larsen and Faber, 1974). 	Fluctuations in the proportions of cells 

in DNA synthesis and mitosis in the tumours were approximately in 

phase with the circadian rhythms from normal precursor epithelium. 

This suggests, that even after the process of carcinogenesis some 

remnant of the host cell's ability to respond to the circadian os- 

cillator is maintained during neoplastic growth. 	These findings are 

consistent with other reports in which 24 hour variations in mitosis 

were found in mouse hepatomas (Nash and Echave Llano, 1971). 

At any one time the proportion of cells in a particular cell 

cycle phase, e.g. S-phase, can be many fold greater than at other 

times in those tissues expressing cellular circadian rhythms. 	1310- 

logical rhythms therefore offer a unique 'in vivo opportunity of 

studying the process of carcinogenesis involving the relationship of 

a.carcinogen with the target cell and the eventual outcome. 

1.1.5 	Circadian Rhythms and Medicine. 

With a constantly changing biological system over the period of 

24 hours, one could expect a differential response to identical 

stimuli at varying times of day, as discussed already with reference 

to carcinogens. 	Many therapeutic situations such as drug administ- 

ration when given at a fixed dose and applied, at various times of day 

may therefore elicit in Man responses of variable intensity. 	It may 

be possible by appropriate timing of the medication to reduce any 



undesirable effects and -so enhance the drug efficiency. 

Such an achievement has been wade by Hans et al. (1972) on 

leukaemic mice. 	They demonstrated that it is possible to design 

more effective treatment schedules by taking account of the cir-

cadian variation in IIIA synthesis in the bone marrow and the 

circadian variation in the animals response to the carcinostatic 

drug arabinosyl cytosine (ara-C). 	By administering ara-C in sinus- 

oidally increasing and decreasing 24 hour course, instead of courses 

of 8 equal doses at 3 hour intervals, the survival time of leukaemic 

mice was extended and the cure rate significantly enhanced. The 

technique, therefore, permits the same daily dose of the drug to be 

administered but with markedly reduced toxicity. 

Scheving (1976) examined this possibility in Man and suggested 

that clinicians should become more aware of the presence of circadian 

rhythms and so exploit then in routine therapy. An area which 

promises to be useful in optimising treatment regimes is radiation 

therapy and chemotherapy for cancer treatment, such that their toxic 

effects may be minimised. 

Chronobiological concepts therefore have a great future in 

clinical research and application. 

I have discussed here the natural synchronisation of DNA syn-

thesis and mitosis in vivo which are easily recognised phases of the 

cell cycle. 	However, certain factors make the analysis of a variety 

of cellular constituents, during the cell cycle difficult. 

(1) 	Few, if any, circadian rhythms in DNA synthesis and 

mitosis involve the complete population under study. 

A background level is often evident suggesting that 

complete synchrony is not present. 

12. 
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Contamination of other cellular types may be difficult 

to avoid when isolating the synchronous tissue. 

The types of cells to be studied are limited to those 

exhibiting in vivo mitotic rhythms, 

The timing of experiments may be rendered difficult by 

the pattern of the natural mitotic rhythm. 

However there is the possibility of overcoming these problems by in-

ducing synchrony in most cell types in vitro. 	In the next section 

I discuss the various methods which can be utilised for inducing 

synchronous cell populations, followed by a review of the literature 

concerning oscillations of cellular constituents during the cell 

cycle. 	These are then discussed in the context of their possible 

role in the functional whole organism. 

1.2 	Induced Synchronous Cell Systems 

For any biochemical studies to be carried out on the cell cycle 

it is necessary to obtain cell populations which are synchronous 

with respect to the cell cycle phases. 	In exponentially growing 

cells in culture there is an asynchronous distribution of cells 

through the cell cycle in G 1 , S, G2  and M (mitosis) unless circadian 

rhythms, as already discussed are maintained in culture. 	Theoret- 

ically, cells can be synchronised in any one phase of the cell cycle. 

However the most common points of synchronisation are G 0 , G1  and M. 

G2  arrest is difficult to achieve and S phase arrest can produce 

unpredictable results due to DNA damage. 	Synchronisation can be 



achieved in a nu.rrber of ways which can be divided into two basic 

categories: 

Cells can be selectively detached from the substratum or 

selected from a suspension culture in a particular phase 

of the cell cycle. 

Cells can be blocked at a specific point in the cell cycle 

by a drug or by some nutrient deficiency, followed by a 

restimulation into the growth phase. 

A combination of both of these methods can also be used. 

Ideally, cell synchrony should be achieved by a method applicable 

to exponentially growing cultures without affecting the subsequent 

growth rate or biochemical balance of the cells. 	The resulting 

synchronous population should have a narrow age distribution with 

a sufficiently large yield of cells to permit biochemical analysis 

for which a minimum of approximately 106  cells is necessary. 	All 

of these criteria, are difficult to fulfil in any one method, but I 

discuss below the various methods available, along with their 

advantages and disadvantages. 

1.2.1 	Selection Method 

Mitotic Selection 

The most attractive selective synchronisation method is that re-

ported by Terasirna and Tolrnach (1961 & 1963). It is based on the obser-

vation that some types of cells, when growing in a monolayer culture, 

are tightly bound to the culture dish during interphase but 

abruptly loosen their attachment to the substratum and assume a 

spherical shape after entering mitosis. 	Cell division occurs while 

14. 
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the cells are in the loosely bound state, and later in early G 1 , 

the daughter cells reattach themselves and spread out Into the 

normal interphase morphology. 	During the loosely bound stage, the 

cells can be selectively removed by washing or shaking the monolayer 

with culture medium. 	The assets of this procedure are the minimal 

interference with the growth rate and the very narrow age band of 

the cell cycle which the selected cells occupy. 	Terasiiraetal. 

(1963) achieved a very high degree of synchrony with HeLa cell mono- 

layers, more than 90% of the total yield being mitotic cells. 	A 

major disadvantage of this method, however, is that relatively 

small numbers of synchronous cells result from this procedure since 

in a random population only about 4-6% of cells are in mitosis and 

are therefore selectively removed, making biochemical analysis 

difficult unless vast initial cell numbers are used. 	By the time 

these synchronised cells and mitotic cells reach S-phase, the degree 

of synchrony can be markedly reduced. 	This is attributable to the 

variability of the G phase. 	For example, Nias (1968) showed a 

spread of clone size over a period of 5 days growth in Chinese 

hamster cells ((TO) which was equivalent to f 2.5 hours during one 

cell cycle. 	The reasons for this are not well understood. Differ- 

ent cell lines no doubt differ in their G 1  variability. Terasixna et 

al, (1963) reported that 90% of initotically selected HeLa cells 

reached S-phase in a short period of time. 	Irrespective of the 

initial percentage of cells in mitosis a decay in synchronisation is 

almost inevitable and may occur more rapidly in some cell lines, 

even after the first doubling period, 
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This disadvantage is also true of other synchronising methods 

and cannot be avoided unless repetitive synchronisation is carried 

out every few cell cycles. 	As a result much of the literature 

utilising induced synchronous cell systems for cell cycle analyses 

are only partially synchronised, i.e 0  less than 100% cells are at a 

precise point of the cell cycle at any one time. 	Mitotic selection 

is also limited to cell types which grow as monolayer cultures. 

Nias and Fox (1971) have reviewed mitotic synchronising methods in 

mammalian cells. 

Inverted Mitotic Selection 

The mitotic selection method can also be applied in the inverted 

sense, such that the experimental material can be the cells remaining 

as the monolayer rather than those removed. 	Pfeiffer and Tolniach 

(1967) treated HeLà monolayer cultures with vinblastine sulphate to 

accumulate mitotic cells over a defined period which were. subse-

quently removed. The whole procedure was repeated resulting in 

residual monolayer cells within defined age boundaries. 	In princ- 

iple one can accumulate larger populations in this inannerbut in 

practice the gain in population size is not impressive. Furthermore 

it is obtained only by a loss in temporal resolution. 

Methods of Increasing the Mitotic Yield 

The major disadvantage of the mitotic selection method is the 

low yield, a factor which various investigators have attempted to 

overcome. Peterson, Anderson and Tobey (1969) introduced the 

method of repeated mitotic selection, storing the cells at 4 °C to 

slow their passage through mitosis. 	Experiments have shown that a 

4-hour period at 4°C permitted mitosis to occur in the normal manner 
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when cells were returned to warm medium. A yield several times 

greater than that from a single selection can be obtained -, 	However, 

as the number of accumulated cells increases the synchrony of the 

selected population decreases due to the difference in storage time 

between the first and last selection. 

The use of colcemid to arrest cells in retaphase and so 

accumulate mitotic cells before mitotic selection was first devised 

by Stubblefield and Elevecz (1965) to increase the tell yield. They 

reversibly arrested Chinese hamster cells in metaphase by treatment 

with 0.06pg/inl colcemid for 2 hours. 	Nias et al. (1971) reported 

an Increase in aberrant mitoses after prolonged exposure to colcemid, 

but no toxic effects were observed after periods of 3 hours or less. 

A considerably greater yield of cells Is obtained and because colceinid 

blocks cells at metaphase, an even narrower age distribution of cells 

can be achieved by this method. 

Other mitotic inhibitors used in this way are unsuitable because 

of their irreversible effects, e 0 g 0  vinblaetine sulphate, or their 

greater toxicity, e.g. colchicine 0  

The elimination of calcium from the medium prior to mitotic 

selection diminishes cell-substratum attachment. 	Robbins and 

Marcus (1964) utilised this observation to obtain larger populations 

of synchronous cells. However, the effect on cellular binding cap-

acity is non-specific resulting in the possibility of. detachment 

of interphase cells also. 
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Gradient Separation 

Other physical separation methods have not been very- successful 

in obtaining a high degree of synchrony. 	The resolution of methods 

based on gradient techniques is limited and cells are selected on the 

basis of volume or density rather than on the basis of age. Hov.'ever 

they have the advantage of being applicable to' suspension cultures. 

Everson, Buell and Rogentine (1973)'used a Ficoll 'gradient to separate 

cells in order to obtain a modest degree of synchrony in the G and S 

phases of cultured human lymphoblastoid cells. 	It is, however, an 

easy and fruitful method for obtaining large numbers. Linear sucrose 

gradients and foetal calf serum gradients have also been used and are 

reviewed by Nias et al. (1971). Although pure populations of G 1 , S 

or G2  can not be achieved, enriched populations of any of these phases 

can result. 

Electronic Separation 

Fulwyler (1965) developed an electronic cell separation method 

which involved volume measurement in a Coulter aperture. 	Cells were. 

then isolated in droplets of medium which were given a charge according 

to the sensed volume. 	The charged droplets then entered an electro- 

static field and were deflected in the appropriate direction into a 

collection vessel. 	With the recent development of complex micro- 

fluorometric apparatus, this could become a quick, easy method of 

selection, although the necessary apparatus would be very expensive. 

This method also suffers from' the same drawbacks as other volume 

selection 'methods already discussed. 
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1.2.2 	Cell Cycle Arrest Methods 

Cell cycle blocking or arrest methods, as well as being used in 

conjunction with mitotic selection as already mentioned, can be used 

alone for obtaining a synchronised cell population. 	However, with 

these methods there is always the risk that cell cycle events may 

deviate from normal for a tire following the block. 

SL% Synchronisation 

Normal cells can follow either a proliferative or quiescent 

pathway when they reach G 10  The quiescent state has been termed 

(Lajtt. , 1963), being kinetically and biochemically different from 

(see Pardee, Dubrow, Hamlin and Kletzien, 1978 for a recent review). 

G0  cells take longer to reach S than do G cells progressing to S 

from mitosis. 	Pardee (1974),using cultured mammalian cells provided 

evidence for a restriction point 'fl' where various blocking agents 

act, e.g. high cell density, limitation of some amino acids or serum 

and the presence of certain drugs. 	The data suggests an arrest 

point positioned several hours before the beginning of DNA repli- 

cation. 	This can be utilised in obtaining synchronised cultures 

by releasing cells from this arrest point simultaneously. 

Ley and Toby (1970) described a synchronisation method applicable 

to suspension cultures and nonolayers alike. 	They grew dO cells 

in suspension culture in the absence of isoleucine and glutarnine. 

The cells rapidly reached the stationary phase followed by prompt 

re-entry into the cell cycle again when the missing amino acids were 

added. 	Division in these cells was observed in a synchronous 

fashion 30 hours later. However this method is not applicable to 

all cell lines, some of which respond to isoleucine deprivation by 
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a poor level of cell synchrony (Ashihara and Baserga, 1979) 	The 

rate of entry of cells into S phase can vary from 1-2 hours after 

i-es timulation, 

In a similar way, serum deprivation can be used to achieve 

synchrony by accumulating cells in 	The presence of 0,5%-1% 

serum during the arrest phase minimises any adverse effects on the 

cells. 	Chang and Baserga (1977) achieved good synchrony at the 

G1/S boundary of mammalian EM1 cells with no evident deleterious 

effect. 	They also used hydroxyurea 6 hours after restimulation 

from the serum arrest to accumulate cells at the beginning of 5- 

phase. 	This had the effect of narrowing the age distribution of 

cells even further. 	However there is always the risk of additional 

toxic effects with the use of hydroxyurea. 

Picolinic acid has been used to reversibly arrest normal rat 

kidney cells in the .G0  phase of the cell cycle (Fernandez-Pol, Bono 

and Johnson, 1977). 	It may induce arrest by selectively with- 

holding Iron from the cells but little information is available 

about other possible deleterious effects, 	It could, however, be 

used as a possible alternative to the other methods discussed pro-

vided its effects were characterised on the cell type under study. 

Another method of G0 -arrest which could be applied to obtain 

large amounts of synchronised cells, is contact inhibition. Certain 

cell types, when they reach monolayer density in culture inhibit 

their own growth by passing to the quiescent G0  state of the cell 

cycle. 	Noonan and Burger (1973) succeeded in stimulating mouse 

embryo fibroblasts at the monolayer stage back into the cell cycle 

by a 5 minute pronase treatment. 	These cells entered S-phase in 
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a synchronous fashion several hours later. 	However, by this method 

a single cell cycle may only be obtained, the cells entering G 0  

again during the next G 1 . 

S-phase Synchronisation 

S-phase of the cell cycle may be blocked in order to obtain 

synchronised cultures, however with little success. 	For example 

the double-thymidinc block method (Peterson and Anderson, 1964) has 

been thought to inhibit DNA synthesis and so accumulate cells at 

the Ga/S  boundary. 	Although it has been reported frequently in 

the literature, more recent evidence suggests that it may be un- 

satisfactory as the sole synchronising agent. 	Studiaski and Lambert 

(1969) studied thymidine effects on HeLa cells synchronised by 

mitotic selection. 	They reported that the concentration of thymidine 

normally used in randomly growing cultures and which inhibits the 

rate of cell division by more than 90 0/1D, still permits a considerable 

level of LA synthesis to take place. 	In HeLa cells, therefore, 

the double thymidine blockade is ineffective, merely slowing down 

the passage of cells through S phase and this may apply to many 

other cell types. 	It could be used in conjunction with the mitotic 

selection method. 	However, as with other blocking methods care 

must be taken to minimise any toxic effect by careful manipulation 

of thyniidine concentrations, because in this case widespread DNA 

damage can occur. 

Other DNA synthesis inhibitors, such as amethopterin, hydroxy-

urea and cytosine arabinoside have also been used to synchronise 

cells in S-phase. 	Unfortunately, they all suffer from the same 

disadvantage of interfering with the DNA, possibly in a deleterious 

way. 
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22 Syncrhonisation 

Numerous drugs utilised in cancer chemotherapy arrest cells 

in G2 , but are generally not reversible, for example neocarzino-

statin, which is used in the treatment of human leukaemia (Tobey, 

1975). 	These drugs are therefore unsuitable for achieving G 2  

specific synchrony. 

Optimisation of Methods 

In both of the above sections I have outlined some of the most 

frequently used methods available for achieving synchronous cell 

cultures. 	However, although the basic methods may be applicable 

to most cell lines such factors as cell cycle and mitotic durations, 

drug sensitivity and a variety of other cellular parameters may vary. 

It is therefore necessary to optimise any method for the cell line 

under study. 

Determination of Cell Synchrony 

There are 3 methods which can be utilised in determining syn-

chrony after induction by the above methods: 

3 
(1) autoradiography after .H-thynathne labelling; 

liquid scintillation counting after 3H-thyinidine labelling; 

flow microfluoriizetry, 

Auto radiography 

The autoradiographic method involves continuous 3H-thymidine 

labelling after the induction of synchrony followed by intermittent 

sampling of cells. 	The resulting autoradiographs must be analysed 

by microscopy and labelled nuclei scored at the various times. It 

Is a very laborious and time-consuming task: However, a great deal 
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of information can result from such a procedure. 	The mitotic 

index at various times can also be calculated from the same samples. 

Scintillation Counting 

The necessary relevant information regarding the degree of syn-

chrony of an induced cell culture can be quickly accumulated. The 

profile of thymidine incorporation can be quickly plotted by con-

tinuous or pulse labelling of a synchronous culture with 311-thymidine 

followed by liquid scintillation of the samples taken at intervals. 

Less information is obtained by this method but it has the major 

advantage of speed. 

Flow MicroFluorimetry 

Flow microfluoriitetry is also a quick method based on the deter- 

mination of DNA per cell. 	Fluorescent dyes are conjugated to the 

DNA of synchronous cells. 	The emitted fluorescence of single cells 

can be measured and can distinguish cells with a G1  DNA content, G2  

or M DNA content or variable amounts corresponding to the passage 

through S-phase. 	By computer processing of the data, the percentage 

of cells in each of the 3 phases can be calculated with a high degree 

of accuracy, (reviewed by Cray and Coffino, 1979). 	This method 

suffers from the major drawback of being very expensive. 	It also 

does not yield the sane amount of information as that gained by 

auto radiography. 

Presentation of Data 

In the literature there has been a tendency for cell synchrony 

profiles of DNA synthesis or mitosis to be plotted in a semilogarithmic 

manner (see Brooks, 1977 for example). This masks the scattering of 

data and gives a false impression of the degree of synchronisation 

An arithmetic scale should therefore be used, 
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1.3 Cell Cycle Dependent Gene Expression 

Synchronous cultures have permitted the examination of molecular 

events occuring throughout the cell cycle. As a direct result of 

development of these methods there has been a recent proliferation 

of data concerning cell cycle dependent synthesis of protein. 

Evidence in the literature suggests that some proteins, enzymes, 

RNA classes and membrane glycoproteins are synthesised at certain 

times in the cell cycle. However conflicting evidence is also 

documented particularly with respect to proteins, resulting in a 

very controversial field. 

1.3.1 	Proteins 

(1) Histone Synthesis: The S-Phase Only Controversy 

It has become fairly well established that the synthesis of at 

least the bulk of histones is coupled to DNA synthesis in the cell 

cycle. A variety of cell systems including synchronised cell 

cultures and also naturally synchronous systems as in the regener-

ating rat liver (Talcal, Borun, Muchmore and Lieberman, 196) have 

been used to investigate this relationship. 

Prescott (1966) using elegant•, 	auto radiographic techniques 

demonstrated bistochemically the concurrence of  DNA and histone 

synthesis in the unicellular organism, Euplotes. 	I1'A inhibitors 

such as high thymidine levels, cytosine arabinoside or hydroxyurea 

block histone production as judged by radioactive precursor uptake. 

The labelling of other acid-soluble, non-histone proteins is not 

affected. These conditions also provoke the disappearance of 

histone mRNA from the polyribosonies with a half-life of 15-30 

minutes (see Elgin and Weintraub, 1975 for a review). Numerous 
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authors reporting studies of the synthesis of histone proteins have 

shown that these proteins are synthesised exclusively during the S-

phase of the cell cycle. Bobbins and Borun (1967) utilised the 

mitotic selection method for synchronising EeLs cells for a series 

of pulse-chase experiments of cells in G 1  and S phase. By examining 

cytoplasmic polysomes doubly labelled with radioactive tryptophan 

and lysine they showed that histones were synthesised in the cyto- 

plasm on small polysomes. Initiation of DNA synthesis was accompanied 

by the activation of these cytoplasmic histone producing polysomes, 

while the arrest of DNA synthesis by cytosine arabinoside or fluoro-

deoxyuridine, caused not only a rapid decrease in histone synthesis 

but disruption of these specific polysomes. No effect was evident 

on polysomes of the same size when these inhibitors were added during 

G1 . A similar precise coupling of DNA and histone synthesis was 

reported by Gallwitz and Mueller (1969). Their experiments provided 

evidence for the synthesis and utilisation of some histone specific 

RNA species with the onset of DNA synthesis. 	Interruption of DNA 

synthesis led to the functional loss of these RNA species. They 

interpreted this as the activation of the histone genes under the 

direct control of the replicating 1211A.i A model of this nature has 

since been proposed (Butler and Mue11ex, 1973) inextricably linking 

DNA and histone synthesis. The model was based on results of their 

experiments, also on synchronised HeLa cells. It proposed that 

DNA replication opens template sites for transcription into histone 

mRNA's which are subsequently translated by cytoplasmic polysomes. 

When DNA replication ceases, the open template sites are again 

covered with incoming histones. 
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- 	
Histone Synthesis 

In contrast to the conclusion made by these workers, Sadgopal 

and Bonner (1969) reported that all histones were synthesised in 

varying degrees in both G and S phase. However, they did note 

differences in their degree of dependence on DNA synthesis. 

Spalding, Eajiwara and Mueller (1966) also reported histone synthesis 

through the cell cycle. A l€.-hour labelling period with 14C-leucine 

of G 1  HeLa cells resulted in the incorporation of 40-50% as much 

leucine into the basic nuclear proteins examined as did logarith-

mically growing control cultures. The histone proteins which they 

examined doubled during S phase. However the level of these 

proteins remained constant in 61  cells which they suggested could 

be attributable to histone turnover. Gurley and Hardin (1969) in-

vestigated the possibility of histone turnover in CHO cells, In 

exponentially growing cultures prelabelled histone Hi was gradually 

lost from the chromatin while the other histones (H2a, H2b and H3) 

were conserved. When these cells were synchronised by the double 

thymidine block method all classes of histones showed turnover. 

They concluded from this that histone synthesis was not completely 

inhibited when net DNA synthesis was inhibited by high thymidine 

levels. This ccnclusion however may be doubtful in light of evidence 

that the double thymidine block method is really only successful 

in slowing down DNA synthesis. Studinski et al. (1969) reported 

that a considerable level of DNA synthesis was evident after a 

double thymidine block in HeLa cells. 
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Possible Factors Accounting for the Controversy 

Several factors which vary between the experimental methods 

used by different investigators could account for the discrepancies 

found in the timing of histone synthesis. 

(1) Synchronisation Methods. 

Numerous synchronising methods have been used, which could be 

a direct reason for.the differences reported. Excess thymidine or 

amethopterin (inhibits DNA synthesis by blocking purine synthesis) 

treatment are commonly used in these investigations. Both interfere 

with the synthesis of DNA and could affect it in unpredictable ways. 

Chromosomal damage has been reported to occur with the excess 

thymidine methods. 

Inadequate Synchronisation. 

Perfect synchrony is difficult to achieve by whichever method 

is chosen. None of the investigators already cited in connection 

with histone synthesis in the G, phase discounted the possibility 

of a small cell population which was out of phase with the synchro-

nised cells. This could therefore account, for histone synthesis 

outside the S phase. 

Contamination by Non-Histone chromosomal Proteins. 

Non-histone chromosomal proteins are synthesised throughout 

the cell cycle, perhaps with a few exceptions (Elgin and Weintraub, 

1975). Cross-contamination of these proteins with the histone pre-

parations could account for the variability in results. 

Tarnowka, Baglioni and Basilico (1978) were aware of these 

variable factors between different laboratories and conducted a 

study of histone synthesis which excluded these possibilities. 

B}tK cells were arrested in G1  by isoleucine starvation, so overcoming 
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the use of DNA inhibitors. An extra purification step was added 

to eliminate any non-histone chromosomal protein contamination. 

They reported that Ill histones were synthesised in significant 

amounts duringG1 . Furthermore, during S phase the molar ratio 

of histones synthesised was equivalent to that found in chromatin, 

but In 	arrested cells lU histone was synthesised in a 2-4 fold 

higher molar ratio relative to the other histories.. This latter 

observation discounted the possibility that a contaminating asyn-

chronous population was responsible for G histone synthesis, 

(iv) Strain Differences,, 

Another possible source for the discrepancy which was not 

accounted for by Tarnowka et al. (1978) is genuine differences In 

histone synthesis between cell types and strains. Nadeau, Oliver 

and Chalkley (1978) investigated this possibility. They studied 

the degree of coupling of DNA synthesis and histone synthesis in 

different mammalian cell lines. HTC cells exhibited a limited 

degree of coupling of DNA and historie synthesis whereas it was 

stronger in HeLa cells. 

This possibility is further supported by the findings of 

Pochron and Baserga (1979). They studied temperature sensitive 

mutants of the BIlK cell line used by Tarnowka et al, (1978) and 

followed a similar methodology. However, they reported an insigni-

ficant level of Hi histone synthesis during G 1 . 	Differences in 

histone synthesis appear to occur even although the cells have the 

same parentage but have undergone mutations. 

Agreement has been reached at least on the timing of the 

bulk of histone synthesis. Hi histone, unlike the other histone 
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-classes have been reported to be synthesised In excess amounts 

during G1 . It may be that those investigators reporting histone 

synthesis solely in S phase concentrated their efforts on S phase 

and did not examine G 1  sufficiently closely, or that genuine 

differences do occur in different cell lines. If this transpires 

to be the case, Hl histone may be different from the other histones 

with regard to the factors controlling its expression. 	The vari- 

ability in the incidence of G1  histone synthesis may lie in the 

nature of the coupling with DNA synthesis itself. 

Transcriptional or Translational Control? 

The molecular mechanisms involved in this coupling have been 

extensively explored (see Kedes, 1979 for a review). 	The general 

consensus of opinion in the literature suggests that the S phase 

regulation of histone mRNA activity is centred on a transcriptional 

control mechanism and the abrupt change in histone synthesis 

after S phase is attributable to changes in histone mRNA turnover 

or inactivation. 	Recent experiments by Melli, Spinelli and Arnold 

(1977) have suggested that this model may be wrong and that post-

transcriptional processing of histone mIINA may be the key feature 

in histone-DNA coupling. By cross-hybridisation of HeLa cell 

poly(A) RNA with the heterologous DNA of a recombinant phage con-

taining sea urchin histone genes, newly synthesised histone gene 

transcripts could be detected at different times in BeLa cells.. 

These were synchronised by the double-thymidine block method. They 

showed by cross-hybridisation studies that histone mRNA of BeLa 

cells was synthesised throughout the entire cell cycle. By com-

paring the proportion of histone mBNA sequences in total and 
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-cytoplasmic RNA of cells at different stages in the cell cycle 

they determined if the absence of coupling was attributable to cell 

asynchrony. 	If this was the case mPNA should enter the cytoplasm 

for translation at all phases of the cell cycle. 	Cytoplasmic 

histone mPNA in cells where LA duplication was inhibited was 20-30 

times lower than in controls. 	The presence of histone BNA in the 

nucleus throughout the cell cycle was therefore not attributable 

to incomplete synchronisation. 	Experiments from the same laboratory 

onc1 Arnold, 
(Mclii, Spinelli, 	Wyssiing/\ 1977) provided support for the presence 

of a high molecular weight nuclear histone RNA precursor to cyto-

plasmic histone rnIlNA. 	These data together suggest the continuous 

transcription of a nuclear histone precursor molecule followed by 

processing during S phase to provide translatable histone imRNA in 

the cytoplasm. 	This does not necessarily mean that these high 

molecular weight RNA's are polycistronic as no evidence is available 

firmly to suggest tandem repeating of histone genes in mammalian 

cells, although such evidence is available for sea urchins (Kedes, 

1979). 

This finding that histone mIA synthesis is not coupled to 

1A synthesis is in disagreement with Stein et al, (1975). They 

utilised a radiolabelied complementary DNA probe synthesised from 

histone' cytoplasniic mBNA of HeLa cells to detect histone niRNA. 

Using mitotic selection to synchronise cells they confirmed that 

histone niRNA capable of hybridizing with the eDNA probe was detect-

able only from S phase polyribosomes. 	However they did not detect 

histone RNA sequences in nuclei of C 1  cells or cells incubated in 

the presence or absence of DNA replication inhibitors. Similarly 

in vitro transcription of isolated HeLa cell nuclei resulted in 
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ctA hybridizable histone mIINA only from nuclei isolated from S 

phase cells (Stein et al., 1977a). This evidence, in contrast to 

Melli et al. (1977) suggests that histone gene expression Is regulated, 

at least in part, at the transcriptional level. 	However as Kedes 

(1979) pointed out, Stein's approach would not have detected short- 

lived nuclear histone sequences. 	Resolution of this controversy 

must therefore await the development of a pure homologous probe for 

mammalian histone RNA which neither of these laboratories have yet 

achieved. 

(ii) Ixr.irunoglobulin synthesis 

Considerable effort has been devoted in recent years to elucidate 

whether iminunoglobulin synthesis and secretion reflect a cell cycle 

dependent gene expression. 	Early histochemical studies resulted 

in the conclusion that lgG was expressed during limited periods of 

the cell cycle (Buell and Fahey, 1969). 	Immunolobulins were de- 

tected in synchronised human lymphoid cells by fluorescein conjugated 

antisera. 	These cells were synchronised in mitosis by a thymidine 

block followed by colceaiid treatment. 	The greatest degree of 

immunofluorescence detected was in late G and S, reaching a iaxlmuin 

of 91% cells labelled. 	This fell sharply to 207. in G2  and mitosis. 

This method did not discriminate between synthesis and storage 

of IgG. 	However the results were corroborated by 3H-leucine 

labelling studies followed by specific inununoglobulin (Ig) co- 

precipitation. 	More recently, Garatun-TjeldstØ, Pryme, Weltman 

and Dowben (1976) came to a similar conclusion utilising a different 

cell line which was synchronised by a different method. 	Plasma- 

cytoma mouse cells were synchronised by isoleucine deprivation. 
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They determined the synthesis and secretion of light chain Ig in 

particular, at various times by radiolabelling of proteins followed 

by immuno-precipitation of the Ig's and gel electrophoresis. 

Maximal synthesis. and secretion of light chain Ig was observed in 

late G and early S phase, of the 1st cycle after synchronisation. 

Byars and Kidson (1970) also made this observation in mouse xnyeloma 

cells using the double thymidine block method for synchronisation. 

However this was not confirmed by another group of investigators 

using the same cell line and identical synchronisation procedure 

(Liberti and Baglioni, 1973), Strain differences and synchronisation 

method in this case do not appear to account for the major discrepancy 

between the results. Some other technical variation in methodology 

could therefore account for it. 	Other reports in the literature 

do provide evidence for continuous Ig synthesis, Mouse myeloma 

cells synchronised by the double thymidine block method exhibited 

no pattern of Ig synthesis throughout the cell cycle.(Cowan and 

Milstein, 1972) using similar methods of analysis. They did report 

minor fluctuations occurring when concentrations of 4mM thymidine 

was used to synchronise the cells. However this is a greater concent-

ration than that used by Byars et al, (1970) and Buell et al, (1969) 

who reported variation in Ig synthesis throughout the cell cycle. 

Various other synchronisation methods other than the double-thynildine 

block in lymphoid cells have been used such as thymidine-colcemid 

combination and isoleucine deprivation. Clearly, all these variables 

outlined create a complex situation and any combination of them could 

contribute towards the conflicting results obtained, in the same way 

as in the histone synthesis controversy. Dainiani, Cosulich and 

Bargelles (1979) tried to overcome some of these problems in an 
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attempt to cone closer to solving this controversy. They used the 

mitotic selection method to synchronise mouse rnyeloina cells, a 

method not previously used. 	Lyniphoid cells are normally grown in 

suspension culture. However through rnutagenesis and cloning they 

established a monolayer cell line. 	The synthesis and rate of 

secretion of IgG in particular was studied at 10 different points 

in the cell cycle. 	This was achieved by 
14

Camino acid labelling. 

of the cells followed by Iminunoprecipitation and quantitation of 

synthesised and secreted IgG. 	The data obtained were consistent 

with the hypothesis that synthesis and secretion of IgG are not 

cell cycle dependent in myeloma cells. 	They did not eliminate the 

possibility that differences in cell type and origin of the cell 

line may play some role in the differences. 	A study by any single 

group of investigators of various cell lines could resolve this 

point. 	There is also the possibility that Ig synthesis is different 

in inyelomas from normal cells. 	Nevertheless it does provide a 

useful model system for analysis of possible time-dependent gene ex-

pression particularly because they produce a homogenous protein 

class which is readily identified and occurs in large amounts. 

Another possibility is that some iniinunoglobulins such as IgG ma 

exhibit time dependent synthesis while other immunoglobulin gene 

products do not. 

(iii) Cytoplasmic Protein Synthesis 

Much of the recent data concerning cell cycle dependent protein 

synthesis has emerged as a result of ardent interest in biochemical 

events associated with the cell cycle. 	Protein markers specific 

for different phases would facilitate this analysis, for example the 

biochemical nature of the transition from quiescence (G 0) into the 
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cell proliferation cycle. 	Such problems have not yet been elucidated 

but interesting results have been reported regarding synthesis of 

the large numbers of cytoplasmic proteins present in the cell. Most 

of these studies have been concerned with mammalian cell lines although 

there are numerous reports on cell-cycle stage specific appearance of 

enzymes in micro-organisms. This will be discussed in the next section. 

Most of the recent reports are in agreement that in mammalian 

cycling cells at least, there is no evidence of synthesis of detect-

able polypeptides which are confined to only one phase of the cell 

cycle (other than those already discussed). 	When differences 

appeared they were clearly variation in the rate of synthesis rather 

than in the appearance of new polyp eptides. 	Bravo and Cells (1980) 

analysed 700 radioactively labelled cytoplasmic proteins at different 

cell cycle phases by high resolution 2-dimensional SDS electrophoresis. 

They used the mitotic selection method to obtain synchronous HeLa 

cell populations. 	Out of the polypeptides quantitated only a few 

were shown to vary consistently in 5, M and in M and G2 , but no 

marker was found in G1 . They managed to identify  and tubulin 

which they found to increase in M. Similar results with regard to 

the invariability of most cytoplasmic proteins, including actin, have 

been reported by Milcarek and Zahn (1978) in HeLa cells. Milcarek 

et al. reported 6 proteins which varied significantly particularly 

during mitosis. 	None were reported to vary in G 1 . 

There is however, one instance In the literature which contra-

diets these findings (Al-Bader, Orengo and Rao, 1978). Al-Bader et 

al. reported that at least 9 new poly peptides detected by gel-

electrophoresis appeared after the transition of synchronised HeLa 

cells from the S phase across the G2  phase. Irreversibly blocked 
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nitrosourea treated cells were deficient in these 9 polypeptides 

which they suggested may be necessary for G2-mitotic transition. 

Synchrony may not have been sufficient in the G 2  phase of cells 

studied by other workers to detect any presence or absence of poly-

peptides. 	If cell synchronisation is achieved by the mitotic 

selection method, as in the case of Bravo et al. (1980), the level 

of synchrony is severely reduced by the time cells reach G2 . 

Non-cycling cells have been shown to exhibit certain proteins 

which are not found in cycling cells, particularly associated with 

the G0-S phase transition. 	Riddle, Dubrow and Pardee (1979) studied 

this part of the cell cycle in serum deficient, G0  arrested Swiss 

mouse 3T3 cells. 	By isotope labelling followed by SDS gel electro- 

phoresis methods they detected 2 major polypeptides synthesised 

preferentially by serum arrested cells. 	4 other major polypeptides 

were synthesised preferentially by serum stimulated cells. 	One of 

these, a 42,000 dalton polypeptide, was identified as actin. 	It 

reached a maximum 4-6 hours after stimulation, returning to G0  levels 

as S phase commenced. 	It showed both the earliest and greatest de- 

tectable change compared with the others. 	Fiddle et a1 0  (1979) 

have suggested that it may be a critical feature of transition from 

the quiescent to the proliferation status. 	Evidence that actin 

remains constant in cycling cells is provided by Milcarek et al, 

(1978). 	Two other groups of investigators, studying different 

mammalian cell lines, have also reported a very significant increase 

in a polypeptide at the same point in the transition from G0-S phase 

(Ley, 1975; and Gates and Friedkin, 1978). 	Neither group have 

identified it as yet. 	However differences in the estimated molecular 

weight prevent any conclusions regarding similarities between the 
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findings,. 	Riddle et al, have commented that the 50,000 dalton 
PriedKin, (A -700. 

polypeptides found to increase at G
0 
 _Sby Gates 	is, in their 

opinion., also actin. 	It may therefore prove to be a useful marker 

specific for G0-S transition. 

Any observations of protein synthesis may be dependent to some 

extent on the methods of synchronisation, which has been made clear 

in previous discussions in this chapter. 	Most of the above studies 

have tried to minimise the amount of biochemical upset by avoiding 

the use of drugs. 	Nevertheless, the results do suggest that many 

of the cellular 'housekeeping' functions continue irrespective of 

DNA synthesis and mitosis. 	This finding is quite remarkable when 

one considers the major changes occurring in the nucleus of cells 

during these phases, 

Protein Synthesis in Mitosis. 

A decrease in the rate of protein synthesis during mitosis is 

a well documented phenomenon in a large variety of cells from 

different organisms (Mitchison, 1971 for a review). The suspected 

step In controlling protein synthesis during mitosis is polypeptide 

chain initiation, since It appears that translational control in 

eukaryotic cells involves primarily regulation of chain Initiation 

and not chain elongation or termination. 	Evidence from the reti- 

culocyte system where a and -globins are synthesised at different 

rates, it has been shown that initiation is the regulating factor 

(Lodish, 1976). 	A variety of components involved in the formation 

of the initiation complex could be responsible, including the 

availability of mENA controlled by transcription or processing. 

Tarnowka and Baglioni (1979) have recently shown that in mitotic 
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HeLa cells met tRNA binding to native 40S ribosomal subunits is 

not impaired in vivo during mitosis. This suggests that the sub-

sequent step in initiation, inIUA binding to ribosomes, may be in-

hibited in mitotic cells. Therefore the decrease in protein syn-

thesised during mitosis may not be due to selective inhibition of 

translation of particular mPNA species but to protein synthesis in 

general. This has already been confirmed in the previous section, 

1.3.2 	Enzymes 

Over 100 cases of periodic enzyme regulation have been docu-

mented in organisms ranging from bacteria to mammals. 	Interest has 

grown in this field recently due to their putative link with bio- 

logical clocks. 	Their possible role in mitosis and cell different- 

iation has been suggested and will be discussed later. Periodicity 

inenzynie reactions can be attributable to 2 causes: 

(1) epigenetic control mechanisms at the transcriptional 

or translational level; 

or 	(ii) metabolic regulation at the level of the enzyme itself. 

(Hess and Boiteux, 1971), 

(i) Epigenetic Regulation. 

A stepwise increase in some enzymes occurs once per cell cycle 

in some yeasts (Halvorson, Carter and Tauro, 1971) and in bacteria 

(Donachie and Masters, 1969). 	This catalogue of evidence of periodic 

enzyme synthesis led both of these groups to propose theories accounting 

for the phenomenon based on transcriptional or translational regulation. 

Halvorsen proposed the 'linear reading' or sequential transcription 

theory which postulated that genes were transcribed once during the 

cell cycle in the same order as their linear sequence on the 
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chromosome. 	Donachie's oscillatory repression theory, on the other 

hand, was primarily concerned with biosynthetic enzymes controlled 

by end-product repression. 	Data pertaining to periodic changes in 

enzyiratic activity is available in other than these two categories 

of organism. 	However, speculations on the periodic nature of syn- 

thesis of individual enzyme proteins in other organisms is being 

viewed with some scepticism. 	Various researchers have reported 

assays of enzyme activity not synthesis, both of which are not 

necessarily synonymous. 	It is difficult to find clear examples of 

transcriptional regulation of oscillatory enzymes in the literature. 

This must await the detection of RNA transcripts from single genes 

using copy or cloned DNA hybridisation probes. 	This has been used 

to investigate a similar problem with regard to histones (Section 

1.3.1). 	Unfortunately, Melli et al. (1977) and Stein et al, (1977a) 

conflict in their findings. 

Mano (1970) has described cyclic protein synthesis in sea 

urchin embryos, correlated with cell division. 	30-60 minute os- 

cillations were found to occur only in fertilised eggs and in cell- 

free systems. 	The periodicity occurs in enucleated egg fragments 

and also in the presence of actinomycin so it can be attributed to 

translational control. 

Elliot and McLaughlin (1978) investigated the possibility that 

oscillatory enzyme activities are attributable to metabolic oscil-

lations rather than to periodic synthesis. 	They studied protein 

synthesis in Saccharomyces cerevisiae, an organism which has been 

well documented with regard to oscillatory enzyme activity 

(Halvorson et al., 1971). 	Elliot and McLaughlin's results suggested 

that periodic variations in the rate of synthesis of individual 
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proteins must occur in a minute fraction of proteins, if at all. 

They could therefore provide no support for the linear reading or 

oscillatory repression theories. 

Metabolic Regulation. 

Glycolysis 

Glycolytic oscillations, which have been extensively studied, 

represent the most well understood example of metabolic oscillations. 

The periodicity is attributable to the oscillatory activity of a 

regulatory enzyme, phosphofructokinase (PFK). 	This phenomenon has 

been observed in yeast cells and cell-free extracts (reviewed by 

Hess et al., 1971), beef heart extracts (Frenkel, 1965), rat skeletal 

muscle extracts (Tornheim and Lowenstein, 1975) and in ascites 

tumour cells (Ibsen and Schiller, 1971). 	These oscillations are 

most conveniently monitored by recording the fluorescence of NAti. 

The requirement for generation of osculation is a constant and re- 

latively low input rate of glycolytic substrates. 	The frequency 

varies from 2-8 minutes in duration in yeast, depending on the input 

of substrates into intact cells. 	This frequency is less in yeast 

cell-free extracts where dilution of the glycolytic system occurs.! 

In muscle extracts the periodicity has been observed to be about 20 

minutes. 	This topic has been extensively reviewed (e.g. Hess et al. 

1971; Goldbeter et al., 1976). 	The role of PFK in the oscillatory 

mechanism has been suggested by observations that fructose-6-phosphate, 

the substrate of PFK, is the last glycolytic substrate able to 

generate oscillatory behaviour. 	By-passing of the PFK step by the 

addition of fructose-1-6-diphosphate does not result in periodicity 

in glycolysis (Hess et al., 1971). 	The allosteric nature of PFK  



and the autocatalytic control of the enzyme by adenine nucleotides 

are generally regarded as being responsible for the oscillations. 

Comparisons between yeast and beef heart extracts suggests a very 

close similarity in mechanism (Goldbeter et al,, 1976), 

Mitochondrial Systems, 

Oscillations of light scattering due to swelling, and ion 

fluxes in suspensions of mitochondria have been recently reported 

and are being extensively studied. The first observations of this 

kind were induced by adding ionophoretic antibiotics such as valino- 

Inycin to pigeon heart mitochondria preparations (Chance and Yoshioka, 

1966). 	They reported oscillations of 	and H of approximately 

50 seconds in duration. 	When K entered the rritochondria during 

oscillation, H is extruded and vice versa. 	The frequency changes 

in both ion concentrations were the same. 	Similar oscillatory 

phenomena have been reported without the use of such antibiotics. 

The addition of EDTA to rat liver mitochondria, which makes them 

permeable to Na+  and  Li+,  results in oscillations In swelling of 

mitochondria (Packer, Utsumi and Mustafa, 1966), 	ThIs swelling de- 

pends an an energy source, recontraction occurring when the source 

is blocked. The period of oscillation was also shown to be dependent 

on pH and temperature, being in the order of 2-3 minutes. 	It is now 

known that all of these similar type oscillations require the presence 

of a monovalent cation, a permeable anion and are dependent on ATP. 

They are always associated with enhanced transport activity. 	The 

ratio of H+  and K movement has been shown to be about 4. Therefore 

anions and water may be expected to exchange across the membrane in 

order to balance electroneutrality and osmolarity (Hess et al., 1971). 

Concomitant with the oscillatory ion movements and volume changes of 

40. 
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isolated mitochondria, periodic variations in NA1-! fluorescence are 

also significant (Goldbeter et a].., 1976). 	Particular interest in 

this has been shown because spectrophotometric analysis of intact 

slime mould and smooth rabbit muscle have shown similar fluctuations 

in the redox state of NAD and cytochrome C. 	Since both of these 

are mostly found in the mitochondria speculation that these may also 

oscillate in the mitochondria have been made .(Berridge and Rapp, 

1979). 	Gooch and Packer (1971) suggested that the oscillating 

phenomena observed in mitochondria could be due to synchronisation 

by an oscillatory flow of ADP and APP, which they demonstrated by 

monitoring their effect on mitochondrion H+ and K transmittance, 

morphology and respiration rate. 	Membrane bound ATPase may therefore 

exhibit oscillatory activity and play a contributory role in the 

regulation of other niitochondrial oscillations. 	However it is con- 

ceivable that oscillations in mitochondrial metabolism may be gener-

ated by periodic input of pyruvate from the oscillating glycolytic 

pathway already discussed. 

Adenylate Cyclase. 

cAMP is the chemotactic agent of aggregating cells of 

Dictyosteliuin discoideum (slime mould). 	It was observed some years 

ago by time-lapse photography that this cell aggregation tended to 

occur in a periodic fashion (Arndt, 1937). 	It is now known that 

aggregating cells release cAMP periodically which is associated 

with changes in adenylate cyc]ase activity. 	These oscillations, 

about 5 minutes in duration, have been extensively studied by 

monitoring the cells' responsiveness to cAMP by utilising light-

scattering changes and transient increases in the extracellular 

proton concentration as an indicator (Gerisch, Malchow,Roos and 
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Wick, 1979). 	cAMP binds to the cell surface receptors. 	This 

binding then triggers a train of responses within the cell including 

the activation of adenylate and guanylate cyclase. 	However this 

only occurs if the extracellular cAMP concentration changes with tine. 

These oscillations are under developmental control as they 

only appear 'at a specific time in the life cycle of D. discoideum. 

Evidence suggests that these oscillations are necessary for differ-

entiation to occur in D. discoldeum. 	For example, in one strain of 

D. discoideum inhibition of aggregation was achieved by a continuous 

Influx of cA1TP, whereas small pulses of cAMP stimulated differentiation 

(Gerisch, Fromm, Heugsen and Wick, 1975c). 	The absence of cell 

differentiation in a phosphodiesterase mutant which exhibited no 

oscillations underlines their importance. 	Gerish et al (1975c) also 

demonstrated the enhancement in expression of a specific glyco- 

protein on the cell surface after exposure to cAMP pulses. 	It could 

be involved in cell adhesion at this aggregation stage. 

A model has been proposed for these intracellular periodicities 

which centres upon two membrane-bound enzymes which are involved in 

the synthesis of cAMP-adenyl cyclase and ATP pyrophosphohydrolase. 

Goldbetèr (1975) showed that the allosteric properties of adenyl 

cyclase coul,d give rise to sustained oscillations in the synthesis 

of cAMP by positive feedback. 

If Goldbeter's model predictions are correct concerning the 

autoregulation of oscillations 'of adenyl cyclase activity, speculations 

on the role of cAMP in differentiation processes in other organisms 

could be far reaching. 
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cMP and the Cell Cycle. 

In fact various other investigators have recorded the periodic 

variation of cPJP levels in other cell types, but over a longer time 

course. 	Abell and Monohan (1973) conducted a study of cAMP through- 

out the cell cycle of 13 different mouse fibroblast cell lines. 

They found in all cases that cAMP levels were inversely proportional 

to the rate of DNA synthesis. 	When 3T3 cells were transformed with 

SV40 an increase in growth was evident. 	This was correlated directly 

with a corresponding decrease in cAMP levels. 

Marks and Grimm (1972) provide other evidence of a connection 

between cAMP levels and the cell cycle. 	They determined intra- 

cellular cAMP levels of mouse epidermis. 	A significant circadian 

rhythm in cAMP levels was evident reaching a maximum when mitotic 

activity was low. 	The evidence available concerning cAMP in 

mammalian cells implies some role in the regulation of growth which 

in turn could affect differentiation. 	No data is available con- 

cerning adenylate cyclase activity in these examples cited. 

1.3.3 Other Metabolic Oscillatory Systems. 

Various other types of oscillatory processes have been observed 

recently in biochemical systems. 	The oscillatory phenomena have yet 

to be identified but probably originate from metabolic control. 

Enzyme activity oscillations have also been reported in 

mammalian cells. 	Klevecz and Ruddle (1968) assayed the activity of 

lactate dehydrogenase and glucose-6-phosphate dehydrogenase in-syn- 

chronised CHO cells. 	They found both enzymes to reach peaks every 

3-4 hours. 	Although no control mechanisms have been proposed to 

account for these oscillations it is likely that they are metabolic 
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in origin and may even be linked to the glycolytic oscillations. 

The plasmodia of Physaruin show different oscillatory phenomena 

in their contraction behaviour and their protoplasmic flow. 	The 

oscillatory period was found to be only about 1.3 minutes (Wohlfarth-

Botterman, 1979) and stems from the periodic contractions of the 

cytoplasmic actomyosin within the ectoplasm. 

Sustained oscillations of acetylcholine (ACh) and ATP have 

been found to be triggered by nerve stimulation in the electric 

organ of Torpedo (Israel et al., 1979). 	Both metabolites oscillate 

in phase with each other, the periodicity depending on the level of 

stimulation administered. 	Two types of oscillations were observed. 

The 'slow wave' changes of ACh and ATP were of approximately 120 

seconds duration with a 5Hz stimulation, 	Superimposed on this were 

rapid oscillations of ACh and AT? of 5 second periods. 	Israel and 

(i) 
colleaguessuested that these oscillations may result from 

regulation of the enzymes involved in the synthesis of the cholinergic 

transmitter. 

1.3.4 Cell Membranes. 

Properties of the cell surface which are available to the 

extracellular environment are amenable to analysis by lectin and 

antibody binding. 	Lectin analysis in particular has recently become 

widely used for this purpose (reviewed by Brown and Hunt, 1976), 

Lectins are proteins which can bind noncovalently to specific carbo- 

hydrate groups, in this case on the cell surface. 	They have more 

than one specific carbohydrate-binding site which enables them to 

cross-link the sites available. 	This results in cell agglutination. 

Numerous lectins have been isolated both from plant and animal 
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sources each with different specificities for certain sugars. 	A 

wide range of cell surface glycoprotein sites can therefore be 

studied. 

Utilising these lectins as probes for the cell surface of cells 

in vitro it was observed that transformed cells exhibited a cell sur-

face architecture to which lectins readily bind. 	Untransformed cells 

appeared more resistant to lectin binding (Noonan and Burger, 1973). 

Such observations led to a closer analysis because of the link with 

tumorigenicity. 	Shoham and Sachs (1974) found that normal hamster 

fibroblasts became agglutinable with low concentrations of Concanavalin 

A (Con A) and wheat germ agglutinin (WGA) specifically during mitosis, 

but that the cells reverted to the non-agglutinable state during inter- 

phase. 	This pattern of lectin binding was found to be present in a 

variety of normal cell lines such as BHK cells (Glick and Buck, 1973) 

and mouse 3T3 cells (Collard and Texnmink, 1975). 	This mitotic membrane 

configuration was shown to be associated with increased binding of 

fluorescein-tagged WGA lectin (Fox, Shepherd and Burger, 1971) and of 

3H-Con A (Noonan, Levine and Burger, 1973). 	This suggests that the 

number of specific glycoprotein sites on the membrane exposed to the 

extracellular environment change during the cell cycle. 	Alterations 

in the configuration of these sites could also contribute to the in- 

creased lectin agglutinability. 	Edidin (1974) has demonstrated 

differences in the membrane antigen mobility. 

Transformed cells in vitro permanently display the surface 

architecture observed in normal cells only during mitosis, cell 

agglutination by lectins and lectin binding being significantly in-

creased. 	These cells also vary in their sensitivity to lectin 

agglutination during mitosis, but some become more and others less 
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agglutinable. For example, hamster fibroblasts transformed by di-

methylnitrosamine are agglutinated by Con A or WGA during interphàse 

but not during M phase (Shoham et al., 1974), while SV-40 transformed 

3T3 cells (Collard et al.,, 1975) and Epstein-Barr virus transformed 

human lymphocytes (Smets, 1973) are most agglutinable during mitosis. 

Other cell surface changes have also been reported during the 

cell cycle. 	Cikes and Friberg (1971) demonstrated that a cell-surface 

localized H2 antigen is expressed more in S phase than at any other 

time in the cell cycle of mouse bone-marrow derived cells in vitro. 

Utilising lymphoma suspension cells, Bosmann (1974) has snowy. 

that cell surface glycosyl transferases showed peak activity during 

the S phase of the cell cycle. Sialyl-, galactosyl- and N-acetylgluco-

sarninyltrarisferase activity all behaved similarly, and with virtually 

no activity during mitosis. 

Oscillations in ion transport are not restricted to rnito-

chondrial membranes. Nelson and Henkart (1979) reported periodic 

changes in the cell membrane potential of a variety of cells of mes-

enchyinal origin. Large hyperpolarizations of the membrane were re-

corded, lasting several seconds. They have been attributed to an in-

crease of the surface membrane permeability to potassium ions, 

Various secretory cells such as the pancreatic islet s-cells 

which produce insulin, exhibit oscillations in membrane potential 

(Mathews and O'Connor, 1979). 	These oscillations are related to the 

control mechanisms responsible for release of materials by exocytosis. 

Regular oscillations in membrane potential are also responsible 

for rhythmical contractions of heart and smooth muscle. 

Changes in the membrane permeability of cellular constituents 

other than ions have also been recorded. The uptake of both glucose 

and deoxy glucose by chicken fibroblast cells in culture were found to 
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reach a maximum as the cells progressed into S-phase (Smith and Team, 

1974). 	Similar timing was obtained for a several fold increase in 

the transport of leucine across the membrane of human fibroblast 

cells (Costlow and Baserga, 1973) and of certain nucleosides into rat 

hepatoma cells in culture (Plagerrann, Richey, Zylka and Erbe, 1975). 

1.3.5 	Conclusions 

I have discussed in this section several examples of the wide 

range of cellular constituents which exhibit some form of cell cycle 

dependent or oscillatory gene expression. 	In some cases, such as 

protein synthesis, this is accompanied by an equal volume of data 

against such oscillatory gene expression. In an attempt to resolve 

such controversies, I have tried to emphasise the important role that 

experimental techniques and other variable factors such as strain 

differences may play in such conflicting data. 

The question of whether there is any physiological significance 

in this phenomenon now arises. 	Oscillations could be nothing more 

than a manifestation of the allosteric properties of enzymes, as 

illustrated by phosphofructo kinase. 	On the other hand, they could 

provide timing mechanisms for the cell cycle. Data concerning cell-

cycle dependent protein synthesis, enzyme activity and membrane con-

figuration may lead the way to a biochemical underàtanding of the 

cell-cycle which for many years has remained elusive. They may also 

provide timing mechanisms for differentiation and morphogenesis. 

Much speculation has been made about their possible role as biological 

clocks responsible for behavioural circadian rhythms, amongst others, 

in multicellular organisms. 	These possibilities are now briefly 

discussed. 



1.4 The Physiological Significance of Biochemical Oscillations. 

1.4.1 Biochemical Oscillations and the Biological Clock. 

Despite extensive suggestions concerning the presence of an 

internal oscillator, there is still no proof that such an oscillator 

exists which is responsible for any form of rhythmical activity from 

the cell to the whole organism. 	Nonetheless various attempts to pin- 

point a cellular mechanism for circadian rhythms have been made by 

means of theoretical modelling. Two conceptually different approaches 

have emerged in the literature. 	The first implicates the occurrence 

of discrete biochemical events in a strict sequence. However very 

little evidence of sequential gene transcription can be found to sub- 

stantiate this. 	The other approach, pursued by various researchers, 

envisages the biological clock as a biochemical network with self-

sustained oscillations stemming from feedback of the whole biochemical 

system. 	Biochemical oscillations can be shown theoretically to be 

the predictable consequence of gain and feedback. 

Enzymes have beëome popular as the basis of biological clocks 

because certain features are common to both 	Enzymes have been 

shown to have a stable period of oscillation, the ability to be 

phase-shifted by external, stimuli and to be entrained by a periodic 

driving force in a similar way to circadian rhythms. 

The glycolytic pathway is a good example because it has been 

extensively studied both theoretically and experimentally. 	The fre- 

quency of the oscillatory enzyme in the sequence, phosphofructo- 

kinase has been shown to be independent of substrate input. 	This 

could therefore provide a reliable timing mechanism. 	Analysis of 
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concentrations of glycolytic intermediates has shown them to vary 

between lO 	to 10 3M in yeast cells (Hess, 1979). 	Such oscillations 
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could be capable of driving a range of observed oscillatory phenomena. 

Glycolytic oscillations have been shown to have generated cyclic 

changes in the pool of adenine nucleotides which also affects the 

enzymes phosphoglycerate kinase and pyruvate kinase. 	Both of these 

enzymes are involved in ATP production. 	Many other metabolic enzymes 

therefore would respond to changes in energy availability to the cell, 

which could lead to far reaching propagation of these oscillations 

stemming from Pfl. 

A major discrepancy in the relationship between enzyme oscillations 

and circadian rhythms in many cases is the relative time span. However, 

theoretical analysis shows that the period of an oscillatory enzyme 

can be extended to circadian values by sufficiently lowering the 

enzyme concentration and the rates of substrate input and end-product 

removal (Boiteux, Goldbeter and Hess, 1975). 	Unfortunately, these 

levels could easily be outside of the physiological limits. 

A circadian period has also been shown theoretically to arise 

from the interaction of many smaller period oscillations. Winfree 

(1975) termed this as the 'clock-shop' phenomenon. 

None of these models can explain the observed temperature in-

dependence exhibited by circadian rhythms. 	This is a drawback of 

implicating enzymes as-the biological clock. Njus, Sulzmann and 

Hastings(1974) proposed another model incorporating the network idea 

but identified ion changes and the membrane-bound ion transport system 

as the timing mechanism. 	They proposed that the distribution of 

glycoproteins in the lipid bilayer could be regulated by oscillating 

ion concentrations. Periodic changes in the membrane permeability 

would then be generated which could be temperature-independent. 



50, 

The 'Clock shop' model of Winfree (1975) could be taken a step 

further such that the cell itself, as a summation of all its oscillating 

constituents, could be the biological clock from which circadian 

rhythms are timed. 	One of the difficulties with such a theory is the 

variety of cell types and the presence of both cycling and non-cycling 

cells in multicellular organisms. 	A specific cell type at a specific 

locus with a constant cell cycle period would then need to be implicated 

as the oscillator in multicellular organisms. 	The period of the 

cell cycle is much nearer circadian values than many other biochemical 

oscillations. 	However, as pointed out In section 1.1, the cell cycle 

does differ in certain characteristics from the properties of circadian 

rhythms. 

1.4.2 Biochemical Oscillations and the Cell Cycle. 

Cells, in the majority of instances in vivo are asynchronous. 

However they can be entrained by the circadian rhythm such that the 

phases of the cell cycle are synchronous, as discussed in section 1.1. 

This could suggest that the cell cycle is not the circadian oscillator 

but is susceptible to it. 	The question of how these cells are syn- 

chronised is a difficult one. 	We do not understand the mechanism of 

the transition between one phase of the cell cycle to another, so it 

is difficult to postulate sites of control. 	However, It is likely 

that the circadian signals will affect certain important steps In the 

cell cycle such as the G - S transition or the earlier G arrest 

point (see Figure 2.2). 

Any oscillating cellular constituent could be responsible for 

entraining certain events of the cell cycle such as DNA initiation or 

mitosis. Reusing and Goedeke (1976) collated some of the available 
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data concerning cellular circadian rhythms in rat liver. 	They com- 

pared the timing of the rhythms and found a definite temporal sequence. 

Increases in the active transport of a-amino isobutyric acid and the 

level of arginine were paralleled by an increase in RNA polynerase II 

activity. 	Maxima of nuclear non-histone protein synthesis and of 

nuclear protein kinase activity followed. 	DNA synthesis then commenced 

followed by mitosis S hours later. 	Whether this sequence of events 

is related to the cell cycle in a causal manner, or is only fortuitous 

is speculative. 

If cells are synchronous, it is only to be expected that the 

metabolic pathways are co-ordinated also. 	Therefore, changes at 

specific points in the cell cycle such as the protein levels enhanced 

during the G0  - S phase transition (Riddle et al., 1979) or the levels 

of enzymes, may not be causally related to the cell cycle. 	The question 

of which is the cart and which is the horse is an open one. 

There is also the possibility that in multicellular organisms 

cells may be entrained by external blood borne or neural signals. 

Numerous hormones have been shown to exhibit fluctuations on a circadian 

basis (Scheving, 1976). 	Tutton (1973) implicated variations in the 

levels of glucocorticoid hormone levels in the circadian rhythm of 

crypt cells of the rat small intestine, 	Bullough (1962) has dis- 

cussed circadian mitotic rhythms in terms of waking and sleeping, 

implicating the associated changes in - hormone levels such as a high 

secretion of adrenalin while the animal is awake and active, and a 

low rate of secretion while asleep. 

These oscillations in hormone secretion could stem from the 

endogenous oscillations in secretory cell membranes such as that 

found in insulin secreting pancreatic cells (Mathews and O'Connor, 

1979). 

r-) 
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A specific hormone concentration could act as Zeitgeber to 

the cells at a single critical point of the cell cycle. However, 

since not all cycling cells exhibit circadian rhythms in DNA synthesis 

and mitosis only particular cell types may be competent to respond to 

the Zeitgeber. 	This ccrnpetence to respond could in itself be an 

intercellular or group of cscillations specific to these cells. 	If 

this is the case then the data available suggests that epithelial 

cells have this capability, being virtually the only cells investigated 

which exhibit cellular circadian rhythms. 	In any one organism, 

however, these cell types which exhibit such rhythms are not necessarily 

in phase with one another, mitosis occurring at various times during 

the day. 	The various tissues of any one organism which exhibit 

circadian rhythms of DNA synthesis do not respond in a similar way 

to the same hormone levels in the blood at any one time. 	This cculd 

be explained by different times of cellular competence or different 

hormone threshold levels in the various tissues. 

1.4.3 Oscillations, Differentiation and Morphogenesis. 

Differentiation and morphogenesis are highly ordered processes 

occurring at specified times in development and in relationship to the 

whole organism. 	This implies that time is an important element of 

these processes. 	How time is intertwined with such events is a major 

outstanding problem of develcpmental biology. 	Clearly, suchoscil- 

lations as I have discussed in this chapter, ranging from high frequency 

oscillations of ion permeability to circadian rhythms in DNA synthesis, 

offer a very strong reliable timing mechanism to which differentiation 

and morphogenesis could be tuned. 

I have already discussed evidence which suggests enhancement 
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in expression of certain proteins, glycoproteins and enzymes at 

specific times during the cell cycle. 	If cells are synchronised 

this would result in a significant rise in the concentration of such 

cellular constituents across the whole population. 	In this way time- 

limited signals could be generated which are necessarily above .a 

certain threshold for them to elicit the required response, for example 

the next step in the differentiation process. 	If cells are not 

sufficiently synchronised then such threshold levels would not be 

gained. 	Cellular circadian rhythms could therefore be closely coupled 

to differentiation in epithelial cells. 

An additional problem in inorphogenesis is the specification of 

positional information in inorphogenetic fields. 	Goodwin (1969) 
tt 

theoretically analysed the potential oscillatory metabolic processes 

may have in fulfilling such a role. 	He concluded from his analysis 

that oscillatory reactions, in the presence of diffusion, could provide 

a means for the fast transmission of a chemical signal over macro-

scopic dimensions with little attenuation. 	Metabolic oscillations 

could, therefore, be involved such that spatio-temporal positional 

information is specified in the process of inorphogenesis. 	If these 

oscillations are also cell cycle dependent or related, then the 

intermitotic time would be expected to vary in cells across the 

morphogenetic field. 
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CHAPTER 2. THE VERTEBRATE LENS 

2.1 Advantages as a Model System for Cellular Differentiation 

The vertebrate eye lens is a transparent organ consisting of a 

self renewed epithelial stem population which terminally differentiates 

to form lens fibre cells containing several specific protein classes 

collectively termed crystallins. 	These proteins form the bulk of the 

lens. 	This syster, therefore offers an ideal opportunity for the 

study of cellular differentiation and its genetic regulation (Reviewed 

by Clayton, 1979). 	Other attributes which make the lens a valuable 

model system for such studies are discussed below. 

2.1.1 Whole Lens Culture 

The lens is avascular, not innervated, and is completely enclosed 

within a membrane synthesised by the epithelial cells, the lens cap-

sule. 	These factors facilitate its isolation and through special 

culture techniques permit the examination and manipulation of epithe-

lial-cells in the whole, intact, isolated lens in culture (Gierthy, 

Bobrow and Rothstein, 1968). 	In vivo the lens is bathed in the 

nutritive fluids of the vitreous and aqueous humors, which are the 

scle sources of nutrition due to the absence of vascularisation. 

In a similar way the explanted lens in vitro is bathed in a specified 

nutrient medium. 	It is therefore possible to study the processes of 

cellular differentiation in an entire intact cell population of an 

organised tissue as near to the in vivo situation, in the structural 

whole organ, as is possible. 
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2.1.2 	Lens Epithelial Cell Culture 

Isolated lens epithelial (LE) cells have been established as 

monolayer cultures with various animal materials such as chicken 

(Kirby, Eastey and Tabor, 1929), rabbit (Tamura, 1965) and calf 

lenses (Van der Veen and Heyen, 1959). 	Okada, Eguchi and Takeichi 

(1971) demonstrated that chick LE could be dissociated, grown in 

in vitro culture and exhibit morphological and biochemical changes 

corresponding to differentiation of lens fibres in vivo. Structures 

termed 'lentoids' were observed in epithelial cultures, which, on 

examination by electron microscopy, consisted of a multilayered lens-

like arrangexrent of elongated lens fibres, depleted in mitochondria 

and endoplasmic reticulum but with large numbers of polysomes. 

Immuncfluorescence studies indicated a high accumulation of crystal-

lins in these 'lentoid' bodies (Okada, Eguchi and Takeichi, 1973). 

Cell culture, ,therefore, offers a powerful tool for the study of 

undifferentiated cells, their differentiation potential and cellular 

behaviour during this process. These studies are facilitated by 

the fact that no extraneous cell types are present to complicate 

experimental results. 

2.1.3 	TransdifferentiatiOn. 

The vertebrate lens is of further interest with respect to 

cellular differentiation, because other than the normal develop-

mental pathway described later, lenses can be derived from other 

developmentally unrelated eye tissues. 	These tissues lose their 

definitive characteristics and acquire those features which normally 

characterize completely different differentiation pathways. 	This 
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phenomenon, terred 'retaplasia', or more recently, 'transdifferent-

iatlon', was first reported in the classical example of Woiffian 

lens regeneration in which a normal lens is regenerated from the dorsal 

iris epithelium after lentectoxny in newts (Wolff, 1895; and reviewed 

more recently by Yanada and McDevitt, 1974). 	Recently tranadiffer- 

entiated lens cells have been derived from a variety of eye tissues 

in vitro. 	9 day old chick embryo pigmented epithelium from the 

retina lacks the ability of regenerating the lens in situ, but Okada 

and Eguchi (1973) showed convincingly, by establishing single cell 

clones, that It could 'transdifferentiate' into crystallin synthesising 

cells in vitro. 	Similarly, iris from the newt (Eguchi, 1967) and 

neural retina from chick embryos (Okada, Itoh, Watanabe and Eguchi, 

1975) have been shown to develop into lens-like cells in tissue 

culture. 

2.1.4 Lens Development 

The basic features of lens development are common to all verte-

brates resulting in a remarkably uniform structure. 	The vertebrate 

lens is derived from the competent head ectoderm in response to an 

inducing stimulus1  from the developing optic cup. A vesicle becomes 

formed from a single layer of epithelial cells which begins to elong- 

ate on the posterior face adjacent to the neural retina. 	These cells 

terminally differentiate to form the primary lens fibres which fill 

up the lumen. The germinal zone of epithelial cells around the 

equator of the lens undergoes division to form cells which are dis- 

placed posteriorly and which subsequently differentiate to form meridio-

nally orientated secondary lens fibres which are added to the body 
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Diagrariniatic cross-section of the vertebrate lens. 



of the lens in concentric layers (Fig, 2.1). 	The developmental 

history in terms of differentiation products is, therefore, contained 

within the lens capsule. 

2.2 The Lens Epithelium 

The entire population of epithelial cells exists as a monolayer 

over the anterior face of the lens and exhibits a relatively uniform 

thickness in. the normal lens. 	The lens epithelium whole mount pro- 

cedure has permitted the examination of DNA synthesis and mitotic 

patterns in the lens (reviewed by Harding, Reddan,Unakar and Bagchi, 

1971). 	By autoradiography and counting of mitotic figures it has 

been established that cell division and DNA synthesis can take place 

over the whole anterior epithelium in embryonic lenses. 	In the 

adult they become essentially confined to a region around the periphery 

of the epithelial layer, the germinal zone, and in the pre-equatorial 

region of the epithelium (Von Salman, 1952; Reddan and Rothstein, 

1966). 	Von Sallman (1952) also found that the total number of 

mitotic cells in the rabbit lens epithelium decreased as a function 

of age. 	Mitosis tin the rabbit (Von Salman, 1952) and in the rat 

lens (Von Sailnan and Grimes, 1966), exhibited patterns of Circadian. 

variation, as already discussed.  

This equatorial zone constitutes a renewal system whereby cells 

are provided which subsequently further differentiate into fibres 

throughout life. The epithelial cell populations with no mitotic 

activity have become arrested in the C- 1/G0  phase of the cell cycle 

(Riley and Devi, 1967). 	C-elfant (1977) has proposed a model for 

cell and tissue proliferation based on the idea that cycling cells 
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can arrest at 3 stages in the cell cycle: early G 3/G0 , in late 

and in late C2 . 	This was presented in the light of a large 

amount of data from a variety of cell types, for example mouse 

ear epidermis. 	However, there is no evidence for mitotic blocks in 

a phase of the cell cycle other than C1  in the lens epithelium. 

The quiescent cells of the central anterior epithelium can be 

restinulated to divide under certain conditions. 	In vitro culture 

conditions (Harding etal,, 1971), probably attributable to the pre-

sence of foetal calf serum stimulated proliferation in these cells. 

Lens injury (Harding et al., 1961), and some cataractous conditions, 

for example, as a result of diabetes (Kuwahara, Kinoshita and Cogan, 

1969) also result in mitotic stimulation of this region. 

2.3 The Lens Fibres 

The differentiation pathway from epithelial cells to the fibres 

leads to biochemical, morphological and ultrastructural changes. 

Cells elongate, the nuclei of which become pycnotic. 	Endoplasmic 

reticulum and mitochondria are lost while polysomes increase drama-

tically due to the high levels of crystallin synthesis. 

Mbrner (1894) showed that biochemical fractionation of the lens 

yielded the water soluble crystallins 'and a water, insoluble fraction 

which is now known to consist of a membrane-intercellular matrix 

complex (Lesser and Balazs, 1972). 	Lesser and Balazs (1972) further 

fractionated this complex, isolated from the calf lens, into the 

urea soluble intercellular matrix and the urea insoluble cell membrane 

fractions. 	Alcala, Lieska and Maisel (1975) have since isolated the 

proteins and glycoproteins from the isolated membranes of the bovine 

lens by Triton solubilisation. 



2.4 The Lens Crystallins 

crtain evolutionary constraints have been exerted on the 

developing lens: 

it must remain transparent so that light can pass through 

it, 

and 

it must be of the correct refractive index so that it can 

focus light onto the retina. 

These constraints have resulted in highly conserved crystallin pro-

teins. 	The lens fibres are characterized by a high concentration of 

these crystallins which constitute 80-90% of the total soluble pro- 

tein in the lens. 	These range in nolecular weight from 20,000 to 

50,000 daltons (reviewed by Clayton, 1974). 	Three gene families of 

crystallins termed ci, 	and y are to be found in the mammalian lens. 

However y  crystallins are substituted by 5 crystallins in birds and 

some reptiles. 	These factors offer an ideal system for the investi- 

gation of gene expression during differentiation. 	In addition, 

these crystallins are readily identified and their synthesis can be 

regulated in vitro. 

Crystallths form very close and specific packing arrangements 

resulting in successive changes in protein concentration. 	This is 

necessary as a lens increases in size during development, in order 

to conserve its optical efficiency by changes in the refractive index. 

(Philipson, 1969). 	These changes arise as a result of the changing 

pattern of crystallin classes and their quantitative regulation in 

the differentiating lens fibres. 	In the chick embryonic lens syn- 

thesis is high in the early fibres forming the centre of the lens 

where the refractive index is necessarily high. 	6 crystallin is 
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Changes in the protein composition of the chick lens during 

development. 	The composition of the lens as shown by quantitative 
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therefore thought to permit a closer molecular packing than the a 

and 	crystallins in the periphery of the lens, 	a and 	crystallins 

are synthesised in greater amounts as S crystallin decreases at the 

time of hatching, as determined by quantitative imrunoelectrophoresis 

(Truman, Brown and Campbell, 1972), 	Figure 2,2 shows the relation- 

ship of these 3 crystállins during development of the lens of the 

chick. 	This changing ontogenic sequence of the crystalliiis leads 

to questions concerning the regulatory mechanisms of the qualitative 

and quantitative gene expression during lens development, 

2.5 	Regulation'of Crystallin Synthesis 

Couloinbre and Couloirbre (1963) demonstrated unequivocally that 

differentiation of lens epithelium was not only a function of age 

but depended on the location within the eye, 	By surgical lens re- 

versa), in 5 day old chick embryo eyes, new fibres elongated and 

developed from the previous epithelium. The original fibres, now 

on the anterior face of the lens, ceased to elongate. 	A new epi- 

theliuin then began to form over the anterior face of the lens derived 

from cells in the equatorial region, 	Eguchi 1969) also showed that 

the proportion of cells differentiating appears to be related to the 

distance between the lens and retina. 	The conclusion has, therefore, 

been made that the neural retina is- a source of some factor which 

promotes lens differentiation. 	This regulatory control, however, 

only suggests an 'on/off' regulation of crystallin synthesis, in-

sufficient to account for the differential synthesis of crystallin. 

classes which have been observed. 	Clayton, Odelgah, de Poineral, 

Pritchard, Thomson and Truman (1976b), studied changes in crystallin 
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polypeptide synthesis in the LE and whole lenses of 3 chicken 

strains as a result of variation of In vitro culture conditions. 

They concluded from this study that regulation of a crystallin poly-

peptide in response to particular conditions was independent of 

other polypeptides. This non-coordinate regulation of crystallin 

synthesis suggests the possibility of several regulatory mechanisms 

involved in the synthesis of each crystallin, 

2.5,1 Possible Regulatory Mechanisms 

(I) Clayton etal. (1976b) demonstrated that insulin treatment 

and the presence of foetal calf serum, factors enhancing 

cell division, altered the crystalliri synthesis profile in 

chick lens epithelial cultures. 	Differences in crystallins 

were also found when 3 genetic strains of chick with differ-

ent Intrinsic mitotic rates in the epithelium were compared. 

The distribution of mitosis in the epithelium of chick 

embryos is more extensive, when 6 crystallin synthesis Is 

high, than in the adult when a and crystallins take its 

place (Modak, Morris and Yamada, 1968). 	This correlative 

evidence points to the cell cycle and mitotic distribution 

as a possible regulatory factor. 

(ii) Henna and Keatts (1966), In a study of chick epithelial 

cell production and migration by autoradiography, noted 

that cells of the germinative zone of lenses of 2 and 10 

day old chickens migrated towards the equator and formed 

new fibres at a faster rate than those of the 6 week old 

chicken. The rate of differentiation of lens fibres clearly 



differed according to age, and could be another source 

of crystallin synthesis regulation. 

In one of the first reports of differentiation of lens 

epithelium into lens-like structures in vitro, (Okada et 

al., 1971) it was noted that these lentoids only developed 

in regions of extensive cell contact. 	Similarly, in vivo 

the epithelial cells on the anterior face of the lens which 

show signs of differentiation are those which have contact 

with other epithelial cells on all surfaces, the outermost 

layer always remaining undifferentiated (Clayton, Eguchi, 

Truman, Perry, Jacob and Flint, 1976a). 	This suggests a 

third possible regulatory level possibly mediated by way of 

the cell surface, 

Hanna and Keatts (1966) observed that, at hatching, aqueous 

humor formation was accelerated resulting in a greater 

supply of oxygen and nutrients to the anterior surface of 

the lens. Enforced metabolic changes In lens epithelial 

cultures by the addition of sodium. salicylate (inhibition 

of cation movement across cell membrane) and 6-amino nico-

tinamide (inhibits NAD-linked dehydrogenases) resulted in 

alterations of crystallin synthesis (Clayton et., 1976b). 

The metabolic status of the epithelial cells and adjacent 

tissue may therefore play some role in regulating different-

iationof these cells. 

Regulatory factors involved in lens fibre formation in vitro have been 

widely discussed recently by Clayton (1979a and b). 
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2.5.2 	The Cell Cycle and Crystallin Synthesis Regulation 

One of the above possible regulatory mechanisms of crystallin 

synthesis in the chick lens which has been investigated in this re-

search project is the cell cycle. 	Data has been accumulating 

concerning a relationship between cell cycle duration and iS crystallin 

synthesis. 	de Pomerai, Clayton and Pritchard (1978), using haexnag- 

glutination inhibition and gel electrophoresis to quantify the levels 

of crystallins In cultures of lens epithelium, demonstrated that the 

age of the tissue from which the culture was derived determined the 

crystallin composition of fibres differentiating 'In vitro. 	For 

example, 12 day and 15 day embryos and 1 day post-hatch chicks re-

sulted in decreasing production of iS crystallin respectively. 

Similarities between theinvitro and invivo situation are therefore 

apparent, iS crystallin synthesis in the lens decreasing markedly 

around the time of hatching (Truman etal., 1972). 	It should be 

noted, however, that although the trend issimilar, iS crystallin 

levels in cultures do not approach those found in lens fibres from 

the some stage in the Intact lens, possibly due to incomplete fibre 

differentiation in in vitro culture conditions (de Poznerai, Pritchard 

and Clayton, 1977). 	Embryonic LE cells also have a greater in- 

trinsic mitotic rate in culture than post-hatch LE cells. 	This 

suggests that the cell cycle may be a factor in the promotion of 

iS crystallin synthesis. 	This idea is further supported by the 

finding that LE from different genetic strains (described in detail 

in Section 2.6) with different growth rates in the log phase in 

culture (Eguchi eta1., 1975; de Pomeraietal., 1978) synthesise 

different levels of iS crystallin - the faster growth corresponding 

to high iS crystallin synthesis. 	However it remains to be elucidated 

whether indeed any causal relationship exists. 



2.6 	Genetic Differences in the Lenses of 3 (Thick Strains 

Comparative investigations of genetic clifferenccs between strains 

have proved to be a useful tool in the dissection of biological 

processes. 	Genetic modifications may therefore help to illuminate 

the regulatory mechanisms involved in the expression of the crystallin 

classes in the lens. 	In this project the cell cycle is of particular 

interest. 	The lens of the chick provides an ideal system for such 

studies as a wealth of information concerning it has already been 

established (reviewed by Harding, Reddan, lJnakar and Bagchi, 1971). 

2.6.1 Cellular Properties 

Two genetically unrelated strains of chick, Fly-1 and Hy-2, 

have been rigorously selected for high early growth rate over a period 

of several years. 	fly-i is an inbred strain and Hy-2 is the F 1  bet- 

ween two inbred strains. 	Both show hyperplasia of the LE and a 

variety of differences in cellular properties when compared with a 

strain (N), not selected for rapid growth (Clayton, 1975). 	In Hy-l_  

and Hy-2 the lens epithelium contains an excessive number of cells 

as compared to normal and it forms a multi-layered structure across 

the anterior face of the lens between the capsule and fibre body. 

Normally, recruitment of the epithelial cells for differentiation 

into fibre cells must be related to the number of new cells derived 

by mitosis such that the epithelium remains as a monolayer. 	This 

apparent failure to regulate the mitotic rate appears,from autoradio- 

3 graphic studies after H-thyinidine incorporation, to be attributable 

to the retention of the capacity for mitosis in the whole epithelium 

and not just in the germinal zone as in normal day old lenses 
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(Clayton et al. , 1976a). 	Therefore the abnormality of high growth 

rate in fly-i and Hy-2 becomes manifest at the tine when the incidence 

of mitosis normally drops in the central epithelium in later embryo-

nic development but in these hyperplastic strains is maintained. 

The morphological arrangement of these epithelial cells suggests 

that they are deficient in contact inhibition on their upper and 

lower surfaces compared with normal lenses and a tendency for short 

fibre-like cells to form from excessive epithelium between the 

layers (Clayton, 1975). 

Investigations concerning the properties of the epithelial 

cells from the fly-i strain have shown it to differ in numerous aspects 

from a normal control strain (N). 	Eguchi et ml. (1975) demonstrated 

that the growth rate in the log phase in culture was approximately 

double that of N strain LE cells in culture over the same period 

and under identical conditions, 	fly growing single cell clones and 

scoring the increase in cell number in each colony, they were able 

to show that Hy-1 LE cells consisted of two populations. 	One of 

these showed similar growth kinetics to that of N, while the other 

showed a much greater growth capacity. 	IIy-1 LE cells also displayed 

a high affinity for one another, forming aggregates, readily after 

dissociation. 	This resulted in a lower percentage of cells attaching 

to the culture plate than N cells. 	These differences between the 2 

strains appear to be fundamental properties of the cells themselves, 

since the differences were persistent through many cell divisions 

and 3 culture passages. 
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2.6.2 	DNA, RNA and Protein Metabolism 

Further studies on these strains end Fly-2, concerning DNA, ENA 

and protein metabolism, have lead to the discovery of other differences. 

Pulse-chase experiments on whole lenses indicated that the rate of 

synthesis of rRNA, tRNA and. mRNA was specific for each strain, large 

differences occurring between them. 	This suggested that the rate 

of synthesis of MIA classes was under genetic control (Truman, 

Clayton, Gillies and MacKenzie, 1976). 	Thymidine incorporation 

into day-old lenses of all 3 strains was greater in both hyperplastic 

strains than normal (N). 	The autoradiographs showed that more nuclei 

were labelled, visible in any of the layers of the multi-layered 

epithelium (Claytonetal., 1976a). 

Similarly, differences were found in these strains in the rate 

of crystallin synthesis and also qualitative differences such that 

6 crystallin synthesis in particular was enhanced in the hyperplastic 

strains, as previously discussed. 

2.6.3 Membrane Composition 

Numerous cases are reported in the literature of growth modifi-

cations of particular cell types being closely correlated with a 

change in a cell surface marker (e.g. lymphocytes In AKR-CBA mouse 

chimaeras, (Tuffrey, Barnes, Evans and Ford, 1974). Odeigah, Clayton 

and Truman (1979) showed qualitative differences in the protein and 

glycoprotein composition of the membranes. 	The Triton X100 solubi- 

used membranes yielded different electrophoretic polypeptide and 

glycoprotein profiles in all 2 strains. 	A marked deficiency of gap 

junctions and a raised sialic acid content in membranes from strains 

Hy-1 and Hy-2 was also evident. 	Cell agglutination of dissociated 



day old LE cells by Con A,flicinis corununis agglutinin 120, Phyto-

haeaagglutinin P and anti-Fl lectins was found to he greater for 

- 	each lectin in both hyperplastic strains when compared to normal. 

The cell surface changes between the strains appeared to be extensive 

and more complex for straightforward correlation of growth modifi-

cations and genetic cell membrane alterations. 	However these modi- 

fications may be related to the abnormal behaviour and hyperprolifer-

ation of the LE in vitro exhibited by these hyperplastic strains. 

All of these biochemical differences In the LE between the 3 

genetic strains which are described above, have been elucidated 

without knowledge of possible circadian variation in metabolic events, 

which this thesis reports. 	It is possible that those differences 

may be less prominent, or indeed even more marked in the light of 

this evidence. 

67. 



68. 

CHAPTER 3. 	MATERIALS AND METHODS 

All chemicals and reagents used were of Analar grade and obtained 

either from B.D.H. Chemicals Ltd. (Poole, England), or Fisons Ltd. 

(Loughborough, England) except -,here otherwise stated. 

3.1. 	Animals 

Day old chicks of the Hy-1 and Hy-2  strains and of the control 

strain (N) were supplied by Ross Poultry Ltd., Newbridge, Midlothian 

and the Poultry Research Centre, Edinburgh. 

3.2 Culture Methods 

Nimclon tissue culture dishes and flasks were obtained through 

C-ibcc Biocult Ltd., Glasgow, Scotland. 

Eagle's minimal essential medium (MEM) x 10, Medium 199, Earle's 

salts, foetal calf serum, penicillin-streptomycin mixture, L-glutarnine 

(2mM) and sodium bicarbonate (22xng/ml were obtained from Gibco Biocult 

Ltd. 

Whole lenses and lens epithelial cells were incubated at 37 °C 

in an automatic CO 2  incubator (Forma Scientic, Ohio) with a humidified 

atmosphereof 95% air and 5% CO 2* 

3.2.1. 	Whole Lens Culture 

Intact lenses were dissected from day old chick eyes in a hori-

zontal laminar flow hood (South London Electrical Equipment Company, 

Surrey, U.K.) to minimise bacterial and fungal contamination. Lenses 

were cleaned of adhering iris by gently rolling on sterile filter 

paper (Whatman No. 1) and washed in pre-warmed medium 199 containing 

200 i..u./nl penicillin-streptonycin mixture. 	On completion of the 

dissection, the lenses were transferred to 2m1 pre-warmed medium 199 



supplemented with 10% (v/v) foetal calf serum (FCS) and 200 i.u. 

pepicilliri-streptomycin mixture. 	The medium was double labelled 

with radioactive precursors for DNA and RNA synthesis as indicated 

in Section 3. 

3.2.2 	Lens Epithelial Cell Culture 

Whole eyes were removed from day old chicks, sterilised in 707, 

ethanol for 60 seconds then washed three times in warmed 0.9% (w/v) 

saline. 	The front of the eye was cut off in phosphate buffered 

saline (PBS), the lens capsule punctured with sharp forceps and the 

lens fibers extruded by gently squeezing around the lens equator. 

The lens epithelium (LE) including most of the annular pad was then 

pipetted into calcium and magnesium-free Eank's saline (C?LF) until 

the dissection of eyes was completed. 

The lens epithelia were dissociated by 0.125 0/'0  (w/v) trypsin 

(Sigma Chemical Co.Ltd., London) in C?!F for one hour with occasional 

agitation with a pipette. 	The cells were then washed three times in 

Eagles minimal essential medium supplemented with 61010  FCS. 	Small 

clumps of cells were removed by centrifugation for 30 seconds. 

The final cell suspension, consisting mainly of single cells, 

were counted using a haemocytometer. 	They were inoculated at a 

density of either (a) 3 x 1O 5  cells per 6cm diameter plastic tissue 

culture grade plates each containing 4m1 of Eagles minimal essential 

medium plus 67a  FCS (Okada, Eguchi & Takeichi, 1971), or (b) 2 x 10  

cells in 150 x 110mm plastic tissue culture flasks containing 30m1 

of nutrient medium as above. 

The me di un was changed every 2-3 days. 

ME 
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3.2.3. 	Cell Counting 

Monolayer cultures were trypsinised with 0.20/10 trypsin for 1 hour 

at 37°C, agitated by gentle pipetting, then treated for 10 inns with 

0.01% EDTA to ensure that all the cells were completely separated. 

The cells were then harvested by centrifugation at 1000g, resuspended 

in a known volume of CF and counted using a Fuchs-Eosenthalhaemo-

cytometer. 

3.2.4 	Cell Synchronisation Methods ,  

See Chapter 4 for the methods, results and discussion of the 

synchronisation procedures investigated and subsequently used. 

3.2.5 	Additional Supplements to LE Cell Cultures 

Bovine crystallin insulin was obtained from B.D.H. Chemicals 

Ltd. (Poole, England) and was used in a concentration of 10 pg/mi in 

6% FCS supplemented minimal essential medium. 

Retinal extract (RE) was donated by courtesy of C. Arruti, D. 

Barritault and Y. Courtois (Unite de Rsearche de G4rontologie, 

I.N.S.E.R.M., Paris) and was used in a concentration of 501ig/ml in 

6% FCS supplementd minimal essential medium. 

3.2.6 	DNA Estimation of LE Cell Cultures 

Cells were harvested and the DNA content/cell estimated by the 

method of Giles and Myers (1965). 

3.3 Radioactive Labelling 

3 	 14 	 3 
H amino acid mixture, 	C amino acid mixture, (methyl- H) 

thymidine, (5-11) uridine and iodine-125 were purchased from the 

Radiochemical Centre, Amersham, Bucks. 
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3.3.1 	Whole lenses 

Whole lenses were explanted at varying times over a 24-hour 

period and transferred to 2m1 1199 supplemented with 10% FCS and 200 

i.u. penicillin. 	The medium was labelled with radioactive precursors 

for DNA and/or RNA synthesis according to the experiment. 	The pulse 

label was one hour in duration at 37°C in 5% CO  in air. 

The maximum time-lapse between decapitation of the chick and the 

commencement of the radioactive pulse was 25 minutes. 

Whole lenses were processed according to either (1) or (ii): 

Lenses were double-labelled with 1001JC1/inl 3 11 thymidine and 

5pCi/m1 14C uridine, washed in cold saline and transferred singly to 

a 2mm square of chromatography paper. The lens capsule was punctured 

squashed firmly onto the paper and then transferred to 5% TCA. 	The 

non-aborbent surface of polythene backed paper (Benchkote, Whatman) 

was used directly beneath the chromatography paperto prevent the loss 

of any material. Each lens was washed twice separately in 5% TCA, 

in absolute ethanol and then in ether.- The radioactivity incorporated 

was determined by scintillation counting (Section 3,4.1), 

It has been verified that incorporated precursor was adequately 

washed from the squashed lenses, by labelling lenses for varying 

periods from zero-time to 90 mins, 	The plotted results of disintegra- 

tions / minute/lens against time showed a smooth curve which passed 

through the origin. 

Lenses were labelled with lOOpCi/inl 3H-thymidine, prepared for 

histological sectioning followed by autoradlography of the sections 

(see Section 3.4.2). 
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3.3.2 	Cell Cultures 

Protein labelling 

Random monolayer cultures of lens epithelium were labelled with 

50pCi/inl 3 11 mixed amino acid mixture in irediun supplemented with 6% 

FCS for 3 hours at 

which were synchro 

their asynchronous 

lOpCi/ml 
14 

 mixed 

timed intervals. 

37 °C in 5% Co2  in air. 	Lens epithelial cultures 

ised before labelling for protein analysis, and 

control cultures, were labelled for 30 minutes with 

amino acids in medium supplemented with 6% FCS at 

In all cases the cells were washed thoroughly with 

cold saline to remove FCS proteins and unincorporated radioactivity, 

Water-soluble and membrane fractions were prepared as below (Section 

3.5) and the samples run on polyacrylariide gels. A f)uorograph of 

the gel was then prepared (Section 3.4.3). 

DNA and RNA Labelling 

Monolayer cultures were labelled for 1 hour with loopci/m]. 

thymi dine, or lOOpCi/inl 3H-thyxnidine and 5pCi/inl 14C-uridine at timed 

intervals. 	The cells were washed thoroughly with cold saline, pre- 

cipitated with 5% TCA then filtered onto discs of Whatman glass 

inicrofibre (GFA-1) 1  and washed with 5% TCA, absolute ethanol and ether. 

After drying the radioactive incorporation was determined by scintil-

lation counting (Section 4A). 

Aliquots of synchronous cell suspensions (see Chapter 4) were 

removed and labelled with lOOpCi/ml 3H-thymidine and/or 5pCi/ml 

uridine for 1 hour, 	Samples were precipitated with 5% TCA after the 

addition of bovine serum albumin to a total concentration of 50pg/ml, 

This acts as a carrier to precipitate small concentrations of the 

labelled RNA and DNA. 	The samples were filtered as above and radio- 

activity determined by scintillation counting. 
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Assay for Binding of Iodinated Lectins 

Preparation of Labelled Lectins 

Wheatgerri agglutinin (WGA), Ricinis coinnunis agglutinin-120 

(RCA-120), Phytohaeinagglutin (PHA) were obtained from Miles Laboratories 

Ltd. (Stoke Poges, Slough, England). 	Concanavalin A (Con A)(Grade 	IV 

from Jack Beans) was obtained from Sigma Chemical Co, Ltd. (London), 

The specific sugar inhibitors for the various lectins are a methyl-

D-ixiannosi de (Con A), D-galactose (RCA-120) N-ace tyl-D-gal actos amine 

(PEA) and N-acetyl-D-glucosamine (WGA) and were obtained from Sigma 

Chemical Co. Ltd. (London), 

The lectins were labelled with '25 I (carrier free) by the 

Chloranine-T method of Hunter and Greenwood (1962) lOOpg of lectin 

was dissolved in lOpi of phosphate buffered saline. 	The lectin was 

iodinated by adding lmCi of carrier free 
125 

 and lOpi of 1% chiora- 

inine-T in PBS solution. 	The solution was allowed to stand for 10 

minutes at 20°C before adding 10111 of 1% sodium metabisulphite in PBS. 

The mixture was left for 10 minutes with occasional gentle shaking 

and diluted to lml with PBS. 	The solution was dialysed against PBS 

for 24 hours at 4 
0C with frequent changing of the PBS in order to 

remove any unreacted isotope. 

Reaction of Iodinated Lectins to Cells 

Aliquots of synchronous lens epithelial cells were mixed with 

either an equal aliquot of iodinated lectin solution or iodinated 

lectin solution plus the appropriate inhibitor in a 2m1 sterile 

serum tube. 	The cells were then incubated at 37 
0
C for 30 mins, 

washed three times in PBS and the pellet suspended in 70% ethanol. 

The samples were precipitated with 5% TCA and filtered, washed and 
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dried as, above ready for scintillation counting. 	To calculate the 

amount of iodinated lectin bound specifically, the amount bound in 

the presence of the inhibitor was subtracted from the amount bound 

in the absence of the inhibitor. 

3.4 	Assay of Radioactivity 

3.4.1 	Scintillation. Counting 

- 	 The triton/toluene scintillator used contained 25g PPO and 1.5g 

dimethyl POPOP in 3.5 litres toluene and 1.5 lItres triton X-100, 

All of these chemicals were obtained from Koch-light Laboratories 

(Colnbrook, Bucks.). 

Samples were precipitated with TCA, washed and dried as above 

(Section 3,3). 	The filters were placed in vials containing 5xnl of 

the triton/toluene scintillator anc counted in a refrigerated inter-

technique scintillation spectrometer, 

3.4.2 Autoradiography 

Whole lenses were fixed in Carnoy's fixative for 4 hours after 

radioactive labelling, washed in 70% alcohol several times followed 

by several washes in 95% alcohol over a period of 48 hours, They 

were then transferred to terpineol for 48 hours. The terpineol was 

allowed to reach 60°C for 15 mina and paraffin wax added to make a 

1:1 ratio for 15 nins. Several changes of wax were made over a 

period of 10 hours. 	The lenses were then put into block and cut 

into 10pm sections. 	The sections were stained with haeniotoxylin 

and eosin.' Coating of the slides with Ilford L 4 gel type 

nucl&r emulsion was carried out using the dipping method of Messier 

and Leblond (1957) and exposed in the dark at 4 °C for 4-6 days, 



The slides were developed using Kodak D19B for 4 mins, rinsed in 

distilled water then fixed with Ilford flypain for 8 nuns. 	They 

were washed in running water, dried and examined. 	Photographs 

were taken with a Carl Zeiss Ultraphot. 

3.4.? 	Fluorography 

In order to detect labelled proteins after separation on 

polyacrylanide slab gels, they were analyzed by fluorography (Bonner 

and Laskey, 1974) using pre-flashed X-ray film (Kodak X-OMAT .  R film) 

to give a quantitative response to radioactive disintegrations 

(Laskey and Mills, 1975), 	A Kipp and Zonen integrating densitometer 

was used to scan the fluorographa. 

3,5 Preparation of Lens Epithelial Cell Fractions 

3,5,1 Water-Soluble Fraction 

Cells were harvested using a rubber policeman, washed thoroughly 

to remove FCS proteins and either homogenised at 4 °C in 10mM phos-

phate buffer p11 7.2 containing 10mM -2-me reap toethano1 or repeatedly 

frozen in liquid N2  and allowed to thaw each time (5 times), 	This 

freeze/thaw method was particularly suitable to obtain maximum yield 

of protein from small cell culture samples. 	The proteins obtained. 

were comparable with those obtained by homogenisation. 	The samples 

were centrifuged at 4 °C for 20.mins at 10,000 rjp.m. in an Ependorf 

bench centrifuge (Model 5412). 	The supernatant contained the water 

soluble proteins. The pellet was washed 6-10 times in the above 

buffer, after which no soluble crystallins were detectable in the 

supernatant using iiwnunoelectrophoresis and an antiserum to total 

chick lens soluble proteins, 
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3.5,2. 	Urea-Soluble Fraction 

The pellet was homogenised in the phosphate buffer as above 

with 8M urea and left overnight 'for 18 hours at 4 °C, 	The homogenate 

was centrifuged at 16,000 r.p.m. for 30 nina. 	The supernatant 

contained all the urea-soluble proteins. 	The pellet (urea-insoluble 

membrane rich fraction) was washed, repeatedly in 8M urea until 

crystallins were no longer detectable in the supernatant. 

3.5.3 Cell Membrane Fraction 

Method 

The urea-soluble pellet was homogenised in the "solubilising 

solution" of Miner and Heston (1972). 	This contained 50mM K2c0 3 , 

8M urea, 10% -2-mercaptoethanol and 5% Triton x -100, which 

permits differences in charge to be analysed. 	Triton X-100 was 

substituted by 0.2% SDS for separation of the subunits by molecular 

weight. 	The homogenate was centrifuged at 16,000 r.p.m. fcr 30 

minutes at 7 
0
C. 	The supernatant was used for analysis on poly- 

acrylamide gels. 	Clayton et'al,, 1976b, c, and Odeigah et al., 1978 

reported that a 15-20 minute sonication period prior to centrifu-

gation increased the yield of membrane proteins, . Results using 

this method however were, unsatisfactory when sonication of that 

duration was used. 	An investigation was therefore carried out on 

the effect'of sonicationon the membrane proteins which were ana- 

lysed by SDS and IEF rod gels (see Section 3.6), 	Whole lenses from 

mixed chick strains were used for this analysis. 	A Soniprobe Type 

1103A (Dave Instruments Ltd., London) was used for sonicating the 

samples. 



The supernatants were prepared as above with the following 

modifications: 

unsonicated membrane sample as above. 

the pellet of sample (a) resolubilised for 18 hours 

30 second sonication 

intermittent sonication for 5 minutes. 

Results 

The profiles of membrane protein polypeptides fractionated 

by IEF and SDS gels are shown in Figures 3.1 and 3.2 respectively. 

Additional membrane polypeptides and an increase in yield was evident 

after the supernatant of the second solubilisation period was com-

pared to that of the initial solubilisation of the same pellet (Gels 

B and C in Fig. 3.1, and A and B in Fig. 3,2), 	The bands of the IEF 

gels show a decline in resolution as the sonication time increased. 

It was noticeable that the presence of polypeptides in the p1 range 

of 5.0 - ,5 increased, particularly in the sample sonicated for 5 

minutes. 	The number of bands in the 7,0 - 7,5 p1 range diminished, 

however. 	In the SDS gels the polypeptides in the lower molecular 

weight region are reduced in amount while those in the higher mole-

cular weight region show a greater density, particularly a major 

band at 103,000 M.W. 	A greater deposit of material which did not 

enter the SDS gels is evident in the sonicated samples. 

Discussion 

Prolonged solubilisation of the urea insoluble pellet with 

Miner and Heston's (1972) "solubilising solution" resulted in both 

a qualitative and quantitative increase in the yield of membrane 
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IEF polyacrylaride gels of membrane polypeptides from whole 

lenses treated in different ways. (A) The water soluble proteins 

from day old chick with the crystalliris labelled as markers. 

Unsonicated membrane sampler. 	(C) Sample resulting from 18 

hour resolubilisation of the pellet from (B). 	(D) 30 second 

sonication of membrane sample. 	(E) Intermittent sonication of 

membrane sample for 5 minutes. 

FIGURE 3.2 

SDS polyacrylanide gels of membrane polypeptides from whole 

lenses. (A) Unsonicated membrane sample. (B) Sample resulting 

from an 18 hour resolubilisation of the pellet from (A). 

30 second sonication of membrane sample. 	(D) Intermittent 

sonication of membrane sample for 5 minutes. 	The molecular 

weight markers represent a-phosphorylase, -crystn11in and a 2  

crystallin in order o 
I 
 f decreasing size. 
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polypeptides. 	Sonication resulted in qualitative differences in 

the membrane polypeptides, when compared to the unsonicated samples. 

In the IEF gels certain bands were present while others were absent. 

The SDS gels show a reduction in the amount of low molecular weight 

material with an increase in the higher molecular weight material 

in the sonicated samples. 	Certain factors could contribute to 

these differences such as oxidation of membrane glycoproteins 

leading to cross-linking or fragmentation of the membrane such that 

parts of the lipid components are attached to the membrane glyco- 

proteins, so changing their charge and size. 	It was found that 20 

- 30 seconds was the maximum time of sonication which could be 

carried out without overheating of the sample. 	15 to 20 minutes 

therefore seems an excessive duration for sonication to be continued. 

Due to the large proportion of detergent in the sample excessive 

frothing occurs during sonication. 	Care must be taken to ensure 

that the Soniprobe tip remains submerged in the sample. 	The profiles 

of membrane polypeptides in Clayton etal, (1976b,c) and Odeigah et 

al, (1978) suggest that this may have occurred, as bands in the IEF 

gels were well resolved unlike gel E of Figure 3,1, sonicated for 

5 minutes. 	This suggests that effective sonication was not carried 

out for the duration stated. 	Variation in the amount of sonication 

administered to each sample could, however, account for some of 

the differences reported in the membrane composition of the different 

chick strains compared. 	No strain comparisons were made in this 

study. 

It is therefore concluded that the above mentioned method of 

membrane solubilisation of the urea insoluble pellet with the addition 



79. 

of 18 hours in the "solubilising solution" prior to centrifugation 

gives a higher yield of membrane polypeptides with a consistent 

profile, 

3.5.4 Protein Determination 

Protein concentration was determined using the commercially 

available Biorad protein assay (BioradLaboratories, Munich) and 

by reading the absorbancy at 595nir. Bovine serum albumin was used 

as a standard. 

3.6 Poly s crylamide Gels. 

3.6,1 	Icelectric Focussing on Slab Polyacrylamide Gels 

The isoelectric focussing technique was based on the method 

of Wrigley (1968) modified so that the gel contained 50xnl 9M urea/ 

1% ammonium persulphate solution, 4,8m1 1% temed and0,9m1 of each 

ampholine in the p11 range 3.5-10, 4-6 and 6-8 (Burns, 1975), and 

18m1 of a'30% acrylainide/bis-acrylamide solution. 	1.25% Triton x 

100 was added to the gel mixture to prevent precipitation or re-

aggregation of the membrane components, The commercially available 

"multiphor apparatus" 'was used for running these gels (L O K O B O  

Instruments Ltd., South Croyden), 	Ampholines were also purchased 

from L.K.B. Instruments Ltd. 

Samples were loaded at a concentration of 50i.ig on 5 x 10mm 

Whatman 3mm paper, The electrode solutions consisted of 1M NaOH 

(cathode) and 1M H 3  PO 4  (anode), 

The gel was rim at a starting current of 45-50mA, increasing 

the voltage every 5-10mins until l,lOOV was reached. The gel run 

was completed after 2 hours. 
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The gels were fixed in 12.5% TCA at 65°C for 30 -nins and the 

ainpholytes removed. 

3.6.2 	Isoelectric Focusing on Rod gels 

The above solutions were used to make 9.6 x 0.5cm rod gels by 

filling 0.5cm internal diameter glass tubes sealed at one end with 

plasticine. The gels were immediately overlayed with iso-butanol 

to obtain a flat top. 

The anodal electrode solution consisted of 0.2% sulphuric acid 

containing 10mM 2-mercaptoethanol. 	The cathodal electrode solution 

consisted of 0.4% ethanolanine also containing 10mM 2-mnercaptoethanol. 

The gels were aligned vertically in a disc electrophoresis tank with 

the anodal solution in the upper compartment and the cathodal 

solution in the lower compartment. 	The gels were pre-rim at a con- 

stant current of 0.5mA per tube for 30mins at 4 °C. 	Samples were 

layered onto the top of the tubes in a concentration of 250-300pg/ 

gel. 	The gels were run for 16 hours at 4 °C with a constant current 

of 0.5nlA/tube. 

The gels were removed from the tubes by injecting a jet of 

water with a hypodermic syringe between the gel and tube. 

3.6.3. SDS Slab Poly acrylanide 'Gels 

A 12% acrylarnide lower separation gel was used with a 3% acry-

lanide upper stacking gel. 	The lower gel consisted of a mixture of 

20mnl of a 30% acrylamide/0.8% bisacrylamide solution, 25m1 of 0.75M 

Tris pH 8.8; 0.5m]. of 10% sodium dodecyl sulphate, 9rn1 distilled 

water; 0.2m1 of 10% ammonium persulphate and 201. 1 1 of TEMED. 	This 

was poured, overlayed with water and allowed to set. 	The stacking 
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gel consisted of 2.5m1 of 0% acrylarnide/0.E% bisacrylamide 

solution; 5nil 0,25M Tris pH 6.8; 0.25m1 of 10% SDS; 17m1 of 

distilled water; 0.lml of 10% ammonium persuiphate and lOpi of 

TE MED. 

50pg of sample protein was mixed with an equal volume of sample 

buffer, consisting of 0.025M Tris pH 6.8; 2% SDS; 10% glycerol 

5% 2-xnercaptoethanol and 0.002-0.004% Bromophenol blue, and then 

loaded onto the gel. 	The gel was run with a constant current of 

lOrnA until the bromophenol blue reached the lower gel. 	The current 

was then increased to 30nA. The gel run was complete after 4-6 

hours, when the bromophenol blue reached the bottom. 

The electrode buffer consisted of 0.025M Tris, 0.192M glycine 

and 0.1% SDS. 

3.6.4 	SPS Rod Polyacrylari.ide Gels 

The above solutions in Section C were used to make 10 x 0.5cm 

rod gels. 	The lower gel was allowed to set prior to overlayering 

with the larger pore gel solution. 	Samples of about 150pg protein 

were mixed with the sample buffer described in the previous section, 

then layered on the top of the gels. 	Electrophoresis was carried 

out at room temperature for 4 hours at a constant current of 3inA 

per gel tube in the tris-glycine buffer previously described. 	The 

run was complete when the marker dye reached the bottom. 

3.6.5 	Staining of Protein 

The protein staining method was bused on that of Crambach, 

Reisfeld, Wychoff and Zaccar (1967). 	0.2% Coomassie Brilliant Blue 

in an ethanol-water--glacial acetic acid mixture (45:45:10) was used 



for staining at 65 °C for 30 mina followed by destaining in an 

ethanol-water--glacial acetic acid solution (25:65:10). 	The gels 

were stored in 7% acetic acie at room ten:perature prior to being 

photographed. 

3.6.6 Photography of Gels 

Ilford Pan F film was used for the photography of stained gels 

using a yellow filter. 

3.6,7 	Scanning of Gels 

Positive transparencies of the gel photographs were scanned 

with a Kipp and Zonen densitometer (Model KS3 Microdensiscan, F.T. 

Scientific Instruments Ltd., Yateley, Surrey). 

3.7 Time Lapse Photography 

Lens epithelial cultures from strains Hy-1, Hy-2 and N were 

set up as previously noted. Cells were seeded at a density of 1 x 

105  cells/6cm diameter- plastic tissue culture grade plate. 	Cells 

were allowed to plate and grow for 4 days under the previous noted 

conditions. On day 5 ofculture the medium was changed and the 

conventional tissue culture lid replaced with a Cooper dish lid 

(Nunclon) ready for filming. This type of lid avoided an air inter-

space between the cell medium and the lid which would interfere 

with the photography. 	Cell growth studies were carried out to 

see if any difference was apparent in cultures with the two types 

of tissue culture lids.. It was possible that the lack of an air/CO 2  

interspace between the culture medium and the Cooper dish lid could 

limit equilibration of nutrients and waste produc$. No aignificant 
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difference was found in the growth rate between the two types of 

culture. 

A Gillet and Siebert inverted.phase microscope was housed in 

a polystyrene temperature controlled hot box. The temperature 

was maintained at 37°C 1 0.5 °C throughout filming. Phase contrast 

was used with a total magnification of x36. 	A Kodak cing camera 

specially modified for motor driven single frame records was used 

for filming in conjunction with a Wild intervelometer. The frame 

interval was 10 minutes. Ilford Pan F film was used for the analysis. 

The culture plate was housed in a platform shown in diagrammatic 

form in Figure 3.3. 	Gas inlets for humidified 95 17, air/5% CO  main- 

tained the culture medium at the correct pH. 	A moistened foam 

ring around the periphery of the culture dish maintained the 

humidity. 	Filming was carried out for periods of up to 4 days. 

Medium changing within this period was carried out. The arrangement 

of the microscope platform permitted exactly the same field to be 

returned for filming after each medium change.- 

Single frame analysis was carried out using a Lytax single - 

frame analyser (now obsolete). 



pressure spring 	 moistened foam 
I 	 r i n n 

air/CO2 inlet 	 I 	water inlet 

culture dish 

Figure 3.3 

Diagrammatic representation of the culture-dish housing 

during tiie-lapse photography. 
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CHAPTER 4. 	INDUCTION OF SYNCHRONOUS LENS EPITHELIAL CULTURES: 

TWO METHODS 

4.1 	Mitotic Selection 

4.1.1. 	Method 

Only strain Hy-2 was used for examining the possibility of 

inducing synchronous cultures of lens epithelium. 

Freshly dissociated lens epithelial (LE) cells were seeded in 

flasks as above. 	A method of cell synchronisation based on the 

mitotic selection method of Terasiiiaa and Tolinach (1961 and 1963) 

was used. 	When the cells were in exponential growth (Day 6 after 

seeding) the inonolayers were briskly agitated 1cr 15 seconds and 

the supernatant was carefully decanted into sterile tubes and either 

discarded. (in the case of the first few selections), or concentrated 

by low speed centrifugation. 	The time interval, LT, between agit- 

ations varied according to the experiment. 

4.1.2 	Results 

(a) The Effect of Agitation ofExponenti ally GrOwing LECultures 

Lens epithelia were dissociated, seeded and grown in flasks as 

previously described. 	Photographs of cultures were taken before and 

after agitation of the flasks (Plate 4.1). 	The agitation applied 

to the flask was sufficient to release all loosely attached cells. 

The cells in the supernatant were counted and scored as either mitotic 

or interphase. 	The average yield obtained was 1.63 x 10 
5

cells for 

every 10 
6

celisin the flask. 	The average mitotic fraction obtained 

was 0.57. This percentage increased with successive agitations of 

the same monolayer cultures with a 15 minute interval between them 

(Fig. 4.1). The mitotic fraction increased from 0.57 in the first 



PLATE 4.1 

The effect of agitation of exponentially growing lens epithelial 

cultures (strain Hy-2). 

(A) shows a culture larnediately prior to agitation. 	Mitotic 

cells can be seen loosely attached to the monolayer. 

(B) .  shows the sane culture immediately after agitation of the 

flask, removal of the medium, and followed by replacement 

by fresh medium. 
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Figure 4.1 

Mitotic cells were scored after each harvest from the same 

monolayer culture at intervals of 15 minutes. 	8 successive 

harvests were scored. 	The mitotic cells were expressed as a ratio 

of the total cells present:- the mitotic fraction. 	The mitctic 

fraction is plotted against each successive harvest. 



selection to 0.92 in the sixth selection. 	The yield, however, 

decreased to 2,9 x 1O4  cells for every 10  cells in the flask. 

Determination of the AT Interval Between Harvests to Optimise 

the Mitotic Fraction 

Monolayers of LE cells, 6 days after seeding, were successively 

agitated four times and the supernatant with the detached cells dis- 

carded each time. 	The time interval (AT) between agitations ranged 

from 5-40 minutes, 	The fifth harvest was scored for mitotic cells. 

The results are plotted in Figure 4,2. 	The highest mitotic fractions 

were obtained after harvesting at 10. minute and 15 minute intervals, 

and were 0.91 and 0.94 respectively. 

Determination of the Age Distribution of Selected Cells 

Populations of LE cells were selected as in (b) using different 

values for the AT interval between successive agitations.. Ce]ls 

were isolated only after 4 cycles had been discarded. 	These popul- 

ations were concentrated and seeded as suspension cultures and the 

mitotic fraction determined as a function of time (Fig. 4.3). 	In all 

cases the mitotic fraction fell rapidly irrespective of the initial 

mitotic fraction, and approximated to zero at 30 minutes after selection. 

Maximisation of Yield of Synchronised Cells 

(i) Pooling of Successive Harvests 

Successive harvests of selected LE cells were pooled. 	Four 

successive harvests with the optimum AT interval of 15 minutes 

determined in Section (b), resulted in a population size of 1.2 

x 105  cells but with an age distribution of 90 minutes. 
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Figure 4.2 

Determination of LT interval between harvests to optimise 

the mitotic fraction. 	The 5th successive harvest of each culture, 

with intervals between then ranging from 5-40 minutes were scored 

for mitotic cells. 	The mitotic fraction is plotted against the 

time interval between successive harvests. 



FI GURE 4.3 

LE cells were seeded as suspension cultures after mitotic 

selection. 	Populations were harvested with different ET inter- 

vals ranging from 5-40 minutes. 	The cells In each culture were 

monitored by photographs at six minute intervals. 	The mitotic 

fract ion ,  was determined by scoring from the photographs, and 

plotted against time. 
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Effect of Cold on Advance of Mitosis. 

Selected populations of mitotic LE cells were seeded as a 

- 	suspension culture as previously described. 	They were 

cooled to 4°C for 2 hours and the mitotic fraction was 

scored at intervals. 	The results are plotted in Figure 4.4. 

The low temperature reduced the number of cells reaching cell 

division. 	After 2 hours the mitotic fraction was 0,71 after 

• 	an initial fraction of 0,93, 

Colcemid Treatment as a Means to Increase Yield 

Colcernid (demecolcine) was used in an attempt to increase the 

yield of mitotic cells from monolayer LE cells (Stubblefield 

et - al., 1967). 

Different concentrations of colcemid, ranging from 0.5ig/inl 

- 0.001pg/irl were used to determine the minimal amount which 

would accumulate rnetaphase cells in exponentially growing 

cultures. 	6 day old LE cultures were dosed for 2 hours and 

scored at the end of the period as having either an increase 

or no change in the frequency of mitotic cells as compared to 

an untreated control. 	 0.Olpg1nl was the minimal 

concentration which would increase the number of metaphase 

cells over a 2 hour treatment period. Plate 4,2 shows 

(A) an untreated control compared with (B) a culture treated 

with 0.Olpg colcemid/ini. 	(C) is a photograph of the same 

culture, one hour later showing the reversibility of the col- 

cemid treatment. 	The large accumulation of mitotic cells 

visible in (B) have completed mitosis and have reattached to 

the culture dish. 
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Figure 4.4 

The effect of cold on the advance of mitosis. 	Selected mitotic 

cells were cooled to 4 °C immediately after harvesting, and the 

mitotic fraction was scored at intervals. 	The mitotic fraction is 

plotted against time. 
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PLATE 4.2 

Photographs of LE cultures. 

(A) An untreated control compared with (B), a culture treated 

with O.Olpg colcemid/mi. (C) is a photograph of the 

same culture as (B), one hour later after the removal 

of colcemid. 
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Protein Analyses of Colcemid Treated Cultures 

6 day old LE cultures of strains Hy-2 and N were treated for 

2 hours with O,Olg colcernid deternined in the previous section as 

the minimum concentration which increased the number of mitotic cells. 

The cultures were washed and subsequently grown in the presence of 

normal medium. 	Control and treated cultures were labelled with H- 
&cids 

rnixaJa.rnrno1jfor three hours at various intervals after treatment: 

immediately; 8 hours; 24 hours; 3 days and 6 days later. 	The 

water soluble protein fractions from the cultures were run on IEF 

gels and fluorographed as described elsewhere. 	Figure 4.5 shows 

densitometer traces of the radioactively labelled polypeptides. No 

significant differences were detectable in profiles of the treated 

samples (A) when compared to the untreated controls (B). 

Effect of Colcemid on Yield of Mitotic Cells 

.A 2 hour treatment of O.011JgJml colcemid resulted in a mitotic 

fraction of 0.15, composed predominantly of metaphase cells. 	This 

compared with a mitotic fraction, of 0.06 from untreated cultures, 

which also contained interphase cells (see Section 4A,a) 

4.1.3 	Discussion 

The method of mitotic selection as a means of obtaining syn-

chronous cells, described by Terasima and Tolniach (1961 and 1963) can 

be applied successfully to chick lens epithelium. However, two 

criteria must be fulfilled in order to obtain a population of syn-

chronous cells suitable for further experimentation. 

cells with as narrow an age limit as possible, and 

as large a yield as possible. 

The optimisation of conditions for the selection procedure in order 

to fulfil these criteria v:es the object of the experiments outlined, 



FIGURE 4.5 

The effect of O.Olpg/rnl colcemid treatment on protein 

synthesis. 	LE cultures were treated with 0.01g/nil colcemid 

for 2 hours, followed by a 3 hour pulse label of 'H-mixed 

amino acids. A) immediately, E) 8 hours, C) 24 hours, D) 3 

days and E) 6 days later. 	Untreated controls were labelled 

simultaneously in each group. Water soluble proteins were run 

on 1EF gels and the fluorographs exposed for 26 days. Der.sito-

meter traces of the radioactively labelled proteins are shown 

above for each class. 	The upper trace in each, represents the 

colcemid treated. The lower trace represents the control. 
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Monolayers are initially unsuitable for mitotic selection because 

of loosely attached early G cells, as well as other floating cells 

and debris. 	The contaminants may be removed by a series of pre- 

liminary agitations. 	Figure 4,1 shows the effect on the mitotic 

fraction with each successive harvest. 	The mitotic fraction increases 

up to the fifth harvest resulting in a narrower age-spread of the 

selected cell population. 	However the yield is decreased when com- 

pared to the first harvest. 

The tine interval between harvesting is an important parameter. 

If T represents the age of release of a cell from the culture dish 

as it enters mitosis, and TA  represents the age of reattachment of 

the daughter cells in early G 11  then the AT between T   
and  TA  is of 

considerable importance. 	If the time interval between harvesting 

(LT) is greater thanTA_TR, each selection will repeatedly yield 

mitotic plus early G cells. 	If AT is sufficiently small, i.e. 

smaller thanTATR,  then selection yields mitotic cells within de- 

finable boundaries. 	If, however, AT is too short, the yield will 

be minimal since not many more cells will have reached TR. Figure 

4.2 shows the optimum interval between harvesting as 15 minutes, 

with a mitotic fraction of 0.94. 	The first five harvests were sub- 

sequently discarded and only the sixth used for experimental purposes. 

Figure 4.3 shows the decline in the mitotic fraction with time, Ir- 

respective of the initial initotic fraction. 	It approximated to 

zero at about 30 minutes after selection. This suggests that the 

time required for cells in mitosis from the point of detachment to 

reach division is approximately 30 minutes, 	This represents the 

age distribution of the newly selected population when the mitotic 

fraction is 1.0. 
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In order to increase the population size, harvesting can be 

repeated at 15 minute intervals but at the expense of an equal 

broadening of the initial population width (Peterson etal.,, 1969) 

Figure 4.5 shows that a low temperature slows the progress of cells 

through mitosis to cell division, such that after two hours the 

mitotic fraction was 74% of the original. 	After cne hour the 

mitotic fraction was 93% of the original and therefore would not 

seriously affect the population width. 	This could allow four 

harvests to be successively pooled and used together for an experi- 

ment. 	The total yield, however, would still be only about 1-2 x 

1O 5  cells, which is insufficient for biochemical analysis. 

Colcemid has been used to increase the yield of mitotic selection 

by accumulating mitotic cells (e.g. Stubblefield, Klevecz and Deaven, 

1967), 	However, in using biochemical interference of the cells 

there Is always a danger of upsetting the biochemical balance of the 

culture. 

The minimal concentration which increased the accumulation of 

iretaphase cells by disruption of the inicrotubule assembly in these 

lens epithelial cells was determined as .O.Olpg/znl of colcemid for 2 

hours. 	Analysis of the crystallins synthesised both immediately 

after colcenild treatment and at intervals up to 6 days after treatment 

showed no detectable differences in the polypeptide profiles when 

compared to untreated controls of the same age. 	Morphological 

differences were not detected with no observed change in the onset 

of lentoid development. 	Plate 4.2 shows the recovery of the micro- 

tubule assembly in the form of mitotic division and passage into 

as soon as colceniid is removed, 



This however does not eliminate possibilities of otherside 

effects on the cells as a result of colcen'id administration. Beebe, 

Feagans, Blanchette-Mackie and Nau (1979), have recently shown that 

coichicine, at concentrations lower than those that dissociate micro-

tubules, blocks cell elongation and the associated increase in cell 

volune in embryonic chick lens epithelial cell cultures.. 	It did not 

however interfere with S crystallin synthesis, or the accumulation of 

t crystallin messenger RNA, events associated with lens fibre differ- 

entiation.(Beebe and Piatogoraky, 1977). 	It may also be.a side effect 

specific to coichicine and not to other microtubule depolyrnerisation 

drugs such as colcemid (deinecolcine). 	The use of colcemid succeeded 

in significantly increasing the yield of synchronous cells from 5.7% 

to 14.9% while still maintaining a narrow age limit throughout the 

population. 	Colcemld blocks cells in inetaphase, a stage which 

therefore accumulates. 	Cells at a later stage in mitosis when 

colcemid treatment commences continue through the cell cycle as normal. 

No late mitotic or early G 1  cells are present after 2 hours. 	Prelirr- 

mary washing of the monolayer cultures to eliminate early G cells 

is therefore no longer necessary. 

4.1.4 	Conclusion 

In light of the data presented ,mitotic selection with the aid of 

colcemid to increase the.yield Isthe simplest and most effective way 

of obtaining a synchronous cu1ture.-. - . - A narrow age 

band of cells is obtained in this way. 	Although synchronous cell 

numbers are increased by the use of colcemid, the number obtained is 

still severely limiting for studies involving aliquots at different 

90. 
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cell cycle stages. 	This problem is enhanced by the restriction of 

initial cell numbers for primary cultures, imposed by the nature of 

the tissue under study. 

4.2 Cell Cycle Arrest 

4.2.1 	Method 

LE cultures from strain Hy-2 were grown in the presence of normal 

6% FCS medium for 5 days as previously described. 	The cu]tures were 

washed and treated with medium plus 0.5% FCS for a period of up to 60 

hours. 	Normal 60/0'  FCS medium was then replaced. 	Control cultures 

were treated with 6% ME medium throughout the experiment. 

4.2.2 	Pesults 

The Effect of FCS Depletion on Exponentially Growing LE Cells 

Cell counts were made at intervals throughout the culture period, 

the method of which is described in Chapter 3. 	The growth curves of 

the FCS depleted cultures and of the controls are, plotted in. Figure 4.6. 

The depletion of FCS from thecultures for sixty hours resulted in a 

lag in the growth of cells.. The reintroduction of 6% FCS into the 

culture medium caused cell growth to resume at the sane rate as in the 

control, but with a smaller total number of cells per culture plate. 

An FCS deficient period of 36 hours was found to'be sufficient to 

result in the complete absence of mitotic cells in the culture. 

Determination of Phase of the Cell Cycle in which Arrest Occurs 

(i) 5 day old LE cultures were treated for 36 hours with 0'. 5% FCS medium 

followed by the addition of normal 60/U'  FCE medium (Chang et al., 1977). 

The cultures were then continuously labelled with 0.5pCi/ml 

thyinidine and harvested at Intervals thereafter, up to 24 hours. 	The 
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Figure 	4.6 

Growth curves of FGS depleted LE cultures (---) and of the 

controls (—). Each count was carried out on triplicate culture 

plates. 	The above represents the average of three separate 

experiments. 	Arrow (a) denotes the time of removal of the FS. 

Arrow (b) denotes the readdition of FCS to the culture. 	The control 

was maintained with a constant 6 0.1  FCS throughout. 
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TCA precipitable radioactivity was expressed as a ratio of the protein 

concentration of each sample. 	The results are plotted against time 

in Figure 4.7. 	After a short lag period the c.P.m./PrOteifl concent- 

ration increased rapidly until 15 hours after restimulation by addition 

of FCS. 

(ii) 	7 day LE cultures were harvested after 36 hours in FCS deficient 

medium. 	Control cultures were harvested at the same tine after being 

grown continuously in 6 01, FCS medium. 	The amount of DNA was estimated. 

in both cases. 	The relative amount of PNA/cell in the arrested,. FCS 

reduced cultures was 62 0/ '0  that of normal asynchronous cultures. 

4.2.3 	Discussion 

Deficiency in certain redium constituents normally present for 

cell growth to be maintained in culture results in the arrest of 

growth (Pardee etal., 1978). 	This permits the synchronisation of 

cell cultures by a cell cycle block, followed by a restimulation of 

growth due to the reintroduction of the essential growth mediating 

compound (Section 1.1). 

Figure 4.6 shows the effect of 0.5% FCS on the growth rate of LE 

cells for 60 hours instead of 6 0,'0 FCS medium in the case of the normal 

control. 	A period of no growth is evident when the FCS concentration 

is reduced but which is completely reversible on the reintroduction 

of 6% FCS to the arrested cells In the culture. 	The rate of growth 

after arrest is similar to that of the control as judged by the 

gradient of the growth curve, although there are fewer cells in the 

culture plate. 	A small concentration of FCS provides any necessary 
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311-thyrnidine incorporation into LE cells after FCS deprivation 

followed by its readdition 36 hours later. 	3H-thyinidine. 

incorporation/rig protein is plotted against the hours after the 

readdition of FCS. 



factors for the normal maintenance of the cells, but there is in-

sufficient for promotion into the cell cycle. 	This serves to mini- 

mise any detrimental effect on the cells during this period. 	No toxic 

effects from this method have been reported (e.g. Chang et al., 1977). 

The question then arises concerning the phase of the cell cycle 

in which arrest occurs. 	This is critical when intending the cells 

for synchronised cell culture analyses, as it is necessary to know 

where the cells are in the cell cycle at a particular time. 	Cells 

generally become arrested at the 	boundary by, for example, 

isoleuèine, glutanine and FCS deprivation (Pardee et al., 1978). 

This point of arrest has been termed the restriction point 'Ii' located 

in mid-G1 . 	It is regarded as the critical switching point at which 

cells can shift back and forth from the cycling to the non-cycling 

state. 	However cells can also arrest in G2 . 	Gelfant (1977) quoted 

numerous examples of various cell types which undergo G2  arrest when 

quiescent, being restimulated by a variety of factors. 	He suggests 

that a G2  block may be more common than originally thought as judged 

by his reinvestigation into numerous cell types. 	G1  and G2  blocked 

cells can he distinguished by their patterns of uptake of 311-thyxnidine, 

the timing of their mitotic activity and by the amount of DNA per cell. 

In autoradiographs prepared at intervals after 3H-thymidine labelling 

of arrested-restimulated cells no mitotic cells were visible during 

the first ten hours. 	A peak of mitosis would be expected almost 

immediately after restixnulation if a G2  block had occurred. 	Figure 

4.7 shows apattern of thymidine incorporation which suggests a G 0  

arrest. 	A short lag period is evidentbefore a rapid increase in 

uptake of 3H-thymidine after about 8 hours. 	3H-thymidine incorporation 

would be expected to increase after a longer lag period if a G 2  block 

93. 
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was present, as the cells would need to traverse M and G 1 . 	This 

suggests a C blocked population of major size, there being some 

range in the tire of completion of G after arrest till S-phase 

commences. 	A lag period between the stimulation from G0  to the 

commencement of S-phase fits into the model suggested by Pardee (1974) 

already mentioned, of an 'B' point mid-way in C 1 . 	Cells therefore 

still have to traverse part of C 1  after leaving C0  before reaching S 

phase. 	The variability in the time taken for cells to reach S phase 

and the resultant sigmoid curve In Figure 4.7 can be accounted for by 

the transition probability model of Smith and Martin (1973). 	Their 

model portrays cell replication as a random event resulting from the 

probability of cells leaving C0  (or the 'A' state to use their own 

terminology). 	Environmental factors such as serum influence this 

transition probability by lowering the threshold and permitting more 

cells to pass back into the cycle (or 'B' state). 	Because it depends 

on a probabilistic event all cells cannot be expected to enter the 'B' 

state simultaneously. 

A low background level of DNA synthesis was present in arrested 

cultures. 	This was evident in autoradiographs of arrested cultures 

where a few cells were labelled with 4E-thymidine. 	This accounted 

for only 1-2% of the total cell population. 	It was pointed out in 

Chapter 2.1 that absolute synchrony is difficult to achieve. 	Section 

5.2 demonstrates that considerable synchrony is 'achieved by this method. 

DNA estimations of arrested cultures showed that the DNA content 

per cell was 38c",less than the asynchronous control. This shows that 

more' cells are in the prereplicative C 1  phase than in the asynchronous 

control. More DNA per 'cell would be expected if a C2  block was 
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present when compared to the controls. 	This verifies that the 

depletion of serum from the medium of strain Hy-2 LE-cells results in 

a 	block in at least the majority of cells. 

4.2.4 	Conclusion. 

The above data suggest that cell cycle arrest by FCS deprivation 

followed by restimulation into the cell cycle is an effective method 

for obtaining a synchronous culture of LE cells. It has the advantage 

of resulting in large numbers of cells in synchrony, with the minimum 

of upset to the cells themselves. 
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QIAPTE R 5. 	RESULTS 

5.1 IA and RNA Synthesis in the Epithelium of the Lens of the Chick 

5.1.1 	
3
H-Thymidine Incorporation 

When freshly excised chick lenses were incubated in medium con-

taming 3H-thyinidine for one hour, the level of incorporation of radio-

activity into DNA varied according to the time of day. 	The patterns 

of incorporation were reproducible in different batches of chicks and 

were consistent in three independent experiments under similar conditions 

(Fig. 5.1). 	The fluctuations of incorporation observed over a 24 hour 

period were greater than the standard deviations of the observations 

on the individual lenses made at one time. 	Comparisons of lenses from 

different genetic strains of the chick showed that the pattern of 

diurnal variation was strain specific. 	The number of cells engaged 

in 1A synthesis (as judged by the amplitude of the peaks) and the 

synchrony (as confirmed by autoradioraphy,' Plate 5.1), are both 

greater in the strains with hyperplasia of the lens epithelium (Hy-1 

and Hy-2) than in lenses of more normal morphology (N). The statist-

ical significance of the differences between the maxima and minima 

were evaluated by Student's t-test. 	All three peaks 'of incorporation 

of strain Hy-2 are statistically highly significant within a 24 hour 

period. 	In strain Hy-1 4 peaks are statistically significant. 

Strain N also shows 4 peaks. Because of the limited number of ob-

servations within a 24 hour period, and because each observation is 

of one hour duration, the precise times of maxima and minima of in- 

corporation can only be estimated by interpolation.' In some instances, 

additional observations have been interpolated even although they were 

from a single experiment. 	These have no standard deviations but re- 

present the mean of at least 8 lenses. 



FIGURF 5.1 

Plot of the meanvalues and standard deviation of 
3
H-thymidine 

incorporation of groups of freshly explanted lenses of the three 

strains of day-old chick (N, Hy-1 and Hy-2) at intervals over a 

24-hour period. 	Three independent experiments are represented. 

Mean values of disintegrations/minute/lens are plotted at the time 

of commencement of pulse labelling and therefore correspond to the 

following hour. 	The length of the bar represents twice the standard 

deviation. 	Additional observations have been interpolated even 

i-though they were from a single experiment. 	These have no standard 

deviations but represent the mean of at least 8 lenses. 
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PLATE 5.1 

Autoradiographa showing incorporation of 3H-tbymidine in 

day old strains of Hy-1, Hy-2 and N chick lenses. 	Freshly explanted 

lenses were labelled for one hour at varying tines of day, em-bedded 

sectioned, stained and then dipped in photographic emulsion. They 

were exposed fcr 4 days. 

A 	Strain Hy-1 lens labelled between 23.30 - 00.30, a period 

of high level incorporation (see Fig. 5.1). 

B 	Strain Hy-1 lens labelled between 14.10 and 15.10, a low 

level of thymidine incorporation (see Fig. 5.1). 

C 

	

	• Strain Hy-2 lens labelled between 12.30 - 13.30, a maxirruvi 

incorporation period (see Fig. 5.1). 

D 	Strain Hy-2 lens labelled between 23.55-00.55, a minimum 

incorporation period. 

E 	Strain N lens labelled betwcen 14.00-15.00, a high level 

of incorporation. 

F 	Strain N lens labelled between 11.00-12.00, a minimal 

incorporation period. 

C 	High power magnification showing labelled nuclei. -in an 

autoradiograph x 1000. Hy-1 lens. 



m
 

.1
 	

4
' 

k 

11
 

e
l 

)
Ik 

A
l 

4 



97. 

5;1.2 	
14

C-Uridine Incorporation 

Freshly explanted lenses incubated in medium containing 

uridine for one hour also exhibited partial synchrony and a diurnal 

rhythm in incorporation of the P34A precursor which was characteristic 

for each strain (Fig. 5.2) . 	As in the thycidine incorporation, syn- 

chrony is greater in the strains with hyperplasia of the lens epi-

thelium than in the control strain M. 

A definite relationship exists between .thymidine and uridine 

uptake of the same lenses. 	The frequency of the peaks of incorporation 

are similar in both profiles, particularly Hy-1 and Hy-2. In these 

profiles, however, the uridine maxima appear to occur slightly later 

than the thymidine maxima. 

5.1.3 	Autoradiography of H-Thymidine labelled lenses. 

Freshly excised lenses of the 3 strains were incubated in medium 

.3 
containing H-thymidine. 	The times of labelling were chosen from 

the thyniidine incorporation profiles (Fig. 5.1) to ccrrespond to d 

maximum and a minimum for each strain. Autoradiography of these 

lenses has confirmed that only the lens epithelium incorporates thy-

midine during a one hour pulse in all 3 strains. 	The results are 

consistent with the incorporation data in that the level Of precursor 

uptake varies with time. 	Lenses labelled at a time coincident with 

maximal thyinidine incorporation, as judged by a previous experiment 

showed a greater number of labelled nuclei in autoradiographed serial 

sections than lenses labelled at a time corresponding to a minimal 

level (plate 5.1) in all 3 strains. At least 10 lenses of each strain 

labelled at each time point were examined in this way. 

Plate 5.1 (A-C) shows photographs of transverse sections taken 
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14 
Plot of the mean and standard deviation of C-uridine incor- 

poration of groups of freshly explanted lenses of day old chicks 

over a 24-hour period. 	The graphs represent the averaged data 

of 3 independent experiments. Each lens was pulse labelled for 

one hour. 	Mean values of d.p.m./lens are plotted at the time of 

commencement of pulse-labelling and correspond to the following 

hour. 	The length of the bar represents twice the standard 

deviation. 
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from similar positions in lenses from the different chick strains. 

A-i) show the multi-layered nature of the epithelium in strain Hy-1 and 

Hy-2 in contrast to the inonolayered epithelium in strain N (E and F). 

Judging from examination of serial sections of lenses from the Hy-1 

and Hy-2 strains, the variability observed between the lenses at any 

one time point in uptake of thyinidine, appeared to be at least partly 

attributable to the amount of multi-layering of the epithelium. Of 

the lenses examined within each strain, some showed multi-layering 

over the whole anterior face of the lens while others were only multi-

layered in the peripheral regions. 	At the times of maximum incor- 

poration of H-thymidine in strains Hy-1 and Hy-2, the central multi-

layered epithelium exhibited the highest level of nuclei labelling. 

However, in those lenses exhibiting a single layered epithelium across 

this central region, the highest level of 3H-thymidine incorporation 

was in the multi-layered epithelium immediately adjacent to this. 

Labelled nuclei were not observed in single layered central epithelia 

in these strains. 	At the times of minimal incorporation in these 2 

strains (judged as previously noted) the number of labelled nuclei ob- 

served was considerably less. 	Furthermore the distribution pattern 

of labelled nuclei was different at this time in comparison to the 

time of maximal incorporation of 3H-thymidine. 	This reduced number 

of labelled nuclei was found in the peripheral regions of the epithelium, 

around the whole circumference of the lens. 

At the time of maximal 311-thyniidine incorporation in strain N, 

labelled nuclei were evident across the whole of the epithelium al-

though fewer were observed in the central region. Labelled nuclei 

were found only in the peripheral epithelium at the time coincident 

with the minimum level of 311-thymidine incorporation. 



Plate 5.1 (0) shows a high power photograph of a section through 

labelled, autoradiographed fly-i lens epithelium. 	The labelled 

nuclei can be seen to consist of a high concentration of grains. A 

background level of grains is evident. 

In regions of the epithelium where labelled nuclei were not 

evident, mitotic indices were visible. 	Their distribution pattern 

showed similarities to the distribution of labelled nuclei but at a 

different time. 	In strains fly-i and Hy-2 mitotic cells were evident 

in the multi-layered central epithelium but were not found in single 

layered epithelium in this region. 	However, mitotic cells were 

evident in the multi- layersbordering this single layered central epi- 

thelium. 	This synchrony in mitosis has established that 3H-thymidine 

incorporation profiles are a reflection of the mitosing'epithelial 

cells. 

5.1.4 3 H- Thymidine Incorporation in Dissociated Lens Epithelial Cells 

Lens epithelia were dissected from day old chicks of the Hy-1, 

Hy-2 and N strains. 	The epithelia from each strain were dissociated 

into single cells and seeded onto plastic petri dishes and incubated 

at 37°C in an atmosphere of 5% CC  inHair., 	After 5 days of growth 

the plates were labelled with 3H-thymidine for one hour at intervals, 

and the level of incorporation of radioactivity was measured by 

scintillation counting. 	Replica plates were dissociated with trypsin 

and the single cells counted with an haemocytoxneter. 	At least three 

separate plates were averaged. 	The level of incorporation for each 

strain was expressed as disintegrations per minute per 10 4  cells 

(Fig.' 5.3). 	The graphs represent an average of 3 independent experi- 

ments. 



FIGURE 5.3 

Plot of the mean values and standard deviation of 3H-thyinidine 

incorporation of lens epithelial cultures from 3 strains of chick 

over a period of 18 hours. 	Three independent experiments are 

averaged. 	The incorporation of radioactivity is expressed as 

d.p.m./104  cells and is plotted at the time of commencement of a 

one hour pulse. 	The length of the bar represents twice the 

standard deviation. 
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It was found that there was no significant pattern of thymidine 

incorporation in any of the strains over a period of 18 hours, in 

contrast tc the previous data using whole freshly explanted lenses. 

These results suggest that other methods must be applied, to lens 

epithelial cultures in vitro in order that synchronous cell cultures 

may be obtained. 

5.2 Macroinolecular Synthesis in Synchronised Cultures. 

5.2.1 

	

	3H-Thymidine Incorporation After Synchronisation of L.E. 

Cells - Verification of Synchrony. 

(1) Mitotic Selection Method. 

Mitotic cells were harvested from colcemid treated Hy-2 cultures, 

L.E. counted, reseeded and aliquots labelled with 3H-thymidine at inter-

vals thereafter. 	The radioactivity incorporated was plotted against 

time (Fig. 5.4). 	The level of incorporation of radioactivity into 

DNA varied according to the time lapsed after mitotic selection. The 

data plotted represent two independent experiments. 	A steady rise 

in 3H-thymidine Incorporation was evident immediately after synchroni-

sation. 	A maximal peal, was reached at 6 hours. 	A steep decline In 

incorporation followed, reaching a minimum about 10-11 hours.after 

mitotic selection. 	A second rise was evident in both experiments :  

but did not coincide completely. 

(ii) 	Cell Cycle Arrest Method 

Hy-2 L.E. cultures were treated for 24 hours with FCS deficient 

medium to arrest growth, followed by the readdition of 6% FCS to the 

3 
cultures. 	They were pulse labelled with H-thymidine at varying 

intervals thereafter for one hour. 	Duplicate culture plates were 
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Figure 5.4 

311-thymidine incorporation, after a 30 minute pulse, into LE 

cells plotted against the time after mitotic selection. 	Two separate 

experiments are represented. 	c.p.m. is expressed per 10 cells. 
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3H-thyxniciine incorporatiot, after a 30 minute pulse,' 'into LE 

cells from strain Hy-2 plotted against the time after FCS addition 

following cell cycle arrest. Three separate experiments are repre- 

sented. 	c.p.m. is expressed per 10 cells. 
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trypsinised and the dissociated cells counted. Radioactivity incor-

porated per aliquot of cells was plotted against time. 	Figure 5.5 

shows 3 Independent experiments. After a lag period of 6 hours there 

was a steep rise in radioactive incorporation followed by a decline 4 

hours later. In two experiments which were continued up to 20 hours, 

a second rise in radioactivity, at 16 hours was evident. 

5.2.2 	
14

C-liridine Incorporation 

(I) Mitotic Selection Method 

Aliquots of cells from synchronised cultures of strain Hy-2 were 

labelled with both 
3 
 FI-thymidine and 

14
C-uridine at varying intervals. 

The 3H-thyniidine incorporation prcfile is part of Figure .5.4 and is 

plotted concurrently with the 14C-uridine incorporation profile in 

Figure 5.6. 	There was a similar pattern of 14C-uridine incorporation 

when compared to the 3H-thymidine profile, but with less profound 

peaks. 	A single experiment is represented. 

(ii) Cell Cycle Arrest Method 

Hy-2 L.E. cultures, arrested for 24 hours with FCS deficient 

medium, were labelled with 
3 
 H-thymidine and 

14
C-uridine for one hour 

at intervals therefter. 	Duplicate culture plates were trypsinised 

and the dissociated cells counted. 	Radioactivity incorporated per, 

aliquot of cells was plotted against time for both 3H and 14C. 	The 

3H-thyinidine incorporation profiles are part of Figure 5.5 and are 

plotted concurrently with the 14C-uridine incorporation data for the 

same cultures (Fig. 5.7). 	The 14C-uridine incorporation profiles 

were identical in two independent experiments. 	They follow a similar 

trend to that of the 3H-thyrni'dlne incorporation data reaching a maximum 

after 10 hours followed by a decrease, a trend which was also cbserved 
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Figure 5.6 

14C-uridine incorporation, after a 30 minute pulse, into LE cells 

synchronised by mitotic selection. 	These cells were simultaneously ; 

labelled with 311-thymidine. 	The incorporation of both isotopes are. 

plotted against the time after mitotic selection and expressed as 

5 
c.p.m./lO cells. 
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14C-uridine incorporation after a 30 minute pulse, into LE 

cells at different times after synchronisation by the cell cycle 

arrest method. 	A 3H.-thymidine incorporation profile from Figure 

5.6 is included as a marker. 	The incorporation of both isotopes 

are plotted against the time after .FCS readdition following cell 

cycle arrest. 	c.p.m. is expressed per 10 cells. 



in the previous section. 

5.2.3 	Analysis of Water Soluble Proteins Synthesised at Different 

Times after Cell Cycle Arrest Synchronisation. 

L.E. cultures of strain Hy-2 were synchronised by removal of FCS 

from the medium and its subsequent reintroduction 24 hours later as 

previously described. 	Cultures were then given a 30 minute pulse of 

14 mixed amino acids at intervals after the synchronisation procedure, 

determined to be representative of different phases in the cell cycle 

(Fig. 5.5). 	The intervals taken were 0, 2, 6, 10 and 14 hours after 

the synchronisation procedure and were correlated with G0 , G0/G1 , G1/S, 

•S and G2 
 /mitosis respectively. 	Cell cultures which had not undergone 

cell cycle arrest were used as controls. 	The water soluble proteins 

were separated by SDS polyacrylaxnide gel electrophoresis. 	The densito- 

meter traces of a typical experiment after fluorography are shown in 

Figure 5.8. 	Qualitative differences were not evident in.the poly- 

peptides at the different times of labelling when compared with each 

other and the controls (Figs. 5.8 and 5.9). 	Such changes, if they 

were present, may not be detectable at this level of resolution of 

the polypeptides synthesised. 	Some quantitative differences in the 

labelled.polypept ides at different times of labelling of the syn- 

. chronised cultures were present and were consistent in three separate 

experiments. 	These changes were not found in asynchronous control 

cell cultures, also labelled at the same time intervals (Fig. 5.9). 

An increase was evident in a polypeptide in the 5200-55000 molecular 

weight range (marked 'u'). 	The synthesis of this polypeptide is 

enhanced by 82% 6 hours after synchronisation when compared to 0 

hours (Table 5.1). 	This enhancement in.-synthesis coincides with the 
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FIGURES 5.8 and 5.9 

Densitometer traces of fluorographs of the water soluble 

fraction from 14C-ainino-acid labelled LE cells. 	The fractions 

were run on S]S polyacrylamide gels. 	Figure 5.8 shows profiles 

of polypeptides at intervals after cell synchronisation. 

Profiles A-E represent polypeptides labelled at 0, 2, 6, 10 and 

14 hours after synchronisation. 	Figure 5.9 shows profiles 

labelled at the same time intervals as the corresponding profiles 

in 5.8, but the cells were not synchronised. 	The arrows in 5.8 

mark those peaks which show changes in synthesis between time 

points. 
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TABLE 5.1 

Tabulated below are the changes in synthesis of 4 polypeptides 

through the cell cycle relative to the same polypeptides from 

asynchronous control cultures. 	The data was obtained by running - 

14 C-labelled cellular proteins from LE cultures on SDS gels. 	The 

radioactive bands were quantitated by integration of the peaks from 

densitometer tracings. 	The values are expressedas the percentage 

of the asynchronous control for each time point. (see Fig. 5.9). 

The average of two separate experiments are represented. 

Polypeptide Time after Percentage of 
• synchronisation controls 

0 hours 73% 

2 115% 
U 

6 155% 
52-55,000 

10 99% 

14 70% 

0 96% 

2 	• 113% 
6 crystallin 

6 120% 
45,000 

10 92% 

14 93% 

0 71% 

.2 157% 

• 	
actin 

6 234% 
42,000 

10 154% 

14 114% 

0 99% 

•2 69% 
a2 

6 69% 
20,000 

10 153% 
• 14 • 	 144% 
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transition of cells from C 1  into S-phase. 	10 hours after synchroni- 

sation when mostL.E. cells are in 8 phase, this polypeptide decreas 

in synthesis and by 14 hours the level of synthesis was similar to 

that found at 0 hours. 

Two detectable changes were evident in the quantitative synthesis 

of crystallins at different times after the cell synchronisation pro-

cedure. 	6 	 crystallins exhibited a maximum increase of 28% in syn- 

thesis between 6 and 10 hours after synchronisation. a 2  also exhibited a 

change in synthesis at the different times after synchronisation. 

The level of synthesis was increased by 80% between 6 and 10 hours 

after synchronisation. 	The percentage levels of synthesis relative 

to the averaged controls are given in Table 5.1. 	a1  and the 	crys- 

tallins exhibited little or no change in synthesis at the different 

times after synchronisation, or when compared to the asynchronous 

control cell cultures. 

Another non-crystallin polypeptide with a molecular weight of 

about 42,000 also showed a quantitative variation in synthesis at the 

different times after synchronisation when compared to the controls. 

This has been identified as actin (personal communication with A. 

Zehir) , and-is labelled in Figure 5.8 as 'act' • 	The maximum level 

of synthesis, 150% of the averaged controls, occurred6 hours after 

synchronisation. 	This coincides with the traverse into S-phase and 

with an increase in synthesis of the unidentified pclypeptide 

labelled 'u'. 	Table 5.1 shows the percentage levels of synthesis 

relative 'to' - the averaged controls. 
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5.24 	Analysis of l4emhrane Proteins at Different Times after 

Cell Cycle Arrest Synchronisation. 

The pellets remaining after extraction of the water-soluble 

proteins, the analysis of which is outlined in the previous section, 

were further solubilised to obtain the membrane fraction. 	These 

detergent soluble polypeptides were separated on SDS polyacrylamlde 

gels. 	A typical experiment is shown in Figure 5.10. 	Some quantit- 

ative differences can be identified although this is restricted to 

the major polypeptides. 	None wS ' found to change by more than 15% 

of the asynchronous controls. 	A large number of very faint bands 

were visible, but quantitation was very difficult as seen by the 

densitometer traces. 	A major band which showed a quantitative 

variation at different times after synchronisation co-migrated with 

that already Identified as actin. 	It increased 6 hours 

after synchronisation, a similar-time of Increase to the corresponding 

polypeptide in the water-soluble fraction. 	No polypeptide was ident- 

ified In the membrane fraction which co-migrated with 'u' from the 

water-soluble fraction and which showed a variation in the level of 

synthesis. 

5.3 	Lectin Binding to L.E. Cells after Mitotic'Selection. 

Lens epithelial cells from strains N, Hy-1 and Hy-2 were 

cultured in flasks and the mitotic cells harvested as outlined in 

section 4.1.4. 	The mitotic selection method was chosen for these 

experiments because single dissociated cells resulted from the 

procedure. 	This exposed the 'maximum cell surface area for binding 

of the lectlns and eliminated the need of trypsinisation of otherwise 

plated cells. 	Trypsin may transiently affect the cell membrane 



FIGURE 5. 10 

Densitometer traces of fluorographs of the membrane fraction 

from synchronised LE cells run on SDS-triton polyacrylamide gels. 

Each profile, A-E is of membrane polypeptides from cells 0, 2, 6, 

10 and 14 hours after synchronis-ation respectively. 	The peak 

indicated by an arrow has been correlated with that evident in 

the cytoplasmic water soluble fraction shown in Figure 5.8 and 

identified as actin. 
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glycoproteins. 	Large numbers of cells were not necessary as in 

previous experiments where the cell cycle arrest method was used. 

Concanavalin A (Con A) wheat germ agglutinin (WGA), Ricinis 

coinmunis agglutinin (RCA) and Phylohaemaglutinin (PHA) were iodinated 

as outlined in 3.3.2. 	Aliquots of the synchronous lens epithelial 

125 
cells were labelled with 	1-lectin with and without the appropriate 

lectin binding inhibitor (see 3.3.2) at different times after mitotic 

selection. 	The amount of lectin bound specifically to the cell mem- 

brane was determined by subtraction of the amount bound in the presence 

of the inhibitor from the amount hound in the absence of the inhibitor. 

Counts per minute per 1O 3  cells are plotted against time in Figures 

5.11-13 for each strain. 	The data represents an average of 2 experi- 

ments. 

In all 3 strains and in the presence of each of the lectins in-

vestigated, a higher level of lectin binding was found immediately 

after mitotic selection, i.e. when more than 907, of the cells were -in 

mitosis (see Chapter 4). 	All strains showed the greatest decrease 

in binding of all 4 lectins at 2 hours after mitotic selection. The 

percentage decrease at this time was greater in strain N than in 

either strain Hy-1 or Hy-2. 	Strains Hy-1 and Hy-2 therefore exhibited 

greater binding of these lectins during interphase when compared to 

strain N. 	This difference was particularly obvious for Con A, WGA 

and RCA. 	The amount of each lectin bound to L.E. cells during 

mitosis was greatest for strain fly-i.. 	 Strain Hy-2 was 

intermediate between Hy-1 and N. 

The averaged amount of each lectin bound at different times for 

each strain shows that strain N has the least amount of each lectin 



FIGURES 5. 11 - 5.13 

Graphs of 1251-lectin binding to synchronised cells. 	Each 

graph represents a different chick strain. 	Aliquots of cells 

synchronised by mitotic selection were incubated at intervals with 

one of the following: 	 S  

125 
 I-Con A. 

5 
 

12
I-Con A plus inhibitor. 

125 
C. I-WGA. 

125 
 I-WGA plus inhibitor. 

 2 'I-RCA. 

 
l2 

I-RCA plus inhibitor. 

 12 IPHA S  

1251-PHA  plus inhibitor. 

Radioactivity binding to the cells specifically was determined 

by subtracting any bound in the presence of the lectin and its 

specific inhibitor. 	Counts per minute per aliquot of cells were 

plotted against the appropriate time interval after the selection 

procedure. 
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bound followed by strain Hy-2- and then by strain Hy-1. 	This data 

therefore corroborates the lectin binding data of Odeigah (1977) for 

Con A, RCA and PHA for the 3 chick strains of lens epithelium. 

A rise in the binding of each lectin particularly to L.E. of 

strains Hy-1 and Hy-2 was evident 8 hours after mitotic selection. 

This could suggest another smaller peak in mitosis. 

The relative binding of the different lectins to L.E. cells is 

not necessarily a measure of the relative number of specific sites on 

the cell membrane for these lectins. 	Variation in the degree of 

iodination of each of these lectins can occur. 

5.4.1 The Effect of 67,, 10% and 15% FCS, insulin and Retinal 

Extract on the Growth Rate ofL.E. Cells from 3 Pifferent 

Chick Strains 

Lens epithelium from strains Hy-1, Hy-2 and N were cultured as 

described previously. 	The epithelial cells were seeded and grown 

for 4 days in the standard medium with 6 010 	FCS. This permitted 

plating of the cells to occur under the same conditions. 	The cell 

cultures were thereafter given medium containing either: 

6%FCS 

10% FCS 

15% FCS 

lOpg/ml insulin + 6% FCS 

The medium was changed every 2 days. 	Cell counting was carried out 

every 2-3 days as described in the Materials and Methods section. 

The cell numbers/plate were scored in triplicate and are plotted for 
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each strain in Figures 5.14-16. 	Figure 5.14 (strain N) represents 

the average of two independent experiments. 	Figures 5.15 and 5.16 

represent the average of 3 independent experiments (strains Hy-1 and 

Hy-2) 

In all 3 strains the growth of lens epithelium was enhanced by 

the presence of insulin and retinal extract when compared to the 

control (6% FCS). 	Retinal extract stimulated growth by the greatest 

amount. 	Strain differences were apparent in the response of the L.E. 

cells to both RE (retinal extract) and insulin. 	Strain Hy-1 showed 

the greatest increase in growth to both additives, and strain N the 

least response after 17 days in culture (13 days of treatment). The 

growth of the controls of each strain reached a plateau between 12-14 

days. 	In both RE and insulin treated, this plateau did not occur 

and the cell numbers continued to increase. 

Strain differences were also apparent between the growth rate 

of the controls and of the cultures treated with 10% FCS or 15% FCS. 

Strain N showed the greatest-relative increase in growth compared to 

the control. 	In strain Hy-1 L.E,, increasing FCS concentrations did 

not have an additive effect on cell number. 	15% FS treatment did. 

not appear to stimulate growth as much as 10 0/1C  FS. 	Hy-2 L.E. 

cultures showed a relative increase in growth rate in the presence 

of 10% and 15% FCS, when compared to the control. 	This relative 

increase was greater than strain Hy-1 but less than strain N. 



FIGURES 5.14 - 5.16. 

Growth curves of LE cell cultures grown under different medium 

conditions. 	Each graph represents a different strain of chick 

from which the lens epithelia were derived. 	Disociatcd LE cells 

were seeded into 6% FCS standard medium. 	After 4 days the cultures 

were grown in 6% FCS standard medium plus one of the following: 

67,FCS standard medium only. 

plus 10% FS. 

C. 	plus 15% FCS. 

plus lOpg/inl insulin 

plus 50pg/inl retinal extract. 

Mean cell counts were plotted against the appropriate age of the 

culture. 
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5.4.2 	The Effect of 6%, 101, and 15% FCS; Insulin; and Retinal 

Extract on the Morphology of L.E. cultures. 

Plates 5.2 and 5.3 show photographs of strain N cultures treated 

with 6%,  101, and 15% FcS and insulin at 14 days and 19 days of 

culture respectively. 	In both ages of cultures those treated with 

6% FCS showed the most numerous lentoid formation, with accompanying 

bottle cells, although the lentoids were smaller than 10% FCS treated 

cultures. 	6% FCS treated cultures also showed less multi-layering 

of cells than did 10% FCS treated cultures. 15% FCS treated cultures 

looked 'young' due to fewer lentoids when compared to the 6% FCS con-

trol of the sane age. Few lentoids and bottle cells were present, 

but overlayering of cells did occur. 	A greater degree of overlayering 

was evident in the insulin treated cultures. 	Large lentoid-like 

structures were also present but with few accompanying bottle cells 

when compared to the control. 	Numerous mitotic cells were still 

visible, even after 19 days of culture (Plate 5.3 D). 

Plate 5.4 shows photographs of RE treated cultures of strain Hy-2 

when compared with a 6% FCS treated control. 	Plate 5.4 A and B 

shows the difference in plating ability of cells treated with 6% FCS 

and RE respectively from the time of seeding. 	RE treated cells were 

rounded and did not attach firmly to the substratum. 	This is the 

reason why, the other experiments reported in this section permitted 

all cells to plate down for 4 days before commencing treatment with 

medium additives. 	This avoided any discrepancy in the growth rate 

which was attributable to the relative plating abilities of the 

treated cells. 	The other photographs show the relative frequency 

of mitosis in the control and RE treated cultures (C and D), and the 
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PLATE 5.2 

Strain N LE cultures at 14 days after seeding (A) control 

LE culture grown in 6% FCS standard medium; (B) LE cells grown 

in 10% FCS medium; (C) LE cells grown in 15% FCS medium; 

(D) LE cells grown in 6% FCS standard medium plus 10g/ml 

insulin. 	100 x magnification. 
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PLATE 5.3 

Strain N LE cultures at 19 days after seeding. 	(A) control 

LE culture grown in 6 01,, FCS standard medium; (B) LE cells grown 

in 10% FCS medium; (C) LE cells grown in 157, FCS medium; 

(D) LE cells grown in 6% FCS standard medium plus 10g/ml insulin. 

100 x magnification. 
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PLATE 5.4 

Photographs of strain Hy-2 LE cultures treated with SOpg/irl 

RE. 

Control LE cells grown in standard 6 07 FCS medium, 4 days 

after seeding; 

LE cells grown in standard medium plus 50pg/ml RE, 4 days 

after seeding; 

LE cells grown for 8 days in 6% FCS; 

Culture of the same age as (B) treated with 50pg/ml RE from 

4 days after seeding; 

Control LE culture grown in 67, FCS standard medium for 14 

days; 

Culture of the same age as (F) treated with 50pg/mr1 RE from 

4 
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complete absence of lentoids and bottle cells in the RE treated 

cultures. 	These were tretcc' with FE from 4 days of culture. 

The above morphological changes in cultures after the various 

treatments were similar in all 3 strains, although a single strain 

in each case has been illustrated. 

5.4.3 	Analysis of Accumulated Crystallins from L.E. Cultures after 

Treatment with 6, 107 and 15% PtS; Insulin; and Petinal Extract 

Cells were harvested fron. L.E. cultures of all 3 strains and 

treated with 6%, 10% and 15% FCL', insulin and FE. 	The cultures were 

14 days old at the time of harvesting. 	The water soluble fraction 

was prepared and run on SDS polyacrylairide gels. 	Plates 5.5-7 show 

photographs of gels from strain Ry-1, Hy-2 and N respectively. Each 

plate shows gel lanes of 6, 10%,  157, FCS, insulin and FE treated 

cultures, with a crystallin marker of total protein from day old chick 

lenses. 

Both qualitative and quantitative differences in the accumulation 

of crystallin sub-units were evident in cultures treated in the various 

ways already described. Tables 5.2-4 give the percentage change, re-

lative to the contrcls (6% FCC), of the crystallin subunits and several 

ct 1 k- T-  ir CEcl..t aim rmc und'r tL c ccndtcrs. 

Tncreas:r 	tLc IC comc(rtrmt:cr. ca(i ret eriv 	a ocr 	steal effect 

cm t:c pattern of crystallins accumulated in the various strains. 

wrr increased by 10% and 15% ItS compared to the controls in both 

strains Hy-1 and Hy-2. 	Rowever In both of these strains, 10 FCS 

treatment resulted in the absence of 6 
l 
 crystallin while 15% FS did 

act. 	$trcin Fy-1 also shov;edn 	increnre Jr a polvpeptide 
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PLATE 5.5 

SDS polyacrylaiide slab gels of the water soluble extract 

from strain Hy-1 cultured LE cells treated in various ways 

during culture. 	(A) 6% FCS; (B) 10% FCS; (C) 15% FCS; 

(D) 6% FCE plus l0.g/m1 insulin; (E) 601'0  FCS plus 5011g/ml RE; 

(F) Bay old chick lens crystallins as a narker. 
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PLATE 5.6. 

SDS polyacrylamide slab gels of the water soluble extract 

from strain }Ty-2 LE cultured LE cells treated in various ways 

during culture (A) 6% FCS; (B) 10% FCS; (C) 159,' FCS; 

(D) 6% FCS plus lOpg/ml insulin; (E) 6 01'3 FCS plus 50g/wl RE; 

(F) Day old chick lens crystallins as a marker. 



: 	 $ 

p •q 

-. 

!!H: 
2 

. 	 93 
04 

--- 
 doom 	 95 p5 

IM ~W -  1! . 96 

Soso 01 

4010 OL2 

ABC D E F 

PLATE 5.6 



PLATE 5.7 

SDS polyacrylazride slab gels of the water soluble extract 

from strain N cultured LE cells treated in various ways during 

culture. (A) Day old chick lens crystallins as a marker; 

(B) 6 FcS; (C) 10% FCS; (D) 15% FCS; (E) 6 1,'2 FCS plus 

1011g/ml Insulin. 	(From the same experiment). 	(F) Day old 

chick lens crystallins; (G) 6 00' FCS; (H) 60/:  FCS plus 5Opg/ml 

RE. 	(F, G, and H from the sane experiment). 
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TABLE 5.2 	Strain Hy-1 

Tables of the percentage change, relative to the controls (standard 

67, FcS medium) of the crystallins and several other polypeptides under 

the various conditions indicated. 

10% FCS 15% FCS Insulin Retinal Extract 

0 135 164 0 

355 562 565 893 
2 

actin 212 135 112 110 

247 5 71 200 

B2 400 200 200 700 

133 33 33 33 
3 

302 151 : 	190 56 
4 

05 78 76 84 95 

96 93 133 70 

al 
187 	I 212 212 112 

63 105 118 70 a2 



TABLE 5.3 	Strain Hy-2 

Table of the percentage change, relative tothe controls (standard 

6% FCS nediuni) of the cryntalliris and several other polypeptides under 

the various conditions indicated. 

10%.FcS 15% FCS Insulin retinal Extract  

0 70 60 45 

132 138 121 157 

actin 78 90 68 92 

170 155 215 145 

B2  119 132 60 63 

B 3  112 108 108, 112 

67 83 97 67 

B 5  136 121 110 117 

B6  92 80 65 80 

63 60 65 68 

84 96 98, - 	 67 

N 



Table 5.4 	 Strain N 

Table of the percentage change, relative to the controls (standard 6% FCS 

medium) of the crystallins under the various conditions of culture indicated. 

10% FCS 15% FCS Insulin Retinal Extract 

61" 	. 159 72 69 74 

450 82 .10] .91 

actin 46 . 	33 .53 57 

107 132 	
j 

135 103. 

• 	2 	• 109 100 103 97 

1 3  107 200 176  169 
- 

106 95 84 129 

94 i 	 121 119 117 

111 100 -82 129 

100 94 108 118 

a2  60 101 96 116 	-- 
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identified as actin (act) when treated with 10% FCS, an increase 

which, was not evident in any other culture treatment. 	Actin de- 

creased relative to the control in strain Hy-2 cultures treated with 

10% and 15% FCS. 	The relative percentages of the 	crystallins and 

a crystallins also changed quantitatively in all 3 strains. 

Insulin treated cultures resulted in crysta].lin changes when 

compared to the controls and which differed between the strains. 

Hy-1 showed an increase in 61, 6
2' 4 and 
	Hy-2 showed a smaller 

increase In62 compared to Hy-1, ,an increase in 	 and a 

decrease in 	actin and CZ3 . 	Strain N showed an increase in B , , B3 , 

and 

The greatest single consistent difference in the crystallins of 

all 3 strains was found after treatment of cultures with retina ex-

tract. 	62 crystallin increased markedly. 	The greatest increase 

was found in strain By-i, where 	increased with the loss of 6. 

62 also increased in Hy-2, and 	decreased but was not lost. 	Two 

other minor polypeptides of a slightly smaller molecular weight to 

	

crystallin also appeared in this strain. 	Both 	and62 crystailins 

-- 

	

( were Increased in strain N. compared to the control. 	A decrease in 11 ; -.1 

 

t.arJc 	a2  crystallin was also evident in 	 However differences 

in the changes of the proportions of the crystalliris were not 

evident. 
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5.5 	Analysis of Interinitotic Intervals of L.E. cells from Strains 

Hy-1, Hy-2 and N. 

Time lapse film of L.E. cultures were taken as outlined in the 

Materials and Methods section. 	At least 3 separate films of L.E. 

cultures from each chick strain were analysed. 	All cells in the 

field of view during filming were not necessarily scored as some 

cells left or entered the field during filming and others were 

difficult to follow due to large anounts of cell movement. 	The 

cells plotted in Figures 5.17-19 are therefore not necessarily an 

accurate representation of the frequency of particular interinitotic 

time intervals. 	The data does show the spread of the intermitotic 

intervals for each strain and gives some idea of the frequency dis- 

tribution. 	At least 25 cells were followed in each strain and their 

interinitotic intervals determined. 

The spread of intermitotic time intervals is clearly different 

between strains. 	Strain N shows a higher - proportion of cells with 

longer cycle than either of the other two strains. 	Strain Hy-2 

appears to have the least variation in the cell cycle duration. 
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Figure 5.17 	Strain N 

Plots of the intcrmitotic intervals of LE cells in culture 

determined by time lapse photography. 	Each cell is represented by 

a single black dot, and is - plotted against its appropriate inter- 

mitotic interval at the tine of the initial mitosis. 	The horizontal 

axis represents the time during the period of filming. 	Daughter 

cells, when they were recorded are depicted by a vertical line 

joining them at the time of the initial mitosis. 
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Figure 5.18 	Strain Hy-1 

Plots of-the internitotic intervals of LE cells in culture 

determined by time lapse photography. 	Each cell is represented by 

a single black dot, and is plotted against its appropriate inter- 

mitotic interval at the time of the initial mitosis. 	The horizontal 

axis represents the time during the period of filming. 	Daughter 

cells, when they were recorded are depicted by a vertical line 

joining them at the time of the initial mitosis. 
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Figure 5.19 . 	Strain Hy-2 

Plots of the intermitotic intervals of LE cells in culture 

determined by time lapse photography. 	Each cell is represented by 

a single black dot, and is plotted against its appropriate inter-

mitotic interval at the time of the initial mitosis. The horizontal 

axis represehts the tine during the period of filming. 	Daughter 

cells, when they we re recorded 'are depicted by a vertical line 

joining, them at the time of the initial mitosis. 
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CHPTER 6. 	DISCUSSION 

6.1 DNA and RNA Synthesis in Chick Lens Epithelium. 

The culture of whole intact lenses in medium containing radio-

actively labelled thymidine or uridine is an indirect method of 

evaluating DNA and RNA synthesis respectively. 	This ccrrelation is 

based on the fact that the labelled precursors enter the cellular 

pools, join the synthetic chain and become incorporated into newly 

synthesised DNA during S-phase in the case of thyrnidine or into newly 

synthesised RNA at the time of transcription in the case of uridine. 

Pulse labelling of lenses with specific precursors at different times 

throughout the day can therefore be used to define the patterns of 

inacroinolecular synthesis. 	This procedure is only valid if certain 

conditions are fulfilled. 

The specific activity of the pool of immediate precursors should 

be constant throughout the cell cycle, and when comparing strains 

should not differ. 	If the pool sizes of different strains are variable, 

the problem of differential dilution should be taken into account. 

The concentration of the exogenous precursor must not be a limiting 

factor in incorporation into the macromolecules, and therefore must 

represent a large proportion of the respective cellular pools. 

Providing these pools increase through the cell cycle in proportion 

to the increase in the rates of uptake and synthesis, the amount of 

prêcurs,or incorporated in a short pulse is a valid measure of the rate 

of synthesis. 	Forever the question of pool changes throughout the 

cell cycle is an open one since there is insufficient data so far 

available to either exclude or support such changes. 

No significant difference was found in 3H-thymidine incorporation 
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into whole chick lenses when different exogenous concentrations of 

thymidine were used (Randall, 1977, Honours Thesis). This implies 

that the added precursor represents a large portion of the cellular 

pools, and which does not appear to be a limiting factor in DNA synthesis. 

Truman et al. (1976) have demonstrated that incorporation of 

labelled uridine into whole lenses from chick strains Hy-1, Hy-2 and N 

exhibit different kinetics for different RNA classes. 	It is therefore 

unlikely that in the case of MA, variation in pool sizes between 

strains is responsible for any difference in the observed rhythms. 

The data obtained by autoradiography of 3H-thymidine labelled 

chick lenses (Plate 5.1) at various times of day, suggest a variation 

in the number of nuclei showing DNA synthesis rather than a variation 

in incorporation rate which might be brought about by fluctuation of 

thyinidine pools. 

From the patterns of incorporation of both radioactively labelled 

thymidine and uridine into explanted chick lenses during a 24-hour 

time period (the data.of which is presented in section 5.1) it is 

clear that a partial synchronisation is apparent in those cells in 

S-phase of the cell cycle and those synthesising RNA, and this is de-

pendent on the time of day. When comparisons were made of the lenses 

of different genetic strains of chick the patterns of circadian 

variation were found to be strain specific. 	3H-thymidine incorporation 

was not directly related to either dry or wet weights of the lenses 

(Randall et al., 1979): causes for the strain differences in thymidine 

incorporation must be sought elsewhere. 

It has been established from a variety of data that thymidine 

incorporation profiles are a reflection of the xnitosing lens epithelial 

0 
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cells. 	Such a direct relationship between circadian variations in 

DNA synthesis and mitosis has been documented for a number of larval 

salamander tissues such as epidermis (Scheving, Chiakulas and Abzug, 

1959) and corneal epithelium (Scheving et al., 1962) and various mouse 

epithelial tissues (Pilgrim et al., 1963). 	In each case the synthesis 

of DNA exhibited a periodicity which correlated with mitotic rhythms 

over the same 24 hour period. 

Variation in the periodicity and amplitude of the 311-thym.idine 

incorporation profiles between lenses of the different chick strains 

under study may therefore be a reflection of the cell cycle durations 

in the different strains and the number of the cells In synchrony at 

any one time. 	Strains Hy-1 and N exhibit 4 peaks in the 3H-thymidine 

Incorporation profile which coincide with each other, while strain Hy-2 

exhibits '3 peaks in a 24 hour period although their amplitudes differ 

in these genotypes. 	The data for Hy-1 suggests either: 

1) that a proportion of cells are in rapid cycle: the highest peak 

possibly'includes the majority of cells with a longer cycle time, or 

alternatively, 2) a high proportion of longer cell cycle tines are 

staggered at regular intervals. 	The prcportions of total counts in 

the firstjeak of N suggest that most cells have a 24 hour cycle, but 

a small proportion of cells are either out of phase or in more rapid 

cycle. 	In the case of Jy-2, a possible hypothesis is that the cell 

cycle time is more homogeneous being of the order of about 8 hours 

periodicity. 

The rate of cell division in single L.E. cell clones in culture 

and the growth rate in mass culture (Eguchi etal., 1975; Clayton et 

al., 1976) show that the mitotic rate is intrinsic to the cells of each 
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of these genotypes. 	Furthermore, calculations based on the growth rate 

of single-cell clones (Eguchi et al., 1975; Clayton et al., 1976) show 

that there is some heterogeneity in the cell cycle duration in a popul-

ation of strain N L.E. cells having an average cycle time of approxi-

mately 24 hours. From the data of Eguchi et al. (1975) Hy-1 lens epi-

thelium was calculated to have two different but equal cell populations: 

one similar to N Bnd one with a faster rate of cell division averaging 

7.2 hours in duration. 

Time-lapse photography was used to determine the intermitotic 

Intervals of L.E. cultured cells from these 3 chick strains (Section 

5.5). 	It was shown that strain Hy-2 is indeed more homogeneous with 

respect tointermitotic time. It can be, seen from Figure 5.19 that a 

few cells did have a longer cycle time but the majority were approximately 
in the LE cells 

8 hours in duration. 	The greater heterogeneity/of strains N and My-i 

can be seen from Figures 5.17 and 5.18 respectively. 	This data to- 

gether with that obtained from single cell clones (Eguchi et al,, 1975) 

has corroborated the hypotheses proposed to account for the differences 

in the "H-thymidine incorporation profiles. 	It permits a distinction 

between the two possibilities outlined above concerning cell cycle times 1  

in strain Hy-l. 	Two main populations are in evidence, one with a 

lcnger cycle and one with a shorter cell cycle in the order of 24 hours 

and 8 hours respectively. 

From autoradiographic studies showing the distribution of 

thynildine labelled nuclei in the L.E. at different times of day, it 

appears that populations of cells in synchrony occupy similar zones in 

the lens epithelium. 	It is further suggested that the central epi- 

thelium may consist of cells with a different cell cycle duration than 
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those nearer the periphery. 	In the equatorial region of the lens, 

initosis ceases and the cells further differentiate to form lens fibre 

cells. 	In favour of this hypothesis is the proposal by McAvoy (1978) 

that a distinct lens epithelial proliferation compartment and cell 

elongation compartment in the rat lens is maintained by diffusion of 

aqueous humour via the ciliary process. 	He noted that lens epithelial 

cells immediately below the ciliary process divided most often. Pro-

liferation factors in the aqueous humour may become less concentrated 

or inactivated as they diffuse, resulting in lens epithelial cells 

further away from the ciliary process receiving less stimulus to 

divide. 

The G1 /G0  phase of the cell cycle is thought to be the only 

variable phase of the cell cycle in chick lens epithelial cells 

(Mikulicich and Young, 1963). 	It is pcsslble that the G0  duration 

of the cells in the central region of the epithelium may be different 

from that in the peripheral region due to the differential exposure 

of these cells to factors from the aqueous humour. 

The data presented above suggest that there may be two ways of 

jncreasing the number of cell divisions in fast growing animals: 

by decreasing the duration of the mitotic cycle, or 

by increasing the numbers of cells involved. 

It would seem that Hy-1 may use both mechanisms while Hy-2 may rely 

mainly on changing the cell cycle duration. 	These data are therefore 

indicative of the genetic control of the cell. cycle, such that the 

mitotic rate is higher in the hyperplastic strains. 	This being the 

case, then the multi-layering of the epithelium would be due to an 

increase in the production of stem cells rather than any change in the 



recruitment of these cells for differentiation Into fibres. 

Interpretation of the uridine incorporation profiles is more 

complex as it does not only reflect the mitosing epithelial cells. 

In addition those undergoing differentiation are rapidly synthesising 

}A (Reeder and Bell, 1965) and some RNA metabolism occurs In the 

differentiated fibres. 	The profiles reflect total RNA synthesis but 

this will probably only include rapidly labelled nuclear RNA and heavy 

ribosomal precursor as only short pulses were used. 

The peaks of synchrony in uridine Incorporation coincide with 

those of thymidine incorporation or follow 1-2 hours later (Randall 

et al., 1979). As more cells enter S-phase and double their DNA, RNA 

synthesis also increases. 	This pattern is therefore consistent with 

the idea of a gene dosage effect reported In the literature for other 

cell types. However, the increase in synchrony appears only to be 

transient falling rapidly again as cells leave S-phase. 	This could 

be attributable to a decline in RNA synthesis during mitosis which has 

been reported in other cell types. 	Circadian variations in PNA content 

have been reported in cell lines such as liver (Pfeiffer, 1968) and in 

human leucocytes (Kohler, Karacan and Rennert, 1972). 	In the latter 	
* 

case both quantitative as well as qualitative differences in RNA type 

following 'a rhythm of approximately 24 hours was reported. 

These circadian rhythms have been exposed in the absence of light 

entraining factors, as the chicks were kept under 24 hour constant 

light conditions. 	Reproducibility of the cycle eliminates any dis- 

turbance by Man as the entraining factor. Furthermore, variations in 

thymidine Incorporation persist for at least 3 days in whole lenses in 

longer term culture (Clayton et al., 1976b). The trauma of hatching 

117. 
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could be an entraining factor, variability in hatching time possibly 

contributing to the variation between lenses at any one time point. 

It would therefore he of interest to examine labelled precursor uptake 

in embryonic lenses. 	Variation in hormone levels has been implicated 

in the control of these rhythms (Bullough, 1962; Epifanova and Tchoumak, 

1963; Tutton, 1973; Tutton and Helme, 1973 and Fisher, 1968). 

Bullough has discussed circadian mitotic rhythms in terms of waking 

and sleeping in relation to a high level of secretion of adrenalin 

while the animal is awake and active, and a low rate of secretion while 

asleep. 	Glucocorticoids (Tutton, 1973) and corticosteroids (Fisher, 

1968) have also been implicated. 	The very short term changes reported 

here cannot be accounted for on this hypothesis. 	The lens is avascular 

and would he buffered against short term changes due to blood hormone 

levels. 	Trans location of hormones would need to occur through the 

aqueous and vitreous hums of the eye before reaching the lens. 

Differing hormone levels in the different strains are unlikely to 

account for these observed differences as Eguchi et al, (1975) have 

shown that the growth rate of Hy-l.1ens epithelium in cell culture is 

intrinsically faster than that of strain N cells and which persists 

through three successive subcultures. 	Figures 5.17-19also clearly 

indicate that each strain has different distributions of cell cycle 

times in culture, which are not under hormonal control. 

As outlined in Sections 1.3 and 1.4 numerous cellular constituents 

display a variety of oscillatory behaviour, which either individually 

or in concert could be the basis of the biological clock, giving rise 

to circadian rhythms as discussed above. 	In the lens, for example, 

glycolysis is known to occur to a major extent attributable to the 
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absence of a vascular supply (Van Heyningen, 1969). 	The glycolytic 

pathway has also been shown to exhibit oscillatory behaviour in a 

variety of cells and cell extracts (Hess et al., 1971; Goldbeter et al. 

1976). 	It is possible that oscillations in the energy generation of 

the lens could drive the observed cellular circadian rhythms. 

The data presented here provide a warning concerning the importance 

of the time of day of comparative studies in cellular metabolism of 

different organisms. 	It stresses that the time of day of comparative 

studies is a more important parameter than age. 

6.2 Induced Synchronisation of Cultured L.E. Cells 

Synchronised cells in culture offer a powerful tool for the exam-

ination of cell cycle related events. 	A study was therefore carried 

out to see if the natural cell synchrony in whole lenses was maintained 

in isolated epithelial cells in culture. 	L.E. cells from all 3 strains 

of chick were found to have lost synchrony by the time they had plated 

(Figure 5.3). 	The exact time of the loss of synchrony was not esta- 

blished, but could be attributable to such factors as the loss of 

cell-cell contact, cell-fibre contact or the effect of FS in the 

culture medium. 	 . 	. . 

Whole lenses or isolated epithelium did not offer the same advant-

ages as synchronous epithelial cells in culture for, the type of studies 

to be undertaken and reported in this thesis. 	For example: in cell 

culture protein synthesis studies could be timed to include only dividing 

cells and not lens fibres or those cells undergoing terminal different- 

iation; the cell surface of L.E. cells would be more amenable to analysis 

in monolayer culture; cell morphology and growth rate of cells could 
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beeasily monitored under closely controlled culture conditions. 

Synchronisation of L.E. cells by artificial means was therefore under-

taken. 	The mitotic selection and cell cycle arrest methods were 

adopted and are discussed fully in Chapter 4. 	Strain Hy-2  L.E. cells 

were used as much as possible for this work as it appeared that the 

cell population was more homogeneous with respect to cell cycle 

durations than-the other two strains (see Section 6.1), and therefore 

greater synchrony may be obtained. 

L.E. cells synchronised by both the mitotic selection method and 

the cell cycle arrest method did Indeed exhibit synchronisation of the 

cell cycle, as judged by the incorporation of 3H-thymidin°e at time 

intervals after the synchronisation procedures (Figures 5.4, and 5.5). 

Cells were not in complete synchrony as suggested by the trends of 

these incorporation profiles. 	If absolute synchrony was present, a 

more dramatic increase in 3H-thymidine incorporation with a zero base-

line between peaks would be expected. This appears to be very diffi-

cult to achieve, as evidence in the literature suggests for eukaryotic 

cells. Over 90% of cells after mitotic selection were shown to be in 

a narrow band of the cell cycle (Section 4.1), 	After 10 hours, 

approximately 85% cells were still in synchrony. 	This was even less 

in synchronised cells obtained by the cell cycle arrest method, being 

about 75% of cells.in  synchrony after 10 hours. 	This dampening in 

the level of synchronisation of cells has been attributed to variation 

in the duration of the G1  phase for any cell population (Nias, 1968). 

This can also lead to the total loss of synchronisation after only 2 

or 3 cell cycles. 	For this reason, the first period of synchronisation 

corresponding to a single cell cycle was only of Interest because of 
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its maximal levels of synchronisation. 	It has been suggested by 

- 

	

	data from 3H-thymidine incorporation studies and time-lapse photography 

which is discussed in Section 6.1, that the cell cycle duration of Hy-2 

is fairly homogeneous, being about 8 hours long. 	It then follows that 

the population of cells under study in the first period after synchron-

isation is the same population of cells which is in evidence in any 

succeeding periods. 

The 3H-thyxnidine profiles obtained after the cell cycle arrest 

synchronisation procedure are characteristic in the presence of a lag 

period of approximately 4 hours in duration between the time of stimu-

lation of the cells with serum and the onset of DNA synthesis. 	This 

has been discussed fully in relation to other data in Section 4,2,3 

14C-urldine incorporation in Hy-2 L.E. cells synchronised by both 

methods of cell synchronisation also showed variation with time. Peaks 

in incorporation coincided with the peaks in thymidine incorporation. 

This further suggests a direct link between DNA synthesis and the en-

hancement of RNA synthesis which, as already discussed, could be 

accounted for by a gene dosage effect and a decrease of PNA synthesis 

during mitosis. 

Intervals between peaks of incorporation of both 3H-thymidine and 

14C-uridine looked very similar to those found to occur in circadian 

rhythms in this strain. 	This further suggests that these circadian 

rhythms are a reflection of the cell cycle of the L.E. cells in the 

Hy-2  chick lens. 
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6.3 Protein Synthesis During the Cell Cycle 

Various hypotheses have been proposed (see Section 2,5.1) to account 

for the differential gene expression of the crystallins during ontogeny 

of the lens based on data from a variety of sources. 	These include the 

cell cycle and mitotic distribution (Clayton et al., 1976b; Modak et al. 

1968); the rate of differentiation of lens fibres (Henna et al,, 1966); 

regulatory signals mediated by way of the cell surface (Clayton et al,, 

1976a; Okada etal,, 1971); the metabolic status of the epithelial 

cells and adjacent tissues (Clayton et al,,, 1976b); and regulatory 

factors (McAvoy, 1978). 	Numerous data have implicated the cell cycle. 

Indeed, some data already presented (Section 5.4), concerning the 

addition of a retinal extract to L.E. cells, and to be discussed in the 

next section, do suggest correlations between the length of the cell 

cycle and 6 crystallin synthesis. 	Numerous other data concerning this 

relationship have been reported (de Pomerai et al., 1978; Eguchi et al., 

1975) (see Section 2.5.2). 	This correlative evidence suggested the 

possibility that changes in crystallin synthesis may occur during the 

cell cycle, such that cells with a shorter cell cycle may synthesise a 

different crystallin profile to that of a cell with a longer cell cycle. 

This hypothesis was investigated, utilising the synchronised cultures of 

the L.E. cells cbtained by the cell cycle arrest method in order to 

obtain high cell yields (section 5.2,4), 

An important finding from this investigation was that no qualitative 

differences in protein synthesis were observed at different times in the 

cell cycle which could be resolved by one dimensional SDS electrophoresis. 

The presence of contaminating asynchronous cells could however mask any 

qualitative differences. 	Nevertheless, this finding is in agreement 



with much of the recent data particularly on mammalian cells which 

did not provide any evidence for qualitative changes in cellular 

protein synthesis through the cell cycle by two-dimensional SDS electro-

phoresis (Bravo 6bdCCJIS,1980; Milcarek 6,nd74knl978)(see Section 1. 3) 

Some quantitative differences were apparent at different stages 

during the cell cycle. 	6 crystallin was found to increase in synthesis 

tely 25% over the period corresponding to S-phase. 	a2  

as also found ±0 increase over the same period. 	These 

y changes in crystallin synthesis which were evident. 

med in Section 2.5.2 6 crystallin synthesis has - been shown 

r in cells where the overall growth rate of the L.E. cell 

population under study was faster, e.g, in the 3 chick strains under 

study in this thesis. 	It is possible that cells with a shorter cell 

cycle synthesise more 6 crystallin by having a higher ratio of time 

spent in S-phase relative to the rest of the cell cycle. 	Similarly 

cells which have a longer cell cycle, may spend a smaller proportion 

of time in S-phase relative to the rest of the cell cycle and so syn- 

thesise less 6-crystallin. 	This possibility however is based on the 

assumption that the duration of S-phase for all L.E. cells, both from 

embryonic and post-hatch lenses and between strains, is constant. 

These data concerning an increase In 6-crystallin synthesis. 

during S-phase were obtained using strain Hy-2 L.E. cells in culture. 

It would be interesting to conduct a similar study using strains N and 

Hy-1. - The heterogeneity in the cell cycle durations of L.E. cells 

from these strains, however, makes .the synchronisation of these cells 

for such a study difficult. 	Only if 6-crystallin did show a real 

increase during.S-phase In cells of different cell cycle durations could 

123. 
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the possibility outlined above be genuine. 	There is also the possi- 

bility that the increase in 6 crystallin synthesis observed could 

merely be an artefact of the synchronisation procedure attributable to 

biochemical upset of the cells during manipulation. 	It was emphasised 

in Section 1.3 that some of the data concerned with differential protein 

synthesis through the cell cycle such as histones and immunoglobulins 

did not agree on. the timing of synthesis or indeed in some cases 

whether time dependent synthesis occurred at all. 	This could be attri- 

butable, at least in part, to the synchronisation procedures used. 

However extreme care has been taken to minimise this possibility in 

the experiments reported. 

As cells terminally differentiate in the equatorial region 

(Figure 2.1) and elongate to form lens fibres a large amount of protein 

synthesis is taking place (Piatlgorsky et al., 197; Milstone et al . , 

1975). These cells are no longer traversing the cell cycle. 	The 

greatest proportion of crystallins are therefore being synthesised in 

- the intact lens by cells which are not cycling cells. 	This suggests 

that factors other than the cell cycle duration may be involved in the 

regulation of crystallin synthesis. 	There is always the possibility 

however that the cell cycle preceding terminal differentiation could 

in some way regulate the proteins synthesised thereafter. 	The chick 

crystallins have been shown to exhibit non-coordinate synthesis and 

their regulation has been shown to be sensitive to a variety of factors 

(Clayton et al; 1976b). 	Several other regulatory mechanisms may then 

be involved in the synthesis of each crystallin, as outlined briefly 

above such as the rate of differentiation into lens fibres, metabolic 

changes in the lens and regulatory factors. 



125. 

a2  crystallin was also shown to increase during the S-phase of the 

cell cycle. 	However a crystallin synthesis, unlike 6 crystallin syn- 

thesis, has not been correlated with a short cell cycle, for example as 

in embryonic lens epithelium (de Pomerai et al., 1978). 	However in 

such studies a crystallin as assayed by antibodies was mainly a 1  rys 

tallin, 	a2  crystallin synthesis could therefore vary in cells with 

short or long cell cycle times and not have been detected in such a study. 

Two other polypeptides showed an increase in synthesis greater than 

20% of the averaged controls, and have been termed 'act' and 'u'. 	The 

former has been tentatively identified as actin with molecular weight 

of approximately 40,000-42,000 but the latter, 'u', has not been identi-

fied, 	It has a molecular weight of approximately 52,000-55,000. Both 

increased in synthesis during the period which coincided with the trans- 

ition of cells from G1  into S-phase. 	Riddle et al, (1979) identified 	- 

a transient increase in actin synthesis following restimulation of 

arrested Swiss mouse 3T3 cells which coincided with entry into S-phase. 

Increased synthesis of other unidentified polypeptides at this same 

stage in the cell cycle have been reported (Ley, 1975 and Gates et al., 

1978) of 50,000 molecular weight approximately, No Epecific function 

has been assigned to these polypeptides but such changes may be a 

general phenomena amongst all cells undergoing G - S phase transition 

possibly involving cell shape changes at this time. 	If this proves to 

be the case then actin or any other polypeptide increasing at the G0  - S 

boundary could prove to be a useful specific marker and may help to 

elucidate the biochemical nature of this transition. 

It is interesting to note that the membrane proteins of the same 

cells,which exhibited a transient increase in actin synthesis showed 

an increase in actin synthesis over the same period. This suggests that 



l26. 

actin synthesised at this time also increases its association with 

the cell membrane. 	No corresponding increase was found for the poly- 

peptide labelled •'u' in the membrane component of these cells. 

6.4 Cell Membrane Changes During The Cell Cycle. 

It is a well documented phenomenon that lectin binding is found 

to be greatest during mitosis in many normal cell types (e.g. Shoham 

et al., 1974), decreasing during interphase. 	Transformed cells on the 

other hand have been found to exhibit high lectin agglutinability 

throughout the cell cycle and not just limited to mitosis. 	In the 

L.E. cells of the 3 strains of chick under study, differences were 

apparent in the relative agglutination by various lectins (Odeigah, 

1977 Ph.D. Thesis; Clayton, 1978). 	Interpretation of these results 

was made difficult by the subsequent finding that a circadian rhythm 

in DNA synthesis was present in the L.E. cells. 	These lectin studies 

were carried out several hours after explantation of the cells resulting 

in the possibility that this rhythm could have influenced the results 

by involving more mitotic cells in one strain when compared to another. 

In order to establish if the differences between strains in .the agglutin-

ability of L,E, cells by lectins were real, lectin binding studies were 

carried out on synchronised cells. - ..-L,E, •ce)ls from all .3 strains of 

chick showed a greater binding of all 4 lectins (ConA, RCA, PHA and 

WGA) during mitosis when compared with the time period following. 

Léctin binding immediately after mitotic selection is comparable 

between strains as in all cases 90% of cells or more were in mitosis. 

Lectin binding at subsequent time intervals may not be directly corn-

parable between strains because of differences in the cell cycle 

duration. 	However, by averaging lectin binding at these time points 
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and comparing them it is possible to get an estimate of the relative 

amount of lectin binding during interphase. Strains Hy-1 and Hy-2 

had greater binding of lectins compared to strain N. 	Strain N also 

showed the greatest decrease in lectin binding between mitosis. and 2 

hours later. 	This data therefore suggests.that there are intrinsic 

differences in the cell membrane configuration when strains Hy-1, Hy-2 

and N are compared. 	Other data concerning the membrane proteins of 

these 3 strains analysed on SDS and IEF polyacrylamnide gels and electron 

microscope analysis of the L.E. cell membranes (Odeigah, 1977; Odeigah 

et al.,. 1979; Clayton et al., 1976a) suggested differences between 

the strains. 	The multilayered arrangement of L.E. cells in situ in 

both strains Hy-1  and Hy-2 over the anterior face of the lens suggests 

a membrane alteration such that contact inhibition is diminished on 

the upper and lower surfaces of these cells compared with normal 

lenses (Clayton, 1975). Hy-1 and Hy-2 also display other traits 

which liken them to transformed.cells: greater lectin binding capacity 

particularly during interphase and an increased mitotic rate. These 

traits appear to be intrinsic to the cells themselves and have arisen 

probably jin association with high selection pressure for faster growth 

of the cIicks themselves 	Differences in the membrane configuration 

of L.E. cells from the 3 chick strains over and above cell cycle 

changes could result in differences in their response to external 

signals such as hormones. Such strain differences in response to 

external culture conditions do occur resulting in changes in the 

crystallins synthesised (see Section 5.4). 	Insulin, for example, 

results in such changes (Clayton et al, 1980) and is. also known to 

exert some of its effects via the cell surface (Levine, 1966). 	It 



has also been shown to have a greater number of binding sites on 

fibroblasts which divide rapidly compared with those dividing more 

slowly (Thomopoulos et al., 1976). 

An apparent contradiction exists between the data available 

concerning lectin binding and agglutination studies through the cell 

cycle and that concerning protein synthesis studies through the cell 

cycle. 	If the cell membranes express such different sites between 

mitosis and interphase one would possibly expect that the synthesis 

of membrane protein precursors would also vary throughout the cell 

cycle. However this does not appear to be the case judging both from 

the literature and from the data presented in this thesis concerning 

protein synthesis during the cell cycle. 	This however is a general 

problem, not specific to lens epithelial cells. 	This discrepancy 

could be resolved by postulating changes in lectin agglutination and 

binding due to alteration in the configuration of already existing 

sites or the masking and unmasking of already existing sites. Lectins 

bind to the sugar moieties of the membrane glycoproteins which could 

change without any difference in the proteins being synthesised, by 

utilising enzymes already available. 

6.5 Induced Changes in Growth Rate and in Crystallin Synthesis 

The possibility of the cell cycle as a regulatory factor in the 

control of crystallin gene expression has been discussed. Numerous 

other factors may also be involved in controlling lens differentiation. 

External signals such as adjacent tissues (McAvoy, 1978); hormones 

e.g. prolactin and growth hormone (Wainwright, Rothstein and Gordon, 

1976); and growth factors such as RE (Arruti et al., 1978) or 

differentiation promoting factors, e.g. lentropin (Beebe et al., 1980) 

128. 



129. 

have all been shown to be capable of playing a contributory role 

either alone or in concert. 	For example, they may influence the cell 

cycle, which in turn regulates crystallin synthesis. 

The effects of insulin, foetal calf serum and a retinal extract 

(RE.) on the 3 chick strains Hy-1, Hy-2 and N were investigated. 

Insulin has been reported in the literature to stimulate mitosis 

(Piatigorsky and Rothschild, 1972) and elongation (Piatigorsky, 

Rothschild and Woliberg, 1973) of embryonic chick lens epithelia. 

FCS has also been shown to affect mitosis (Harding et al,,, 1971) and 

increase RNA synthesis in embryonic L.E. cells (Piatigorsky and 

Rothschild, 1971). 	It is not known whether insulin is responsible 

for the serum induced cell elongation or if the mechanism of action 

is similar. 	An increase in 6 crystallin synthesis was also shown to 

occur simultaneously with cell elongation in embryonic L.E. cells 

supplemented with 15% FS (Milstone and Platigorsky, 1975). 

A retinal extract (R.E.) isolated from bovine retinas has been 

shown to modulate the morphology and enhance the proliferative capa-

city of bovine lens epithelial cells in culture (Arruti and Courtois, 

1978; and Barritault, Arruti, Whalen and Courtois, 1979). 	This may 

be of significance with respect to lens .differentiation as investi-

gators have pointed out that the retina must produce some diffusable 

factors which control the proliferation and the differentiation of 

L.E. cells duringdevelopment (reviewed by Jacabson, 1966; Coulombre 

et al., 1963). 

The effect of insulin R.E. and FCS on the growth rate of post-

hatch L.E. cells from the 3 chick strains is in keeping with previous 

data concerning the enhancement of embryonic chick lens cells and of 

bovine epithelial cells in the case of R,E. 	Of particular interest 
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here, however is the differential responseof the different strains 

to these additives. 	Strain Hy-1 showed a greater response than 

strain N with strain Hy-2 as the intermediate when insulin or R.E. 

was added. 	6% FCS, the routine additive in the culture of these cells 

resulted in strain Hy-1 with the fastest growth rate and strain N with 

the slowest. 	10% FCS, however, stimulated strain N L.E. cells to grow 

faster than either of the other two strains. 15% FcS did not appear 

to have an additive effect Over 107, FS but rather an inhibitory one. 

This suggests that blocking of crucial sites on the membrane may occur 

preventing an additive effect of the active FS components. 

The above data suggests two main points to be emphasised: 

FCS, insulin and R.E. all have a noticeable influence on growth 

rate of chick L.E. cells in culture but appear to have different 

mechanisms of action as judged by the growth response of these cells 

from 3 different strains. 

The L.E. cells from the 3 different strains have different sensiti-

vities to each of these factors resulting in a different level of growth 

stimulation for each of these factors. 	This further suggests differences 

in the receptor sites of the cellular membranes which are likely to 

receive information from any external signals. 	Differences have already 

been shown in the lectin binding capacity between these strains, and 

Odeigah (1977) also showed membrane glycoprotein differences between 

those strains. 	The L.E. cell populations of particularly strains 

Hy-1 and N have been shown to be heterogeneous with respect to cell 

cycle time, 	Therefore the whole cell population may not behave in the 

same way. 	 - 	- 

The morphological change in newly explanted L.E. cells resulting 
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from R.E. treatment (Plate 54) suggested a change in the membranes 

at this time. 	The cells assumed a spherical appearance similar to 

mitotic cells with R 0E,, compared to a flattened appearane with ad- 

jacent cell contact in the case of the control. 	Arruti et al. (1978) 

showed that this R.E. modified the morphology of bovine lens cells in 

vitro making them elongate into spindle-shaped cells. 	However they 

also showed that 3 different morphologies could be obtained depending 

on the culture conditions •(Barritault et al., 1979). 	Of particular 

interest is the observation that when these cells continued to be 

treated with R.E., the cell population did not divide and grow to the 

extent of the untreated control. 	However, cells which were allowed 

to plate in the absence of R.E.,, did result in growth stimulation when 

R.E. was added thereafter. 	The rounded spherical appearance of the 

cells did not then occur. 	This suggests that some adaptation of the 

cells to the in vitro culture conditions was somehow inhibited by 

R.E. presence, such as a membrane modification. 	At the time of 

seeding the cells are all dissociated as single cells. 	R.E. may then 

prevent any cellular interactions with the basement membranes, which 
at 

according to Gospodarowicz,A(l978) is the mechanism by which cell growth 

rate is controlled. 	Considering this same hypothesis, once cell con- 

tact has been made R.E. may promote greater cell contact, resulting 

in increased growth rate. 

Most of the studies concerning R.E. have been reported utilising 

bovine epithelial cells. 	In culture, under normal conditions these 

cells do not form lentoids, unlike chick lens epithelial cells. 	In 

the study of R.E.'reported in this thesis it was found that R.E. did 

not permit lentoid structures, with their associated bottle cells, to 

develop. This was in marked contrast to the controls, to the effect 
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of higher FCS concentrations and of insulin. 	No other evidence could 

be found in the literature for the induced absence of lentoid structures 

in chick L.E. cells in vitro. 	This phenomenon was common to all 3 

strains of chick under study. 	Different FCS concentrations and insulin 

changed the frequency and size of the lentoid structures but they were 

always present in cultures after approximately 10 days in culture. - -- - - 

Lentoid structures have been shown to consist of a multilayered 

lens-like arrangement of elongated lens fibres with an ultra-structure 

similar to lens fibre cells in vivo. 	A high accumulation of crystallins 

has also been shown to occur in these structures (Okada et al,, 1973). 

The differentiation of these lens fibres is characterised by a marked 

cell elongation with accompanying intensive crystallin synthesis, tS 

crystallin is the predominant crystallin accumulated in maturing lens 

fibres of embryonic chicks (Clayton, 1970). 	It is also very pre- 

dominant in chick L.E. cultures, S-crystallin accumulating as lentoids 

develop (de Poinerai, Pritchard and Clayton, 1977). 

Analysis of the crystallins accumulated in these lentoid-free 

cultures after R.E. treatment showed a pronounced accumulation of S-

crystallin in all 3 strains but particularly in strain Hy-1 when 

compared with untreated control cells or any other treatment used. 

There appears to be a conflict in results in the case of R.E. treated 

cultures between an increase in ó-crystallin synthesis and the absence 

of lentoid structures. 	Piatigoraky et al. (1973) showed by cell 

elongation inhibitory experiments using colchicine treatment of embryonic 

L.E. in culture that iS-crystallin synthesis and 5-crystallin inENA 

synthesis were independent of cell elongation. 	Therefore it is 

possible to uncouple biochemical differentiation, in terms of crysta]lin 



accumulation, from morphological differentiation. 

However, there is the possibility that these factors change the 

rate of maturation of thesectiltures, 	A single time point of analysis 

would therefore not obviate such differences as lentoids may develop 

at a later stage. 	Successive time points of analysis would need to 

be invoked in order to resolve this possibility. 

Proximity to, the retina has been shown to be necessary for the 

induction of the lens (Coulombre et al,, 1963). 	As already mentioned, 

some diffusible factor is necessary in the normal early development of 

the embryonic lens when 6-.crystallln accumulation is high and the 

growth rate is high. 	Similar events have been induced by R.E. in 

vitro. However promotion of 6-crystallin synthesis only and not lens 

fibre formation appears to occur. This suggests that there may be 

other factors involved in the morphological differentiation of L.E. 

cells. Beebe, Feagans and Jebeno (1980) have recently described the 

presence' of a factor they have termed lentropin from the vitreous 

humour which promotes lens fibre differentiation, Yammanoto (1976) 

had also suggested the presence of such a factor stemming from the 

posterior chamber of the eye and which promotes fibre differentiation. 

A factor which stimulates cell division has been shown to be present 

in the aqueous humour (Reddan, Weinsieder and Wilson, 1979). Extracts 

from various ocular tissues including iris, pigmented epithelium, 

choroid and the vitreous body were found to elicit similar proliferation 

responses and morphological changes on bovine epithelial cells as with 

retinal extract.(Barritault et al, 1979).' This led to the proposal 

that all of these extracts may involve only a single factor common to 

all of these tissues, but this is uncertain. 
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Cell division and lens fibre differentiation can occur in chick 

L.E. in vitro cell culture, isolated from other ocular tissues, in the 

presence of 6% FCS and a defined growth medium. 	This suggests that 

some analogous factors must be present in serum. 

It is therefore possible that several of the factors described 

above, including insulin and those present in serum, may act in concert 

regulating lens epithelial cell proliferation and subsequent differ-

entiation into lens fibre cells. 	It is likely that the cell division 

- cell elongation transition occurring at the lens equator, coinciding 

with the position of the ciliary process, is the region where numerous 

factors may be involved in the differentiation process. 

The effects of R.E., insulin and FCS has further demonstrated that 

the crystallins can be regulated in a non-coordinate fashion as pre-

viously reported (Clayton etal,, 1976a). 	The differences between the 

strains in response to any one of the additives with respect to both 

growth rate and crystallin synthesis emphasises two things: 

the importance of external signals In regulation of differentiation, 

and, 

the importance of the competence of the cells to respond to 

these signals and which can vary between cells of different 

strains. 
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CHAPTER 7. 	CONCLUSIONS AND RECOMI4ENDATIONS FOR FUTURE WORK 

7.1 Conclusions 

7.1.1. 	A circadian rhythm in DNA synthesis is present in the lens 

epitheliumof whole chick lenses. A similar rhythm in RNA 

synthesis is also evident. These rhythms have been shown to be 

a reflection of the mitosing epithelial cells and are strain 

specific. 	These differences occur as a result of the composition 

of the 'thole lens epithelium population with respect to the 

duration of the cell cycle. These results suggest that the cell 

cycle duration in L.E. is under genetic control. 

7.1.2 	This Circadian rhythm is not maintained In dissociated L.E. 

In culture and so could not be used as a source of synchronous 

cultures. However synchronous cultures of L.E. can be Induced 

in vitro utilising the mitotic selection method and a method in-

volving cell cycle arrest followed by restixnulation back into 

the cell cycle. 	Strain ny-2  L.E. cells offered the best 

opportunity for synchronisation and subsequeEt biochemical 

studies because it contained predominantly cells of one inter-

mitotic duration. 

7.1.3 	Protein synthesis studies of these synchronised cells led to 

the conclusion that no qualitative differences were apparent 

in the synthesis of cytoplasmic proteins at different times 

during the cell cycle of L.E. cells. Quantitative changes were 

found In several instances. 	6 and a2  crystallin synthesis in- 

creased at a time corresponding to S-phase. This suggests 

that cells with a shorter cell cycle, and therefore spending 

relatively more time in S-phase, would synthesise more 6 and a2 



136. 

crystallins. 	Evidence is available correlating increased 6 

crystailin synthesis with cells of short cell cycle. 	The 

conclusion was made that, pending further studies, the cell 

cycle could be involved in the regulation of crystallin synthesis 

in conjunction with other controlling factors. 

Two polypeptides increased in synthesis at a time corresponding 

to the end of C 1  and the beginning of S-phase. 	One of these 

has been identified as actin. 	These may prove useful markers 

for G1-S phase transition in the study of the biochemistry of 

this important cell cycle event. 

7.1.4 	In contrast to the absence of significant changes of membrane 

polypeptides during the cell cycle, major differences were. 

apparent in the lectin binding capacity of L.E. cells during the 

cell cycle. 	This dichotomy may be resolved by suggesting 

changes in the fluidity of the membrane resulting in different 

configurations of the membrane glycoproteins between mitosis and 

interphase. 	Lectins have more than one binding site and so re- 

suit in a crosslinking of receptors. The configuration of 

these sugar moties of the membrane glycoproteins may be of 

considerable importance for lectins to bind. 

Strains Hy-1 and Hy-2 showed greater lectin binding than 

strain N both during mitosis and interphase. 	This observation 

taken together with the data concerning the higher proliferative 

capacities and abnormal cellular behaviour in vivo resulting in 

lens epithelium hyperplasia, suggests that the L.E. cells of 

strains Hy-1 and Hy-2 exhibit properties associated with trans-

formed cells. 	This may be a direct result of the high selection 
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pressure for faster growth exerted on strains Hy-1 and H3-2 

chickens. 

Differences in the membrane receptors of L.E. cells between 

the different chick strains under study could result in differ- 

ences in their response to external signals such as growth 

factors and hormones. 

7.1.5 	The effect of insulin, foetal calf serum and retinal extract 

on the crystallins synthesised in cultured L.E. cells provides 

further evidence that the crystallins are regulated in a non-

co-ordinate fashion. 	Differences in the response of L.E. cells 

from the 3 different chick strains to the same external stimuli, 

suggest that the receptors involved in the transmission of such 

external signals differ between the strains. 	These differences 

could be analogous to those found for differential lectin 

binding between the strains. 

- 	
The observation that retinal extract treated L.E. cultures 

exhibited a large increase in . 6 crystallin synthesis but an ab-

sence of lentoids led to the conclusion that biochemical 

differentiation in the form of crystallin synthesis could be 

dissociated from morphological differentiation. 	RE promotes 

biochemical differentiation in chick L.E. cells and somehow 

prevents morphological differentiation occurring. 	Some other 

factor may be necessary in greater concentrations to promote 

morphological differentiation. 	Such a factor has been docu- 

mented. 	From the work presented it is concluded that numerous 

factors are involved in concert in the regulation of lens epi- 

thelial cell proliferation and their subsequent differentiation 
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into lens fibre cells. 	These include: the cell cycle and 

its associated circadian rhythm; the genetic make-up of the 

cells themselves; serum factors such as hormones and growth 

factors; and factors from other ocular tissues. 

7,2 Recommendations for Future Work 

The underlying basis of the circadian rhythm present in the chick 

lens is an interesting problem. However the magnitude of the problem 

is perhaps evident from section 1.3, which attempted to review some of 

the cellular components exhibiting oscillatory behaviour and so could 

possibly play some part in the basis of the rhythm. 	Every epithelial 

tissue so far examined for the presence of a circadian rhythm has ex-

hibited one. However few tissues have offered such an ideal study 

system as the epithelium in the lens. 	Other tissues exhibiting circa- 

dian rhythms and which have been studied in detail include the liver 

and the gut epithelium.. Such studies are complicated by the greater 

complexity and heterogeneity of these tissues and the close contact 

with the vascular supply. 	The-lens offers a system without these dis- 

advantages which could prove to be of value in what could be  very 

complicated set of inter-relationships. 

This thesis has reported experiments with synchronous cultures 

stemming from primary cultures. 	The fact that the cells used were 

primary cultures was a major drawback in this study because of the time 

and effort involved in obtaining such cultures. 	It would therefore be 

of great value in the study of chick L.E. cells for a cell line to be 

established which could he maintained without the necessity of continuing 

subculture to maintain the cells in the cycling state. 	Under the 

present normal culture conditions lentoids develop simultaneously with 
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aplateau in the cell growth rate. 	It would be worthwhile to invest- 

igate a growth medium which maintained these cells in a cycling state. 

Such a factor as RE, isolated from chick retina, might make this 

possible providing its effects were well characterised. 	Homogeneous 

cultures with respect to cell cycle duration could possibly be derived 

for different interinitotic times. 	Studies such as those reported in 

this thesis could then be taken a step further and cells with different 

interinitotic intervals compared to see if such observations as cell 

cycle dependent protein synthesis is a real and general phenomenon. 

External signals to L.E. cells appear to play an important role 

in the regulation of cell proliferation and differentiation. 	The 

mechanism of action of these signals is of great importance in the 

understanding of such fundamental problems as the cell cycle and 

differentiation. 	Comparative investigations of genetic differences 

between strains have proved to be a useful tool in the dissection of 

biological processes. 	Genetic modifications in the L.E. cells of the 

3 chick strains examined in conjunction with known regulatory signals 

such as RE and lectin binding studies, could help to illuminate the 

regulatory rechanisxns involved. 
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ABSTRACT 

We have studied chick lens epithelium and embryo neural retina of three different 
genotypes in several cell culture conditions. The genotypes are distinguished by 
cell behaviour, cell cycle and cell membrane composition. The culture medium. 
additives chosen are known to affect cell growth patterns. We report here on the 
effects of brief exposure to N-methyl-N'-nitro-N-nitrosoguanidine (?flING), a 
carcinogen, and the effects of growth in the presence of insulin, retina extract 
or different levels of foetal calf serum. 	In all canes the relative rates of 
synthesis of different crystalline is affected both qualitatively and quantitatively 
as compared to controls. In two cases it has also been found that the mRNA 
population is differentially affected, as judged by translation in a cell free 
system. The specific effects are related to the different medium conditions, and 
modulated by the cell genotype. 	In addition to these effects, there are delayed 
effects of I4N1IG treatment. The appearance of unexpected morphological cell types 
may involve phenomena similar to transdifferentiation. A relationship between 
the effects observed and the stage of the cell cycle is suggested. 

INTRODUCTION 

Cell differentiation is the product of differential gene expression and the pattern 
of this expression may itself affect the capacity for response to such external 
signals as lead to further cellular changes. Cell culture methods permit cells of 
different genotypes, from different tissues and stages of development to be exposed 
to selected and controlled conditions. For example, the effeCts of media 
containing cell growth promoters or inhibitors, or culture conditions favouring 
cell dispersion or cell contact, can be assessed not only in terms of the 
consequences for cell viability or cell morphology, and differentiation in culture, 
but also in molecular terms, i.e. qualitative and quantitative changes in mRNA and 
protein synthesis. 
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The cells of day old chick lens and embryo chick neural retina have especial 
advantages for studies of this kind. The vertebrate lens is composed only of 
epithelial cells and the terminally differentiated fibre cells derived from them, 
and this terminal differentiation can be obtained in cell culture. The major 
gene products of the bird lens are the x, 13,  and 6 crystalline. Throughout 
development new fibres form from epithelial cells. The display of crystalline 
in a cell changes as it differentiates into a fibre, in both successively develop-
ing epithelial and in fibre cells. Thus the crystallin composition is also 
modified with increasing developmental age (Clayton, 1974). Regulatory factors 
affecting a lens cell in vivo could include cell mass, cell position, cell contact, 
rate of mitosis, and metabolic factors (Clayton and colleagues, 1976),  and cyto-
architectural components. The effects on crystallin synthesis of culture 
conditions affecting some of these parameters shows that crystallin synthesis is 
affected non-coordinately, (for example, Clayton and colleagues, 1976; Vermorken 
and Bloemendal, 1978;  Mousa and Trevithick, 1977; de Pomerai, Clayton and 
Pritchard, 1978). 

Embryo neural retina (NE) cells in culture can differentiate into neuronal cells 
and neuroepithelium, but can also transdifferentiate into pigment (PE) and lens 
cells (Okada, 1976). Differentiation of lens epithelial cells and transdiffer-
entiation of embryo retina cells into lens cells both involve changes in the 
crystallin mRNA population. For example, a selective increase of hybridisable 
6-crystallin mRNA characterises the early stages of embryo chick lens cell differ-
entiation, (Piatigoraky and colleagues, 1976), and changes were found in 
translatable crystallin mRNA at later stages (Thomson and colleagues, 1978b). 
During transdifferentiation from retinal cells, crystallin mRNAs move from the 
intermediate into the high abundance class (Thomson and colleagues, 1979; Yasuda 
and colleagues, 1979; Clayton, 1979  b,c). These massive increases in crystallin 
mBNA must involve transcriptional controls: although differential increases in 
crystallin mENA stabilitr do occur (e.g. Clayton, Truman and Hannah, 1974; Delcour 
Odaert and Bouchet, 1976),  these changes in stability could not be sufficient 
to account for the increase observed. The initial events may however be non 
transcriptional. The relationship between the frequency and rate of transdiffer-
entiation and crystallin mENA levels, (Clayton, Thomson and de Pomerai, 1979) and 
also the effects on these two parameters of certain culture conditions, (Clayton, 
de Pomerai and. Pritchard, 1977; Araki and Okada, 1978) imply that there may be 
selection within a cell for expression of particular niRNAs from amongst those 
already present (Clayton, 1979  b,c), and indeed, in both normal and transdiffer-
entiating systems there is evidence that various post transcriptional regulatory 
mechanisms may occur, (Beebe and Piatigorsky, 1977; Thomson and colleagues, 1978, 
Clayton, Thomson and de Pomerai, 1979). 

There is a class of cellular changes which may turn out to have molecular parallels 
with transdJ.fferentiation. These include those tumours which produce products, 
such as hormones, which are normal to the organism but not to the tissue from 
which the tumour was derived and those tumours which may give rise to cell lines 
which revert to normal, suggesting that genetic loss is not involved, but rather 
a reversible shift in gene expression (Co gin and Anderson, 1973;  Mintz,  1976; 
Uriel, 1979).  Eguchi and Watanabe (1973), found that N_methyl_Nt_nitro_N_nitro 
soguanidine, a potent carcinogen, caused transformation of both dorsal and ventral 
iris cells into lens tissue in situ in the intact amphibian eye. Although dorsal 
iris can give rise to a lens following lentectomy in vivo,ventral iris does not, 
but once the potential for lens formation had been elicited following MNNG 
treatment, it was stable for at least a year: no tumours were observed. The 
changes in the cellular commitment of cell lines which lead to reversible malig-
nancy, or to expression of heterologous cell products, clearly differ in one 
important respect from tzansd.ifferentiation into lens: the lens fibre is a non 
dividing terminal cell: indeed, any change in differentiation characteristics 
which, (although not appropriate to the site within the body), does not also give 
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rise to cells with a higher rate of replication than the original one is likely 
to pass undetected. 

We report here on investigations into changes, in four chick genotypes, of the 
balance of crystallin synthesis in lens cells grown in the presence of three 
agents affecting mitosis; insulin, foetal calf serum (Fcs) (Reddari and Wilson, 
1 978) and retina growth factor (RE) (Arruti and Courtois, 1978), and the effect on 
both lens and neural retina cells of brief exposure to NNNG. The lens cells of 
three of the genotypes, N, Hy-1 and Hy-2, are known to be distinguished by cell 
membrane composition (Odeigah, Truman and Clayton, 1979; Clayton, 1979a)  and cell 
cycle interval (Randall, Truman and Clayton, 1 979). 

MATERIALS AND METHODS 

Cell culture Lens epithelium (LE) cells from day old ch,cks and neural retina 
(NE) from 8 day embryos were seeded at 3 x 10 5  and 5 x 10 0  cells per dish 
respectively and cultured as in de Pomerai, Pritchard and Clayton (1977).  Cells 
were labelled as in Thomson and colleagues (1978a)  and Randall, Truman and Clayton 
(1979). 
Medium modifications 1. Insulin, (B.D.H.) was added at lOiig/ml to medium with 
6% F.C.S. from the 4th to the 14th  day of culture. 	2. Retina extract (R.E.) 
(Arruti and Courtois, 1978) was added at 20xg/ml to medium with 6% F.C.S. from 
the 4th day of culture onwards. 3. L.E. cultures were exposed to MNNG at 7.5 
ig/ml for 1 hour on the 7th day of culture. N.R. cultures were exposed to MNNG 
at 10.0 ig/ml for 1 hour on the 19th  and again for 1 hour on the 21st day of 
culture. These doses are subtoxic but growth rate is slowed thereafter. 4. L.E. 
cells were also grown in medium with 10% and 15% F.C.S. 
Cell synchronisation Cells were arrested in G1  by 24 hours in culture in the 
absence of F.C.S., induced to re-enter the cell cycle by transfer to medium 
containing 6% P.C.S., and pulse labelled for 30 minutes at intervals, with 10xCi/ 
ml 14C  aminoacids. The time points were those in which a high proportion of cells 
were in G0, G1, 5, or G2/I, as determined from 3H thymidine incorporation as in 
Randall, Truman and Clayton (1979). 
Choline Acetyl Transferase C.A.T. was assayed according to Fonnum (1975) as 
modified by Crisanti-Coombes and colleagues (1978). 
Translation Polysomal and post polysomal mENA wasjrepared and translated in a 
cell free system as in Thomson and colleagues (1978b), mRNA was quantified and its 
poly A content determined according to Bishop, Rosbash and Evans (1974). 
Protein analyses Cell proteins were extracted as in de Pomerai, Pritchard and 
Clayton (1977). The haemagglutination inhibition assay (HIA) and antisera used 
were as described in this paper. Electrophoresis in 120/6 S.D.S. polyacrylamide 
gel was according to Araki and Okada, (1978) and fluorography as in Thomson and 
colleagues (1979). 

RESULTS AND DISCUSSION 

Insulin Insulin affects embryo lens cell morphology and ultraatructure 
(Piatigoraky, Rothschild and Wollberg, 1 973) increases the rate of cell division 
in older lens epithelium (Redd.an and Wilson, 1978) and increases both cell 
division and the levels of 6 crystallin in lentoids transdifferentiated from 
neural retina cultures (de Pomerai and Clayton, in press). It is teratogenic in 
the chick, producing limb, beak and tail defects (Landauer and Clark, 1962) but if 
injected on the 4th day of incubation we find it also produces cataract (Fig. la, 
b). Such lenses, at 17 days of incubation, show 13% increase in a crystallin, 
11% increase in 3 crystallin and a 13% fall in ô crystallin compared with controls. 
Table 1 and Fig. 2a,b, show the effect of culture with insulin on accumulated 
protein (Elk and electrophoresis) and Fig. 2c,d,e,f, Fig. 3 and Table 1 show the 
results of translation in a cell free system with mRNA taken from control and 
treated cells. Crystallin synthesis and accumulation is markedly more affected 
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in Db cells than in the rapidly dividing Hy-2 cells. This could be due to 
differences in receptors or in effectors, but ThomopouJ.os and colleagues (1976) 
have found that the number of insulin binding sites on fibroblasts falls when they 
divide rapidly; it may therefore be useful to compare the number of such sites on 
these genotypes. 
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Fig. 1. 17 day embryo chick lenses, a) control. b) irjected with 2 i.u. insulin at 

4 days in vivo. c)d) Day old chick LE cultures. c) control, few mitoses, d) 10ig/ 
ml insulin, numerous mitoses. 	Fig. 2. a)b) Accumulated protein from Db cells 
in culture. a) control. b) insulin at 10ig/ml. Crystallins translated in a cell 
free system by mENA from cell cultures: c)d) Dbcells, e)f) Hy-2 cells. c)e) 
controls. d)f) insulin. 

Accumulated proteins 	
- n. trophoretlo 

Haoeagglutinatiofl_Inhibition Separation Trans. in a cell free system  

Db strain Hy-Z strain train 170 strain Hy-2 	train 

Cryetellin Cont. lea. Cont. lea. Cont. lea. Cent. Sea. Cont.  lea. 

1 7.5 [5.11 {I 2.51 {13.7 ( 1 3 .5 5.0 5.0 

a2 I - 3.9 j4. 12.8 

31 25.0 34.09 18.95 122.52 40.5 
8.6 

36.5 
- 4.2 

6.6 8.5 5.3 4.6 

32 1.7 2.7 2.9 

33 5.7 5.4 6.1 

34 ii: 12.8 11.7 11.0 

14.8 335 --8.5 0.1 14.4 13.8 14.2 

36 j •3j 10.6 9.4 9.1 

61 15.0 27.27 531.35 J13.39 31.8 38.5 7.5 4' 5.5 5.8 

62  L - 
s. 2.0 

SpA 8.1 2.3 3.5 1  1 	3.3 1 j• 

TABLE I Cells grown in presence of insulin at 10 iig/ml from 4th day of culture 
onwards, and harvested on the 14th day. Percentages of total. 

F.C.S. The effects include promotion of cell plating and cell division. 	F.C.S. 
also affects the ratio of to 3 in transdifferentiating neural retina (de Pomeral 
and Clayton, in press). 	The effects on the relative proportions of 34, 5 and 6, 
especially in Hy-2 cells, is shown in Fig. 3a,b,d,e, Cells in arrest in the 
absence of F.C.S. have a different pattern of protein synthesis om cells in G 1 , 
S and C2  (Fig. 10). R.E. Cell division is stimulated by a retina extract (R.L) 
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prepared by Arruti and Courtois (1979). Hy-1 lens cells have an intrinsically 
higher rate of mitosis than normal (N) cells, and Hy-2 are intermediate (Randall, 
Truman & Clayton, 1979). Cells from N, Hy-1 and Hy-2 were adjusted to 1.5 x 1o5 
cells per dish on the 4th day of culture. On the 8th day, Hy-1 was at 9 x 1o5, 
Hy-2 at 7 x 10 and N at 6 x 1o5. The strains respond differently to RE. N and 
Hy-2 cells both rise to 10 x 10 but Hy-1 cells are unresponsive, and this clearly 
cannot be due to an upper limit to mitotic rate for day old chick lens cells. 
The crystallin•profile of the cel]sis affected (Fig. .3c, f.), but shows genetic 

WI-fferences in the changes obtained in the proportion6 of the three high molecular 
c:t 3 crystallins: a reduction in P4 in. both genotypes, but 33 is reduced in 
H;-2 only. 	61 is reduced and 82 increased, especially in fly-1. 	Changes in cell 
content in response to RE were also found by Barritault and colleagues (1979) 
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Fig. 3. Densitometer traces of gels in 2; a) Hy-2 control. b) Hy-2 insulin. 
c) Db control. d) Db insulin. Arrows indicate the components which have been 
affected. 
Fig. 4. Effect of F.C.S. and R.E. on proteins from LE cells. A) Hy-2 cells. 
B) fly-i cells. C) Crystallin standard. a) 6% F.C.S. Ab) 10% F.C.S. Bb) 15% 
F.C.S. c) RE: 204g/ml. Arrows indicate the components most affected by medium. 
gNNG: Cellular response: (1) Neural retina. 8 day embryo neural retina differ-
entiates within a week after plating, into neuroepithelial cells and neural cells 
otth connecting axonal out-growths (Okada, 1979).  The latter begin to disappear 
after two weeks and by the 16th - 18th day no axon-bearing cells, remain, but 
clumped cell aggregates are seen. Some lentoids may be derived from such 
aogregates (Okada and colleagues, 1979). 	In 8 day NR, lentoids are seen from 25 
days onwards and at the cell densities employed here, pigment cells transdiffer-
entiate from 30 days onwards (Clayton, de Pomerai and Pritchard, 1977) (Fig. 6a). 
In cultures exposed to MNNG on the 19th  and 21st days lentoidB appear with about 
2-3 days delay compared to controls. There are also three major changes seen:-
1. Cells with fusiform morphology (Fig. 6b). 2. Pre-pigment cells appear 7 days 
later than normal and only about 20% of these pigment over the next 7 days. 
Thereafter they gradually change shape, swell, and detatch (Fig. 6d). 	3. Cells 
resembling neurones with axonal out-growths appear, mainly at about the 46th day, 
25 days after 1'2NG treatment (Pig. 6c,e). Choline acetyl transferase (C.A.T.) a 
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marker for neuronal cells (for example Crisanti-Coombes and colleagues, 1978), is 
2-6 times higher in 35 day NNNG treated Hy-1 cultures than in controls. Selective 
elimination of cells by MNNG is not a possible explanation for the appearance of 
these new, late appearing neurone-like cells. A hypothesis which we hope to test 
is that the differentiation of some neuroepithelial cells may become diverted, 
after MNNG treatment, giving rise to these cells of neuronal appearance. 

O 

Fig. 5.  Effect of MNNG on proteins of neural retina cultures 8 days after treat-
ment. A) crystallin standard. B) N cells. C) Hy-1 cells, a) control. b) MNNG. 
Fig. 6. Neural retina cells in culture. a) control terminal culture with neuro-
epithelial cells, lentoid.s and pigmented cells. b) 30 days after MNNG treatment, 
fuaiform cells. c)e) neurone-like cells after MNNG treatment, 50 day cultures. 
d) degenerating pigment cells, 26 days, FINNG. 
2. Lens Epithelium Lentoids appear in primary cultures, which grow slowly 
still appear morphologically normal at 30 and 40 days. Secondary cultures, 
established from 9 day old MNNG primary cultures developed lentoid.s, but sh. 
abnormalities which are not found in control secondary cultures. These incThde 
fusiform cells (Fig. 7b) bipolar cells with some arborisation (Fig. 7d) at the two 
ends, and a small number of cells also appear after 25-30 days which are neurone-
like in appearance (Fig. 7c). No laboratory has so fax ever reported such cells 
from lens epithelium cultures. Cytochalasin D can produce arborisation around 
the periphery of lens epithelial cells in culture, (Mousa and Trevithick, 1977) 9  
but this effect is rapidly reversible, and is neither delayed nor persistent as 
here. Neural retina mBNL sequences are found in the intermediate abundance class 
of lens mBNA (Jackson and colleagues, 1978) and it is possible that some of these 
mRNAs may become expressed in a proportion of lens cells after NNNG treatment. 
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We hope to examine this problem further by specific identification of the molecular 
properties of these axon-like cells. 

Pig. 7. Lens epithelium cells in secondary cuItue. a) control. b)c)d) cells in 
cultures derived from I"UNG treated primary culture. b) fusiform cells. c) neurone 
like cell and epithelial cells. a) bipolar cells from edge of culture, inset, two 
bipolar cells. 
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Fi. 8. Proteins from LE control cells and cells after MNNG treatment at 7 days. 
•A) Db. B) Hy-1. Aa) 13a) 9 days, control. Ab) Bb) 9 days, 	NG treated. 	Ac) Bc) 

control, 24 and 21 days respectively. Ad) Bd) 1NG treated, 24 and 21 days. 
Fig. 9. mBNP translation products from MNNG and control cultures: A) polysomal, 

	

RNA. B) post polysomaj. RNA. a) 3 hours, control. b) 3 hours after MNNG. 	c) 48 
hours after MNNG. PAG-SDS electrophoresis and densitometer traces. 

MNNG: Bioeyrithepis (1) Neural Retina. The protein profile of NR cell cultures was 
examined 8 days after MNNG treatment in N and Hy-1 strains. These cultures; at 
28 days after plating, are transdifferentiated and contain crystallins. 
In both strains, there is a fall in a crystallin and a consideraole fall in a 0 
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crystallin in experimental compared to control cultures, (Fig. ). There is also 
a slight diminution of S crystallin in Hy-1, and of a high MW component ('A') in 
N strain. 
Lens Epithelium Little cell death is seen at the dose levels used and is unlikely 
therefore to contribute significantly to the results. 	The protein prof:i,le of 
cultures shows both an ontogenic change and strain specific differences (Fig. 8 
2 days and 17 days after NNNG treatment, the profiles of Db control and treated 
cells remain similar, but Hy-1 cells show several changes by 14  days after treat-
ment, mainly in 'A' and high MW (3 crystallins. The effect on inRNA has so far beES  
examined mainly on Db cells. 	1 hour after MNNG, Db cells have less total polysom 
RNA but the translation of equal amounts of total mRNA is more efficient, suggest-
ing a high mRNA:rRNA ratio. Much of the poly A-containing RNA has moved to the 
Post poiysomal fraction. This suggests an immediate effect on polysome stability. 
At 3 hours the translation profiles of total RNA are similar in control and treated 
cells (Fig. 9 Aab). 	8 hours after NNIIG, the poly A content of total RNA was 3 
times higher in By-1 and ii times higher in Hy-2 control cells compared to MG 
treated cells. Equal amounts of total RNA from control cultures translated 2.3 
times as efficiently as from treated cultures in Hy-1, and 3.6 times as efficiently 
in Hy-2. If the efficiency of translation is a measure of mRNA, these data 
suggest that the average poly A length is shorter in treated cells. The poly A 
tail on mRNA is progressively shortened as a function of time, so these results 
may indicate a short-fall in new mRNA. 48 hours later (at 9 days of culture, 
when lentoids are beginning to appear), IThNG treated Db cells resemble control 
cells in the total amount of RNA present, the association of mRNA with polysomes, 
and the efficiency of translation. However the pattern of protein synthesis in 
a cell free system differs considerably (Fig. 9 Ac, Bc). 	Control cells synthesise 
crystallin as the main component, while MNNG treated cells still synthesise 

other crystallins in appreciable amounts. 
Differential Response of Crystallins to Insulin.R.E., Levels of F.C.S. 1  and MNNG. 
Although our results are preliminary, strain specific differences in response havES 
emerged. The basis of the genetic differences in response requires investigation. 
Pulse labelling of synchronous cells shows that there is some cycle-dependent 
regulation of specific syntheses (Fig. 10). Since a higher proportion of cells 

GO. 	 S 
cells 

in arrest 

ai 

Fig. 10. Densitometer trace from fluorograph of PAG i.e.f. analysis of pulse 
labelled crystalline from synchronised LE dells. The majority of cycling cells 
were determined  to be in Gi, 3, G2/M, by pulse labelling with fi  thymidine as 
described in Randall, Truman and Clayton (1979). 
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in a population may be of a given cycle stage in rapidly growing cells, qny cell 
cycle dependent eusceiptibility to an agent (e.g. to carcinogen, Peterson and 
colleagues, 1974),  may be related to the known strain differences in cycle time. 
However Hy-1, Hy-2 and N strains also differ in cell membrane ultrastructure and 
composition (Odeigah, Truman and Clayton, 1979), and in RNA metabolism and mRNA 
crnover (Truman and colleagues, 1976). 	R.E., insulin and F.C.S. all stimulate 

cell division, but there are some differences in the effects on the profile of 

.

rystallin synthesis for a given genotype: this suggests that there may be 
:fferent receptors and effector systems involved , and that there are probably 
- ceral levels at which synthesis of a particular polypeptide may be regulated. 
_fferential rates of synthesis of specific crystallin subunits in response to 

various conditions have been reported or reviewed elsewhere (Vermorken and 
Bloemendal, 1978; Clayton, 1 979a; Piatigorsky, 1980). 	All the conditions reported 
here also affect protein synthesis differentially; crystallins, therefore, appear 
to be regulated non-coordinately. 
In the case of insulin and NNI'IG, differential effects in the mRNA have also been 
found, as judged by translation in a cell free system. The possibility that the 
effect on cell differentiation is related to the type or degree of disturbance of 
the profile of available mENAs requires further study. The range of crystallin 
compositions which obtain during normal ontogeny and during lens cell differentia-
tion show that some change in representation in a cell is compatible with normality 
and is actually required during development. The changes brought about by insulin 
range from shifting of the balance of crystallins synthesised in cell cultures of 
day-old chick lens (this report) or in cultures of 8 day embryo neural retina (de 
Pomerai and Clayton, 1980) to pathological changes in lens cells, as in the 
embryonic cataracts reported here. However the short term effects of N1'NG on mRNA 
ccc more extreme, and the long term effects in culture include pathological changes 
ccci the appearance of unexpected cell types. The process of transdifferentiation 

m neural retina into lens cells is accompanied by a steady process of radical 
ccange in the abundance of crystalhin mBNAs (Thomson and colleagues, 1979). We 
have not yet examined the long term molecular effects of NRNG, but the possibility 
of major shifts in the mRNA population of some of the exposed cells or their 
descendants, leading in some cases to a process resembling transdifferentiation, 
now requires investigation. 
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S (L\IMA RY 

The g etirally itrirt 	ed ehick strains Tlyi and .1137-2, which Jtv 
1)opli Jrongly select'd lot growth iiXtè, both exliiljit, lLypeIp!a.ia of the 
]r-nS ejitlie1juin. These two strains and a control strain N, not lcetecl 
for nrowth rat, were coat1'ared with respect to iricorporatioti of 3ff_ 
tavaudine and '10-uiidine by freshly excised lenses Ut culture at different 
tiLes cirougliout a -h period. The levels of incorporation of label into 

Jon,,; coils were fomd in vary according to the time of day. Th e  patterrt 
ot (lttrnat vnation in Lot-it thye fine arid rintline cu-J; - m wa 
iL tori to he strain spcifie. }iy-t anti Hy-2 showed a greater degree of 
;vnch cony than did normal (N) lenses, and the frequency of the peaks of 

cnc'eut.tv,n wrt3 elo higher, Autoradiogmtphy confirmed that only lCfl.-5 
c'e- hur ufpo1ue-:36hvLidincdltritIg uisnreattd tJab the flhi:nl)erQi 
J.c'Ii .cl nrc1-; d"nends on the time of day when tim lenses we-ru cx-
thrncu. 1a'-e data point to genetic control of the cell cycle. 

1. INTR(T)1JCTION 

Two eneticalkr unrelated si ra 	uf chielt, ft-I and }['--2, have. heart ugOrOrisl y' 
slc-tat Or high early growl-h rate over a lerod 01 several yeais. Jly-i is an 
jlnd Orrin and 1lv-2 the F--I between two inhrcd strains. Both show 
Ig-porplaJa of the 1-no epithrliu rn and a- variety of' abnoi - malties of cellular 
Pu)jarc;es when c;cuiirned with a strain (N) not selected for rapid growth.  Ill 

the lens cait Hi rn cocci 	ceessjvr 	iirhr cr  

tio - r:nl ztad it id -ins a null-i -ia)eretl 	-tictiti -tr at - toss tim anterior 
ft-ca of IS lens between the capsule toll Ii (ri hotly. The inn Irological al - I - i ge- 
Ifl€:tl of fc-rn e.)] triiai owls srpesIs that t-he.y a-c deficient in coil act- inhihil tori 

on thaw itjpttr and Over surfaces end iiiiocvs that tit-y -  have a- ttriidcncv It) (ii [ 
throaci'te info flhc -e ceil within the layers (Clayton, 1975). An j vuati tiori of 
cpith'--Iii.rn flozri has shown it to be deviant fro,n norinrd Al,',rrrri nlitit -er ill 

Leg t - t -cu '-: 	ions i;eirrtic [ike ni1 - 9Lie iate, -winch Is aJpL-oxrrintc:i\- -  duirole 
tint of nc.t- rnal ceih, cell ic-liaviour, a ter Ulu rtay Or precocious fibre di IL:: i -aid intion 
(iini!i, Cicn, tint & FLinty, 1 1!75; Clayton et al 1970(t) and DNA, ENA and 
jiiOte.irr i:n-tnt olis;n Ti - v regidation of the We of synthesis of each class of 1LNA 
is r:itd"r- genetic control as indicated by uridine incorporation studies, intl (lifters 

* Ii n jni - fi,J 1, [i:aat- of rc jircrra'rit: fer lie tingtne of PliD. 

- 	 - 	
(--:- - 	 - 	 - 
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intrkedlv between strains ('l'i niui et al. 1976). Sirniiai.Iy 1unnttai i ', v diihmnees 
I)CtWeel( sLrzuris in the We of cist:dliii synLheds wnd qualitative 1l!1gu; in the 

me;tibraiie compuAlLioll were found (Clayton et ol. 1076b). 
The (pithchun of the lens of I he eye has beeii found to c:hihit diurnal 1-i;y11iins 

with respeet to mitosis in the rabbit (Vol] SalLinaitn & (h'iiaes, I !)52) and the rat 
(von Salhnann & Crimes, 1966) and diurnal variations in the rate of DNA syrl-
thesis afld mitosis have been found in other pithehial tisnes, of, for example, 
the niotis€j (Piigrim, irl) & Mauver, 1563; Puttru rt aL 1977)    We rat (Bystrenina 
i.'Od(kringllìa, 1976) and humans (Fisher, 1068; Schcfl ni W. 1977, Diurnal ri vlhins 
have also been observed in RNA cmaeilt in cell ]iIU5 such as liver (l'ihitir, i9G) 
and in human lcueoeytes (Kcili her, .l'Thraca 11 & 1cfl11ert, 19 712). 

It was oliseiverl. that when exphaiited lenses from I he three strains were so!; up 
in culture, they showed an apparent cyclic pattern of syiduesis according to the 
tune laprii at; e' expkintaljcii winch pjrcd sir:ni sp.iflc. (J:i:ytnil i a?,. 

(1976b) suggested that the levels of synthesis could be exn!ained if they were 
related to the stage of the eel! cycle and if the strains differed. in the perimucicy 
of I he cynic and its sensitivity to ine]iflea.tioti. 

This paper reports that diurnal variation in DNA and ENA synthesis is intrinsic 
to the cli ink loin and that the periodieity of the cycle is related to die genotype. 
This therefore provides a basis for genetic investigations of the regulation of the 
cell cycie. 

2. 112\'fEIIIALS AND J FTHU))S 

(a) Chicks 

Day-uld chicks of the lily-I  and Hy-2 strains and of the normal eeritro strair. (N) 
were obtained from Strhing Poultry l'rod nets Ltcl, Ratho, ihidlothian and the  
Poultry Research Centre. All chicks were kept under constant Jig] it c(jndi! 

rica' to (iperi1J1c)1tahon. 
(b) Culiure of lenses 

Eyes wine removed from chicks after decapitation and the lenses mere dissect (I 
out under arerile conditions and expWAd into inildmod ei ;l mudbui (l\l V...) 
with Jianks salts with 25 nor (TlhPES), Chico Biocult, Glasgow, Scot land. 'li'he 

were immediately transferred to 2 ml culture medium MI 99 ± 10 % Fuctal 
calf ScSi itt and 290 1 u/n] penicillin (Cihco, Biocult), awl iii inhaled fo r ca ic hour at 
37 'C in IS % CO., in air. Thin medium was labeUcd either with ahJ . i hynndino alone 
(.100 1Ci/riil) or double labelled with 5]T-thymidine (100 jGi/itt I) -, , d C-itidnie 
( ,uGi/nt). rn1.11, ninxiiii!nri time between dcuapii 'thou ci the cil: on.i din slat 
of the radioactive pulse was 25 minutes. Radioactive chemicals wire obtained frunt 
the Rndcociie;nin,d Centre, Amerslrain, England. 

(c) J)et.'.rinination of pri'cui.or znrcrpoc(r(wn 

After labelling, lenses were washed in coli I. phosphate buffered siditic (PBS) 
(Takeichi, 1961 b and transicc'red singly to a 2 cm square of \t'hatnian 3 )lIlfl 
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c1UV" W! "gnqQ japer. Th loris capI tie was jiiutctured and Lie lens s1iaaled 

fiuiiiiy flat a lIt' PaPC:r wbich wt then ft usferrecl to C''  'i'CA. 'I'he non-absorbent 

surface of polyti e-baekad paper (Beucltkot, Wlni.tmaii) was used directly 
InLtat h t lie ii natugrapliv paper to prevent (In: loss of any iiiat.erial. Each 

intpi'r c- ncr irig sr1iizcsiied lens ntafeaial was washed twice so1  trataly in 5 51 TCX 
than coiltl tially in absolute 0 11111t.ii0l and etiter. After drying,  the papers wore 
i'btccd in vials with a saint iltant eont;kirling 12--5),g,   PPO and 0-75 g,  ditnothyl 

IN)POP ill 2-i I toluene and counted on a liquid scintillation spcctrwne.iei ( tutor-
technique). S':iiitiilation oiiemtcais were obtained froui Koeh-Liirltt Laboratories 
Ltd. It was c,dlied that incorporatod precursor was adequately washed from the 

squashed ieflSCs by iahcliing lenses for varying periods from zero-tinie to 90 min. 
vim phl.teSt rcstilL of disintegrations/ink/1,11S against t rim slìowed a smooth 
en ne which passed lii rot nil IIIC origin. 

(ii.) A arnadiofjrapJr.y 

After one hour incubation in 5.11-thy;nidine as outiind above, lenses meco 
washed in cold P118, fixed, errweddecl in parafhn wax, sectioned at 10 ,nin, and 
line ai•.:hon: wom ain'iL with haeinuluxyiin and COSiti. \tInIein.r Lrilh hsiuit (iWard 

If) was applied by the dipping inethail (Iessier and Lebiond, 1057) and exposed '. 

at 4 00 for severn1. das (as indicated in (igure legends) in sealed containers coit - 

ttningr deh'It.n I-. Slides were Mn devdopecl usinA  ilodnk D 19. Plot;ograpits 

were tILkefl using the Gail XeISS UIbrapltot. 

3. RESUiJfS 

(a) TI nd'1ine in.eorporaf ion 

When fresh iv excised chick lenses ivor€t incubated in a tedium contaming 

i L••tiivmisiiue for I ii, BY le-el of incurjicivatiort of raclionielivitv into i)NA 
winch was obtained vaiied ne':orflni to the time of day (Fig. I.). The Iluetua.iiors 
OF inc mnrahmi f.and over the period of 21 ii were greater t.hi a the standard 
deviations of the oeservi.ti'ins on the individual lenses made at one time. VJiari 

jiattetin of diUttitil ViniaIOn was .h'unil to be Win spocifi(.% 'LIIC IJU iiiOcr uf,  cells 

engage-mi in DA syni.incsin is greater (as judged by tire ainphil ride of  tire peaks), na 
in the synchrony (as ecntlirinecl by anttoradiogr.u1 iiiy, e.g. Plate I), in thin strains w itit 
1rvprphu:i.. ui! he lens cpi!hehiintt (fly-1 and i ly--2)  I hera it) limes Of inure nonnal 

fltnufiIi0i'ev Tj.. stat htic:rdl signii!irenric:e of the diftereruos between the iiIa'nnna 
trail r'jnirntl. 'ante ev:nlrntited by Ste'lcnt'r; I i-st. A!! hit -ce pas of ineocriontina of 
Stt:itt .1 v-it ate •st huaUy ligi ly sri.incnitti. lie i5ttit WIth dy-i a.r5 (Liinit;cit; 

to i riterpret as the Varitt1Cu is greater than in the of-i tti two strains and may mask 
tht OVLIC to a cert in extent, but pooled data (Fig. 5) indicates 4 pn1s wilIrirt a 

24-h pen-junE, }eea.1n.e of the limited number of observations mithin a 21-i perhil, 
and because each :iei -azjori is of one hour duration, the precise times of nmnxi;nna 
and ndiiiina of incorporation can only he estimated by iniferpolnliolt, as has been 
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Fig. 2 

Fig. 1. Plot of the mean and stanciai-d deviation of 3Itl. - ,I1id 11(0 incorporation us 
i -  or of f'rehIy c::ian1.cst l'os; of he t1Teo rtrn:::; o[ 	sv_c. 1 1 chi!c 	J 

Fuid.1-{y-2) at 2-li inteivalsovera 24-li period. Mean valtiesoIdsiations/nun/Jcris 
are plotted at the thac of eoinrnelcenlent ofpli]5e-!obSlling and therefore ()iJ0SJIOfltI 
to the following hour. The length of the bar represents twice the standard deviation. 

Fig. 2. Plot ufthe mr-an and standard cloviiition ur °C-uridnie incorporation ofgi-onps 
ot fr€oh1y -:plrintc.l Jenses of (lay-old chicks at 2-Is intervnls over a 21-li period. 
SIIp&-riinposed is use - il-thysnidine incorporation praise for the ieurIo oljk-ks (dotted 
1in) to show the r:hal ions] tip with th uC_ u rid irie  ii.orporatini. Fuels Ices was 
j1e labelled lee 1 Ii. Mean -ahes of ( intesrratioris/riui/leis as-u pitted of. the 

111110 of eet Tnera-rner(t of plIe-lisialhilIg end .o-1-ispud fe tiu f -so 1eur. 
Tho Jtiigt II of he 11ar rej)I -ra.l1t:; twj( -  the slonrial-d ciev1ttir01. 
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done to 5-OntO wdunt in Fig. 1. The patterns of incorporation are rcpro(iu(ib!e in 
dhout batehcs of chick.-, and were consistent in three- indcpf-1ulcnt expernnents 

irnthr si niIr conditions. 
longer teriri itionitoring of thyntidine incorporation iLsing kss Irecj uent intervals 

S:O)V -  that statistically signiuicaut diurnal variation persists for at least 4 days 

after hatching (IIig. 3). 

(b) UritUne iiwotpomton 

Frhlv exijianted lenses incubated in medium containing ' 10-uridine for one 

boor also exhhitecl synchrony and a diurnal rhythm in inC,01'POJ'idLion. of 
Ole B\'A JiteCLUSOr which was characteristic for each strain (Fig. 2). As in thy-
tdine incorporation, synchrony is greater in the strains with livperpiasia of the 
Iciis opiLheliurra than in the control strain (N). All the n1axiita of incorporation are 

statistjcall,' significant. 

L [L\ /(\ 
It\ /i\J 
I I 

12 15 24 0 12 18 24 06 12 IS 24 

M id- 	Mid- 	Mid- 

•JirflC 

	

j1ot of rh.'.—nn av! stundar1 (luvi,d'fl of 	F-t1ynhidic itlo&Jrofio:I iu 

fL0iif)' Of !:eh1y c)1:I:Iir&I I tez of £f.tv-ul 	0-2 	iL; at pto:it;Ly 5-h 

jnf- rv..1c;river a of iiiu1 ttuu-/inn/1cn.. ;'r. p11te' 

A the tone of Co ' or:n'ni; of 1111:-.o fabeSing. and f-uN. C'V.' re -1c3pund I.) th 

follow irt' hour. The leatIi of the h ri i -  nts 1wie tho steuLo -d d\iatior!. 

A dei ile Ii tionship exbts hehveen thyinidKe and uridine uptoko of the sanie 

)cus-s (i'h. 2). The .frcnency of synchronous bursts over 24 ii are, the s,-.me jut 

both m-o%.!es. It ')vev€-r tim tiridine hicoTorabon raxiina appear to occur shghtly 
later Wn the thyrnidinninaxiuia in }[y-I and t-ft-2. 
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5 
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() A vioradioqraph;j 

!eIy cxt: sod k sis of the 3 strains w-rle iricubid.ed fur one lIOUl it 
cuiitairiing 31I-thyitiidine. The times of l;rbehing were chosen from the thvniidine 
incorporation profiles (Fig. 1) to correspond to a niaxinlupi andiiinimum for each 
strain. Autoradiugraphiy of these lenses has confirmed that only die lens corthiefluni 
incorporates thymidinc during a one hour pulse in ad three strains. Thu resatl s 
are consistent with the incorporation data in that the level of precursor r tn 

varies with time. Lenses labelled at a time uonuiuetit with maximal th\ riidine 
Jncrirp)ratIon as j udcd by a previous &-; eriment shved ;-, gteatir muihjer of 
labelled nuclei than lenses la.be]icd at a time eorrespon(Lwg to a minimal level 
(Plate 1). 
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Fig. 4. The arepli S]I(.,WS 11'-1 Jens \VOt Sild <.Itv weiitt plotted unaijist, H-flivruidino 
meorpointion after a 1-11 pulse. The vt-f, weight wes determiner] dn. -ectly before 

euhatieri. Tire dry weight wes deteririined after the ions was erji.u&slied on fiuir'r 
pfrer, washed and then dried. The utfighing rneasurenerrtsw are accirerte to 0-01 log. 

4. DISCUSS-CON 

Pulse I Felling oflensi's throughout. flre day can b- i.ne1 e define the pittern of 
maerotnuleculi r synthesis. Providing the precvrsor pouis increase through the 
cycle in proportion to the increase in the rates of upahe in svi,thesis, the amount 
of precursor incorporated iii a short 1)11150 is a valid measure of the rare of syn-
thesis. However the questton of pool changes throughout, the cell cycle is an open 
one since flWj -( j5 hmuRivient data Si) far available either to exclude or support 
such changes. 
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Plate 1. 
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Aiitorti lu*ij}is showing incorporation of 14-thyrnidine in day-oh! Hy- I chick 1t'nse. 

FIe}AIv ixI1antP*1 1eit.- 	vrP ia1be11.i I fur one hour at valving I ITUOS of thtv, elnbeilde(I, 

staine,I and sect iOflN I I h'u (hf >1sd in photographic en IT ilsion They wt-re eN a *-*1 for 4 (layS. 

'TVlS 1&IhrIl€(l )tt*Ifl 1410 1(11(1 1I.10, It TUiITiTT)tIIi1 (ITT tIJO 	U-thviiiihitie IanIil 	of I'ig. 1. 

B 'a-as lii eIh'd ht at--OIL 23:10 and 	.30. a maxilullnk JIpak in Iit. 1 - 

F. E. R.-I).-\LL, I). E. S. TRIM.\N \ND fl M. (1.Yi1)N 	 -(Faring p. 20S) 
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Synclfi(>nv in initutw iitlres in tlittei€nt regions of the lens cpit;hclium from the 
l,elcd nce has estajliec[ that thyjnjilne uicoi - toration 1)FOh!es aie are-

I'tou of tie inifOSUJ( htis epithelial cells .'. loreover I lie data oiit.aiiiecl by ttitO-
i-chaçrrapiiv imply a variation in tIie UU1}J€'L (if iiLi'lei sliowiiig IJNA syn !iesis 
r h-r thau variation in iicorporatiwn rate which might be hiouhilt about by 
Iluci-u:i.tion of thyrnidizme pools. (Mate I). 
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Fi0 i. hot, of the rimean Vaiu(:3 ot -'J I.-tliyrnuline incorjioratic'zt  
avorigtri fitflfl thr iitdfttderit €pimerit, at intri -vais over at 2441 period. 

Strain N; 0 --- 0, strain hly-t ; ) ...., strain fly-2. 

Mg. 4 shows that thyrnidine inorponttion has no rclatiOflsimtj) to either dry 
myyjt or wet weirht of the lenses: eatmes for the striin d:ftrenccs in thymichine 

least 	iiii 	 'L'iie 	ate of i - eli un j.;ia Id 51ii 	eci 
clones in culture and the rate of tm'ovJh in fliäs5 cult miru ( Euchi et at. 1 975); 
Clav:: a t cii. 1 i')76) nv that the mitotic behaviour is jut r.-uisic to lime cells of each 
genotyie. Imirthmermore, calculations based on the growth rate of single-cell clones 
(i'gim(ihi ci at. 1975; Clayton ct at. 1976) shows that while there is some hetero-
rerieitv in a 1)P1tlatt0R  ('a IN cells, with an average evele time of 24 h, I ft-i lets 

,':± VIV& '' 	 5'NI' to -., and tine wh - :;.0 1 T 	- 

of cc! 1 jvjsioii, wib!i an average cycle time of 7-2 i. 
Tie wiiior 1! uctuations (peak 4 in Try-i and peaks 2, 3 and 4 in N) a-re, seen to be 

real when time imlrc.rptratiOn data front 3 iepeal, experiments arc superluiposed 
or nv- em-aged (Table I). The data for I Iy-I suggests either (1) that. a high 

uoporboii of coils jaamt li- in rapid cycle: time third peak, which is the highest, 
po:sibly includes the mnajiirit.y,  of cells with a longer cycle time, or alternatively 
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(2) a high proportion of the longer cycles are shi gered at regular intet - va!s. The 
proportions of total counts in the first peak of N -ugest that most cells have a 
24-11. Cycle, but a small proportion are either out' of phase in Jiu:e rapid cycle. 
In the case of fly-1 a possible hypothesis is that all cells are highly synchroiiizecl 
with a reduced cycle time of about 8 Ii Periodicity. 

The data suggest that there may be two ways of increasing the numbers of cell 
divsons, in fast rowing aiiuuals by  the duration of a mitotic cycle, 
or by increasing the nunibers of ON involve(l. it would seem that By-i iaav use 
Loth lnecilani.sms, while Hy-2 may rely mainly on changing,r the cycle. These data 
are therefore indicative of the genetic control of the cell cycle, such that the 
initotic We is higher in the hyperphastic strains. This being the case, then the 
iii ill i-lavet-ing of the epithelium would be due to an increase in the production of 
stein cells rather than any change in the rccrnituicitt of these cells for (11ilierentia-
tint into Siin'is. It has been surgsl:.ed (Clayton, 1I)7) that fly-i and I lc-2 retuin, 
for a prolonged period, the high rate of cell division which nonnahly characterizas 
embryonic chick Ic-us cells but declines after Ii days of incubation. The time of 
onset oi niultilayers in the enibr o agrees with. this 5fl!gestiofl (Mc-Devitt & 
Clayton, 1979). 

If the ei1 cycle duration is strain specific as this data suggests, the question 
then arises as to which phase of the cycle is under the genetic eon trel. Evidence 
inthcates that GI is the only phase of the cell cycle of lens epithelium which Cart 
undergo arrest (1dikulicich & Young, i 963; l'rescott, 1968). The regulation of the 
CAI cycle might therefore be expected to be exerted at the level of the GO-01 
transition. 

Taking into account that the actual per!'Jclimty of the peaks of niaxim ant 
sync1) -oiiy in thynidite may i - c masked both by the duration of the ohservaion 
and by the limited number of ohscrvat ions in a 21-li period, a pattern appears to 
emerge from th' data nitli respect to the time interval between maxima. This 
interval approximates to ;4 h or in iltipies t.hernf in the dilhreut strains. 'i'his is 
being further investigated .if this is the case this data supports the cell-cycle 
morlel of t'le-c-Cz (1 97(i) involving a sih-evcle (,q  whir-li has a duration equal to 
the period of the cellu!ar clock and Of which qmrmihircd genrathin time is dii 

expression. 
lflttrpretat on of the uridne inworporatiop. profiles is more complex as it de 

not only reflect the InLitosing,  cp1theia I cells in a kill ion, those undergoing . iif-
ferentiation are rapidly synthesizing IINA (ileedar & Ilefl, .19653)  and annie RNA 
xuetabi,hismri occurs in the (Efkrentiated fibres. pi -oflles ie!leet total liXA. 

-nnn-;s (Fig. 2) cut. his will probai i tn ly include upiiiiy !abeled iLuclerir 
ft.NA ad heavy ribosomnal preciusor as only short pulses were used. 

It-, tars heen observed that .rRNA is m uch more rapidly laI)CPCC1 in Jl1 than in 
control (N). In lly-i , rRNA is labelled within an hour and is in the ia'Ot'es of 
Ling degraded by the time the rl.-tNA in N becomes Ia belied (Truman et a/. 1976) 
This could the clore eon tribute to tie di Jrences ill the dm11 mie inco;-p catOn 
1i-eli les between these si ruinS. 
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';'he peaks of syxIeiuony ifl uridi:ie i;if)rpOiatiOfl (:OlIidlll€, 'with these of t}IV -
mictie utcepurLti)u or follow i---2 It later (Fig. 2). As inure celL enter S-phase 
ate! (louble their DNA, RNA syriti Ls also oLIhle.. The pattern i. therefore 
COSLtcnt wi1t the idea of a gene dosage effect reported in the litem Line for other 
cell types. 

'Illese di real rhythms have ia-eu exposed in the absence of flght entraining 
factors, as the chiullis were kept under constant hight conditions. fteprorincibihity 
of the cycle eliminates any disturbtuce by ?Juan as the ci ttraining faetoi'. T"uiLlicr- 
more variations in thyrnidine inorporahoi -i for at feast three days in whole 
lenses in longer term culture (Clayton et al. 1976h). The trauma of hatching could 
be an entraining factor, variability in hatching time possibly accounting for the 
variation between lenses at any one time point. It would therefore be of interest, 
to examine labelled precursor uptake in embryonic lenses. 

Table 1. Area f each, peak from Fig. 5 expre.sed a.9 a percenfri'je of the total 

	

Strain 	 Peitk 	no. 	% of total 

N 	 1 50-6 

	

2 	 148 

	

3 	 18-8 

	

4 	 1O 

kly-1 	 1 	 21-9 

	

2 	 1)fl 

	

4 	 20-0 
Il- iy-2 	 I 	 470 

	

2 	 24-s 

	

3 	 2s- 

'Variacton in hormone Ievds has been i in jIIPeI1 in the (!OlitiOJ of tsrt iletit ns 
(Bullough, 1962; kptfanova & Teheumak, 1963;  Tiitton &. tie] me, 1973; ; Titttort, 
197). l3nllnngh has iseiissed circasTinu utitotic rh thms it ,  territs of waking and 
sIt!-oing in relation In a high level of secretion of ad renaijit whilethe anirial is 

	

.1 . 	- ;. 	 wh 	:S;t•p 	inC 	(• 	Ii 	j°jfl 

cii uncs reported hee iiuinc,t he accounted for oil this hiypnl;hicsis. Iii;tlternioi' 
the avascit ftr;l nP lie rclativcly buffet-cd against short. term chiai ges 
due to blood hlormolio levels Di fhring hormone leycis ill 1 r- I and N st-rn his 
cannot account for th differences we have observed, since the growth curve of 
lens c ithohiuni in cell culture show that [tj'-J cells liavi an intrinsicalf hirliec 

h 
(lziehi 't (1l. 1975). 

[f the diurnal rhythms discussed are indeed intrinsic, biochemical oscillations 
iiiight be the basis of eh cellular clock. rL}le activity ofeiizymes lets been observed 
to vary _jft time ve- & Ruddle, 196S) as have other cellular: constituents, 
for exainfle Cyclac niicieotides (Abr'll & i'doiiitiian, 19Th; Marks & Grintn, 1972) 
tl1(l 11('I t -histone iirotens (All trey ct (zi.i 973). 
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M, data JlI5(2fltULl We u0vid a 	ijiii c lcur!iu 	iie i 1pornco of t he 
tuno of day of (24 unpanLt ivc studies in cellidar nietahWaa of difIrcut ''rganisms. 
It stresac.s that the time of day is a lucre i mpoi -tant pars cietr than age,. 

1fl\ -ost;:1tiOns of eneto xnodfticatiinis may i' vxpctd to ilhiminate the 
plOCCSSCS vlier(2hy Cell division is regulated and its natonhip with cellular 
differentiation. Comparing strains such as Hy-1 and Hy-2, :elected for hili growl h 
rifc. \Viti1 flOrnthi stntins and determining the nature of the genetic control of the 
ciii cv-lc cuuld povide a new attack on the prob;n of coil oduetica ;t 

The relative proportions of the diftrent crvstalhns synt•sied in lens fibre 
cells, whether derived from iCflS tpitheliurn or tram-differentiated fic,it neural 
retina is all':ted by the age of the eflli,rYO, from which the cells are olit•aiia-d, 
-ervsta1lin bcin' predominant at ear]ier sfagt.s and /2-c'rystallins tending to 

replace n-crystallin later in (teVelOpnieiIL. At all ages, fly-i synthesize;; more 
Ow".1alki than the corre.spom ding N celis. \\Te  have therefci;e rpt; ecl toot a 
11 i1i 'l-crystalliri content is related to a short iniwtit, iu ferval (tie iomuu;ei & 
Clayton, 1978; Clayton, 1979). If this is uoniirmed, if would indicate that ;nitotie 
traverse time can act as a regulator or t.irst .i,1ljni synthess. 

%%'-0 would like to thank Ross I'otdtry Ltd sod the PoMpy Research Centre for continuing 
to supply as with newly hitch,-d- clucks ur the three strums; and Dr J. Jn;ob for lvice 
regsrdinz the autoradiography. This work is sunpori'd by re.ssrch grtut front the C R.C. 
and M.Lt.(J. 
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