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Summary

Circadian rhythms in DNA synthesis have been showvn to be
present in the epithelium of whole chick lenses. These rhythms are
; reflection of the mitosing epithelial cells and gre strain specific.
Three chick strains were studied: Hy-1, Hy-é and N. The results
suggest that'the cell cycle in L.E, cells is under genetic control.

Synchronous cultures of L,E, have 5een induced in vitro by two
different méthods: nitotic selection and a cell cycle arrest méthod.

Protein synthesis stpdies of these synchronised cells showed
that no qualitative differences were apparent at different times during
the cgli cycle. Several instanées of quantitative changes were found '
including‘an increase in §-crystallin synthesié during S-phasé and an
increése in actin synthesis during the transition into S-phase. An
incréase in newly synthesised actin associated with the membrane was
also found at this time.

'Fey other changes in the L.E. cell membrane polypeptides during
the cell cycle could be resoived by SbS-polya;rylamide gel electro-
phoresis. In apparent cont;ast; differences were found in theA
lectin binding capacity of LﬁE' cells during the cell cycle. Birding
of all lectins under study wis found to be greatest during mitosis,
Strain differences were apparent: strains ﬁy—l and Hy-2 showed greater
lectin binding fhan strain N both during mitosis and interphese.

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 étrainsldf chick under stud&. In all cases
strain differences ﬁere apparent, The role of external signals to

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

entiation.
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CHAPTER 1. INTRODUCTION

1.1 Naturally Synchronous Cell Systems

In thg 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
no% known that all levels of biological organisation, as well as all
levels of animal life,_gxhibif some form of oscillatory phenomena
ranging from the molecular level to the social level, from seconds to

yeérs. Oscillation rather then constancy seems to be a fundarental

property of all life.

1.1.,1 Biological Rhythms

These circannual, circadian and ultradian rhythms, so namned because
of their frequency, are endogenous self-sustained oscillations, They
possess certain characteristics which are somewhat unorthodox in terms
of biologicai properties. The rhythms are maintained despite variation
in the temperature at which thg organisrs are kept. Drugs or chemicals
whiéh aré 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 éynthesis as judged bf chloramphenicol administration
in some species at leést. - For example, the photosynthetic rhythnr of
acetabularia was unaffected as was the luminescent rhythm.of the proto-
zoan Gonyéulax (Vgnden Dreissche, 1975). Such patterns of activityv
which recur daily in constant conditions can uﬁdergo & phase-shift by
applying sigﬁals, or Zeitgeberg 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



'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 bointing out that social rhythric behaviour may be dis-
cussed in terms of biochemical and cellular oscillations, relating
£hem to the organigm's 5iological clock, This will be rentioned

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

S, G, and ¥ (mitosis) (Figure 1.,1), The G, phase

phases: G > 2

~1?
preceding mitosis, mitosis itself and DNA synthesis (S phase) have
!

: |
been recognised as being relatively inrariable in their duration

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

1

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

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

1
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 Gl—S—Gz—M



Figure 1.1

Diasgrammatic representation of the cell cycle showing the

various phases: G,, S (DNA synthesis), G, and ¥ (nitosis).

1’ 2

GO represents cell cycle arrest.



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—sustaiqed oscillatinn,
It is however, in principle; independent'éf biological rhythms and
differs from their othef characteristics outlined above, For
example, the cell cycle is temperature dependent and single signals
of light or temperature changes do not entrain tbe_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 rhythn,
such that the length of the cell cycle or multiples of it is ad-
jusﬁed to the length of the circadian rhythm, The Zeitgeber
signals producéd by the circadian rhythm aﬁd repeived by the cell
cycle in a multiceliular organismn couid be ahid‘a wide range of
factors, These include biochemical oscillations of énzymes. ‘
(Goldbeter and Caplan, 1976), periodic;neuronal, hormonal or

l

i

other blood borne signals (Bullough, 1%62; Rensing, 1972) some

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

(1976) and will be mentioned in a later sectioh.



1.1.3 Cellular Circadian Phythms

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 tissueAStudied so far have
exhibited such circadian fluctuations.

Sbme of the first work on proliferative circadian rhythms dates
back to the 1930's when Carléton (1934) ,among others, demonstrated
the presence of a significant mitotic rhythm in the epidermis of
varidus.animals. Since then a wide range of epitheligl,tissues
havé been studied. |

Von Sallman (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 ritotic counts in the epitheliur from untreated
lenses. Using litter mates to ﬁinimise the smount of genetic vari-
ation, he found that the mitotic index at 21,00 kours was consistently
greater thap at 09,00 hours. A He concludgd that his findings were .an
egpression of ciréadian vériation but did not pursue it further,
Studies of mitotic activity in the lens epithelium of rats, using -
larger numbers end 4 time boints per day alsb revealed a'circadiaﬁ
. variation (Von Sallman and érimes, 1966). Mitotic counté in epi-
thelial flat mounts éf animals killed ﬁt 24,00 houfs and 66.00 houré
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 iens epithelium was evident, but it is possible thét

examinations at shorter intervals may have revealed that rhythmic

fluctuations do exist,



Rhy£hmic uptake of 3H—thymidine over a 24-hour period has been
reported elsewhere for other tissues. For example, Pilgrim, E;b
ana Msurer (1963) employing autoradiography, demonétrated circadian
fluctuations in the percentage of 3H—thymidine labelled nucléi of
cells in the tongue, oegophagus, fore stomach and abdominal epidermis
of the mouse. No fluctuations however were deterﬁined in the
jejunal crypt epithelium and the convoluted tubules of the kidney.
Frcm the data presented they determined that the peak in the 3B-
labelled cell indéx 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 assume that fluctuations in tﬁe
mitotic index was directly attributable to parallel fluctuations in
the triggering of mitosis. This in turn may result in an accumu-
lation of S-phase nuclei some time later, 'However,-as Pilgrim et
al. (1963) poiptéd ouf, it would be difficult to reconcile the ob-
served sharp peak of thynridine incorpoi;ation with the knownA long and
variable G1 in the cell types which théy studied, They concluded

¥

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

comélex, but suégésted thgf they were égrtially attributable to
synchronisation of S-phase cells, l
Potten, Al—Barwafi, ﬁume and Sbearle (1977) reported evi@ehoe
for circadian rﬁythms of mitosis and 3H—fhymidipe'incorporation in
the intestinﬁl eﬁithelium of adult mice which upltill then was minimal,
The conflicting evidence of-the presenée or absence of such rhythms
and also varia@ion of data.in-the l1i terature céncerning such things
as peak time of mitosis or 3H-thymidine laﬁélling.are due, at least

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

and the time of sampling. Potten et al, (1977) examined the -



" rercenteoge of 3H—thymidine labelled cells and mitoses by autoracdio-
grophy of 2 epithelial tissues over 24 hours from the seme mice -
tongue, epicdermis and intestine, Each of the 3 regions showed a
clear circadian rhfthm sharing a comron single peek of tritium |
labelled cells at 24.00 - 03,00 hours deterrined 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 létter
was by no means ruled out.

A similar type of study was cerried out on 7 déy old rats,
scoring the mitotic and 3H—thymidine lebelled cells st 3 hour inter-
vals over a 24 hour‘period but on a different set of tissues
(Bystrenina and Podderingina, 127€). Liver hepatocytes, epidernis
and pancreatic acini from the same animals all exhibited significent
circadian variation in the mitotig end labelling index. Eowever,
the dynamics of the changes differed in the different tissues, The
peek times also varied from those of Pctten et al. (1971); two peaks
of tritium labellirg occurring in the liver et 10.00 snd 22.00 hours;
These differences could be attributsble to any varying factors between
experiments as already‘discuésed ahove, but it does suggest thsat
either the circadisn rhythr of these cells in different tissues are
under separate locel cqntrol or thqir sensitivity to some systemic
factor is different in the various cell types. It is there fore
gquite likely that the felationship of the cell to the circadian os-
cillator is not 2 simple one.

Circadian fluctuations of ritosis have beén shown to shift with
age. Von Ssgllman et 21. (1¢66) showed that in rat lens epithelium,
a 6 hour shift of peak mitotic sctivity occurred in rats aged between

€ weeks and 12 ronths old.



Much work on these circadian proliferative rhythms have been
carriec¢ out in various enimals but a restricted amount, for experi-
rental reasons, on humans. Ficsher (19€8), however, conducteq a
study of mitosis in the human epidermis and reported the presence of
2 significant circadian variation in the mitotic index rgaching a
l peak about 03.00 hours. This conflicts with Scheving's report
(1959) that two pesks were apparent, one in the early rorning, and
another sraller peak in the afternoon. Sore of the discrepancy
. may be attributable to variation in sampling populetions because
Fisher dermonstrated that exercise appeared to have a cdampening
effect on the frequency of mitosis. Prolcnged exercise csused e
reducticn in mitosis to a value much 1owe; than thst norrally recorded
for that tire of day. From this observation Fisher suggested that
the circadien rmitotic rhythm may be a result of reciprocal veriaticn
in the corticosteroids which can act as a mitotic inhibitor.

Circadian variation in mitosis and DNA synthesis have also been
recordec in organisps other than mammsls. For example, the epidermis
of salamander larvae have been shown to exhibitvrhythms in the mitotié
réte erd 3F—thymidiﬁe uptake (Schéving and Chiakulas, 1964). Signi-
ficant mitotic rhythms have aiso been reporteé in larvel ssalamander
corneal epitheliur (Scheving and Chiakulas, 1662) and gastric mucosal
epithelium (Chiskulas end Scheving, 1961). Scheving et al. (1064)
reported two pesks of mitotic activity in epidermis ernd two of 3H—
thyridine incorporstion. ‘One peak of tritiur upteke wes correlated
~to a peak in mitosis occurring 8 - 10 hours later; another peak of

uptake was correlated to a ritotic pesk occurring 1€ hours later.,



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 3l1. (1277) proposed a model concerning
cellular circadian rhythms involving two such sub-populaticns based
on data from 3 epithelizal cell typeé. ﬂThey 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 - ster
cells end their derived cells which sre committed to further differ-
entiation, and with a more limited ¢ivision potential, The stem
cells which had a longer cycling time, however, were the only cells
responsive to the circadiesn oscillstor controlling their cycling
behaviour. The deriveé cells were not susceptible to these facfors
and exhibited less rhythm the further they were in time from their
stem cell origin, ' Althoﬁgh thig model fits in well with the data
of Potten and collesgues, it would be of greater significance if it
could be related to further data on the subject. The results éould
prove fruitful in drawing sone possible relationships between endo-
ggnous circadian rhythms and differentiation.

| Some tissues which exhibit a circadian rhythr in mitotic.rété,
such as.the rodent liver (see Eardeland, 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.> Barbason et al. (1€74) noted that

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



2Cth-day after bi;th. 15 day old rats showed no cyclicsl variation
in mitotic_rate ir the regenerating tissue’after partial hepatectony.
-‘Howéver when 25 dgy old rats were pertinlly hepatectomised a2t 10.00
bours, a series of mitotic waves were evidént occurring st approxi-
mately 24 hour.intervals thereafter, during the day. Vhen the same
operaticn was performed ét 20.00 hours, the first mitotic pesk wes
delayed to coincice with the beginning of the 2nd day and at approxi-
netely 24 hburs'théreafter.' |

<The rabbit lens, in response to injury by a fine needle inserted
_througﬁ the esnterior face of the lens, stinulated thyﬁidine incorpor-
stion in & large nurber of the cells surrounding, but outside of the
injury zone-itself (Kerding and Srinivas;n, 1961). A concentric wave
cf DNA—synthesising cells around the in3ur§ was propagated through
. the épithelium followed approximately 10 hours later by a second
sirilar mitotic wﬁve. A second wave,éf thynridine incorporation
énd ritosis was also evident. Vor Sallmen (1952), asvpre#iously
néted,'recorded a circadian rhythm of mitosis in the ebithelium of
rabbit lenses. Althongh no dataare avallable to suggest thst the
response of the lens epitheliurm to 1njury is = reflectlon of the endo-
genous mitotic rhythm, it is =a genuine possibility in the lighf of

other related date.

1.1.4 Cirbadian Fhythrs and Carcinogenesis

Rapidly proliferating cell populations tend to be particulerly
susceptible to carcinogens (Rajewsky, 1972) and the binding of s
carcinogen to DNA in the nucleus is considered to be closely invol#ed

in the carcinogenic process, being a common feature of a large number
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of known carcinogens (Brookes, 1977).

It has been showvn, as outlined above, that many normal tissues
undergo profound circadisn variations in DNA replication end mitosis,
end that most of these exhibit rapid proliferation. It is. therefore
not surprising that these tissues have becore tﬁe focus of various
experiments involving the effect of carcinogens (Laerur, 1976).

In an attempt to evaluate whether time-dependent ﬁariations of
different biological processes were of irportance in the process éf
carcinogenesis, Iversen, Iversen, Fennings and Bjerknes (1970) studied
the effect of 20—me£hy1cholanthrene (MCA), a strongly cercinogenic
hydrocarbbn, on the epidermis of the hairless méuse (kr/kr). One
half of the mice under study were given az single application of MCA
at 24.0C hours, when the rate of DNA synthesis was at a raxinum.

The other half were adninistered with the same dose at CE.00 hours
when- DNA synthesis was about 40% iower. Papillomas, squamous cell
carcinomas and sarcomas.were all'observed up to a period of 2C months,
In the rice tresated wheﬁ TNA synthesis :ate was high, tumours-abpéared
earlier enc were 35% greater in frequency. Tﬁe'persistence of MCA
and its metabofites in the cell were taken iﬁto account, However,
Scheving gl_gl; (1974) pointéa out fhe value of studying carcinogenic
effects over 24 hours with concommitant meaéurements in mitotic fre-
‘guency, before finszl conclusionsvcould be made.

.bther studies such s that of Marquardt (1974) who applied
various carcinogens to fibroblasts in cell cultures are concistent
in yiélding the hiéhest frequency of malignént transformatior when
the carcinogen was administefed dur;ng S-phase or early Gl'

Izquierdo (1977) cerried out some interesting experirents in
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which squamousvcell neoplasms were iﬁduced by repeated adminiétration
of 7, 12-direthyl-benzanthracene in the Syrian harster cheek pouch,
These tumours exhibited both circadian'rhythms of DNA synthesis and
mitotic activity. The presence of a circadian mitotic rhythm has
elreedy been demonstrasted in normsl hamster cheek pouch (lMgller,
Lgrsen and Faﬁer, 1874). Fluctuetions in the proportions of éells
in DNA synthesis ané mitoéis 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
‘rermant of'the host cell's ebility to respond to the circadian os-
_cillator is mainteined during neoplastié growth, These findings are
consistenf with other reports in which 24 hour varistions in mitosis
. were found in nouse hepatomas (Nash and Echave Llano, 1971).

“At any one time the proportion of cells in a particular cell
cycle pLase, e.g. S-phase, can be many folcl greater then at other
tires in those tissues expressing cellular circadiarn rhythrs. Bio-
logical rhythrs therefore offer' a unique'ig_gixg opportunity of
studying fhe process of carcinogenesis involving the relatiomship of

a carcinogen with the target cell and the eventual outcoﬁe.

1.1.5 Circadian Rhythms and Medicine,

With a constantly changing biologicai system over the period of
24 hours; one could>expect a differential respcnsé to identical
stiruli at varying times of day, as discussec slready with reference
to carcinogens. Many therapeutic situations such as drug administ-
faticn when given at a fixed dose and sapplied at variogs fimés of day
.may therefore elicit in Man responses of variable intensity. It may

be possible by appropriate tiring of the medication to reduce any
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undesirable effects and -so enhance the drug efficiency.

Such an achievemenf has been made by Haus et al. (1972) on
leukaemic mice. They demonstrated that it is>possib1e to design
more effective treatment schedules by taking eaccount of the cir-
cadisn variation in DNA synthesis in the bone marrow and the
circadian variation in the animals response to the carcinostatic
drug arabinosyl cytosine‘(ara—C). By édministering ara-C in siﬁus-
oidally increasiﬁé and decreasing 24 hour course, instead of courses
of 8 equal doses at 3 hour intervals, the survival time of leukaenmic
mice wes extended and the cure rate significantly enhanced. The
technique, therefore, percits 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 cliﬁicians should become more aware 61 the presence of circadian
thythms and so exploit thenm in ropfine therapy. An area which
promises to be useful in optimisipg tfeatmeﬁt :egiﬁes is radiation
therapy and chemotherapy‘forvcancer treatrent, such that their toxic
~effects may be minimised;

Chronobiological concepts'therefore'have a great future in
clinical research and application.

4I have discussed here the ﬁatural synchronisation of DNA syn-
thesis and mitosis in vivo which are easily recognised phases‘of the
cell cycle, Howevér, certain factors meke 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 cormplete population under study.
A background level is often evident suggesting that

complete synchrony is not present.
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'(ii) Contamination of other celluler types may be difficult
to avoid when isolating the synchronous tissue.
(1i1) The types of cells to be studied are limited to those
exhibiting in vivo mitotic rhythms.
(iv) 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 syncﬁrony in most cell types in vitro. In the next section
I discuss the various methods which can be utilised for inducing
synchranous 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 thé celi cycle phases, - In exponentially growing
i .

cells in culture there is an asynchronous distribution of cells

S, G, and M (mitosis) unless circadian

‘through the cell cycle in Gl’ 9

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 synchr?nisation are G, G1 and M,

G, arrest is difficult to échievg and S phase arrgst can produce

2

unpredictable results due to DNA darage. Synchronisation can be
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‘achieved in a nurber of ways which can be diviaed into two basic
categories:
(1) Cells can be’selectively detnched from the substratum or
selected from a suspension culture ip a particular phase
of the cell cycle,
(2) 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 cormbination of both of these methods can also be used,
Ideally, cell synchrony should be achieved by a method eppliceble
to ekponentially growing cultures without affecting the subséquent
growth rate or biochemical balance of the cells, The resulting
synchronous population shogld have a narrow age distribution with
a sufficiently large yield of cells to permit biochemical analysis
for which g pinimum of approximately 1&; cells is recessary. All
of these criteria are difficult to fulfil in any one method, but I
discuss below the various mgfhods available, along with their

advantages and disadvantages,

1.2,1 Selection Method

Mifotic Selection

The most attractive selective synchronisation method is that re-
ported by Terasima and Tolmach (1961 & 1963). .It is based 6n the obser-
vafion that éome types oé 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 wvhile
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the cells are in the loosely bound state, and later in early Gl'

the daughter cells reattach themselves and spread out into the
norral interphase morphology. During the loosely bound stage, the
cells can be selectively removed by washing or shaking the monola&er
with culture mediun, The assets.of this procedure gré tﬁe rininal
interference with the growth rate and the very narrow age baﬂd of_
the cell cycle which the selected cells occupy. Terasira et al,
-(1963) achieved a very high degree of synchrony with HeLa cell mono-
layers, rore than 90% of the total yield being mitotic cells, A
re.jor 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 ritosis and
are therefore selectively remroved, making biochemical anelysis
difficult unless vast initial céil numbers are used, - By the tire
theseAsynchronised cells gﬁd mitotic cells reach S—ﬁhase, the degree
of synchrony can be markedly reduced. - This is attributable to the

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

1
spread df clone size over a period of § days growth in Chinese
hamstér cells (CHO) which was equivalént‘to : 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, variability., Terasira et

1
al, (1963) reported that 90% of mitotically selected HelLa cells
reached S-phase in a shbrt period of time, Irrespective'of the
initial percentage of cells in mitosis a decay in synchronisétion 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 celi cycle analyses
are only partially synchronised, i.e. less than 10C% 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 mitdtic 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 rafhér than those removed, Pfeiffer #nd Tolmach
(1967) treated HeLa monolayer cultures with viﬁblastine sulphate to
acqumulate ritotic cells over a defined period which ﬁere-subse-
quently reméved. The whole procedure was repeated resulting in
residual monolayer célls within defined age boundaries. " In princ-~
iple one can accumulate larger populatibns in this ranner but in
prgctice the gain ip population size is not iﬁpressive.. Furthermore

it is obtained only by a loss in terporal resoclution,

Methods of Increasing the Mitotic Yield

The major disadvantage of the mitotic selection method is the
low &ield, a factor which various investigétors have attempted to
overcore, Peterson, Anderson and Tobey (1969) introduced the
nethod of fepeated mitotic selection, storing thé cells at 4°C to
slow their passage through mitosis, Fxperiments have shown that a

4-hour period at 4°% perimitted 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 éelection can be obtained, However,
as the number of accumulated cells increases the synchrony cf the
selected population decreases due to the difference in storage time
tetween the first and last selection,

The use of colcemid to arrest cells in metaphase and so
accunulate ritotic cells before mitotic selection was first devised
by Stubblefield and Klevecz (1865) to increase the cell yield, fhey
reversibly arrested Chinese hamster cells in metaphase by treatment
with 0.06ug/ml colcemid for 2 hours, Nies et al, (1971) reported
an increase in aberrant mitoses after prolonged -exposure tb colcemid,
but no toxic effects were observed after periods of 3 hours or less,
A considerably greater yield of cells is obtained and because colcemi§
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.g, virblastine suiphate, orAtheir
greater toxicity, e,g, colchicine,

The elimination of caicium fror the medium prior to mitotic
selection diminishes cell-substratum attachrent, Robbins and
Marcus (1964) utilised this obse:vation to obtain larger populations'
of synchronous cellé. Hovever, the effecf on cellular binding cap-

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

of interphase cells alsc,
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Gradient Separation

Other physical separation methods have not been'very-successful
in obtaining & high degree of synchrony, The resolution of methods
based on gradiént techniques is limited and cellé ere selected on the
basis of volume or density réther than on the basis of age, FKowever
they have the advantage of being applicable to’suspensién cultures.
Everson, Buell and Rogentine (1973) used a Ficoll gradient to separate
cells in order to 6btain-a modest degree of synchrony in the G1 and S
phases of cultured human lymphoblastoid cells. It is, however, an
easy and fruitful method for obtaining large numbers, Lirear sucrose
gradients and foetal calf serum gradients have also been used and are
reviewed by Nias et al, (19?1). Although pure populations of Gl' S
Qr G2 can not be achieved, enriched populations of any of these phases

can result,

Electronic Sgparatién

Fulwyler (1965) devéloped an electronic cell separation method
which involved volume meésuremenf in a éouiter aperture, Cells were .
then isoiated in droplets of wedium which were given a charge according
to the sensed ;olume.' The chargéd droplets then entered an electro-
static field and were deflected i; the appropriafe direction into a
collection vessel, 'With the recent development of corplex micro-
fluorometric apparatus,.this éould becore a quick,-easy method of
selectibn, although the necessary apparatus would be very expensive,

This method also suffers from the same drawbacks as other volume

selection methods alreedy 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 nethods there is always the risk that cell cycle events may

deviate from normal for a time following the block,

gl/G: Synchronisation

Normal cells can'follow either a proliferative or quiescent
pathway when they reach Gl‘ The qgiescent state has been terred Go
(Lajthat. , 1963), being kinetically and biochertically different from
G, (see Pardee, Dubrow, Hamlin and Kletzien, 1978 for a recent review),

1
G, cells take longer to reach § than do G1 cells progressing to S

o
from mitosis, Pardee (1974),using cultured mammalian cells provided
evidence for a restriction point 'R! wherg various blocking agents
act, e.g. high cell density, limitation of sore amino acids or serum
and tﬁe 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 simultaﬁeously.

Ley and Toby (1970) described a synchronisation method applicable
to sﬁspension cultures and monolayers alike, They grew CHO cells
in suspension culture in the absence of isoleucine and glutemine,
The cells rapidly reached the stationary phase followed by prompt
re-entry into thé 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 appliceble to

all cell lines, some of which respond to iscleucine deprivation by
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~

'a poor level of cell synchrony (Ashihara and Baserga, 1972), The
rate of entry of'cells into S phase can vary from 1-2 hours after
restimulation.

In a similar way, serum~deprivation can be used to achieve
synchrony by accunulating cells in GO. The preéence of 0,5%-1%
serum during the arrest phase minimises any advérse effects on the
cells, Cheng and Baserga (1977) achieved good synchrory at the
Gl/S boundary Qf mamralian BEK cells with no evident deleterious
effect, They also used hydroxyurea 6 hours after restimulation
from the serum arrest to ac;umulate cells at the beginning of S-
phase, This head the effect of narrowing the age distribution of
ce;ls even further. However there is aiways the risk of additional
toxic effects with the use of hydroxyurea,

Picolinic acid has been used to reversibly arrest norral rat
kidney cells in the CO phasg of the cell cycle (Fernandez-Pol, Bono
#ndVJohnson, 1977) , It may induce arrest by selectively withj’
holdihg iron from the Eells but little infdrﬁation'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 characferised on the cell type under stuéy.
Another method of Go-arrest which could be applied to obtain
}arge amounts of synchronised-cells, is>contact inhibition, Certain
cell types, when they reach monolayef density in culture inhibit
théir own growth by passing to the quiescent GO state of fhe 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



"a synchronous fashion several hours later, However, by this method
a single ‘cell cycle mey only be obtazined, the cells entering GO

again during the next Gl'

S-phase Synchronisation

S-phase of the cell cycle may be blocked in order to obtain
synchronised cultures, however with little success, For exeample
the double-thymidine block method (Péterson and Anderson, 1964) has
been thought to inhibit DNA synthesis and so accurulate cells at
the Gl/S boundary, Although it has been reported frequently in
the literature, more recent evidence suggests tﬁat itvmay be un-
satisfactory as the sole synchroniéing agent, Studinski and Lambert
(196S) studied thymidine effects on lieLa célls gynchronised by
mitotic selection, They reported that the concentration of thymidine
norrally used in randomly growing cultures and which inhibits the
rate of ;ell division by more than 90%, still permits a considerable
level of DA synthesis to take place, In FeLa cells, therefore,
the double thymidine blockade is ineffective, rerely slowing down
the passage of cells through S phase and this may apply to many
other cell types. It could be used_i; conjunction with the mitotic
selection method. liowever, as with other blocking methods care
must be taken to rinimise any toxic effect by careful manipulation
of thymidine concentrations, because in this case widespread DNA
damage cen occur,

Other bNA synthesis inhibitors, such as arethopterin, hydroxy-
urea and cytosine afabinoside have also bteen used to synchronise
cells in S-phase, Unfortunately, they all suffer from the same

disadvantage of interfering with the DNA, possibly in a deleterious

vay.
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G, fyncrhonisation
4L

Numerous drugs utilised in cancer chermotherapy arrest cells
in Gz, but are generally not reversible, for e$amp1e neocarzinof
statin, which is used in the treatrent of human leukaemis (Tobey,
1975) ., These drugs are therefore unsuitable for achieving G2

specific synchrony,

Optimisation of Methods

In both of the above sections I have outlined some of the most
frequently used methods available for échieving synchronous cell
cultures, However, although the basic methods may be applicablé
to most cell lines such factors as cell cycle apd mitotic durations,
drug sensitivity and a variety of other cellular parameters may vary.
It is therefore necessary to optimise any method for the céll line

under study.

Determinatiorn of Cell Synchrony

There are 3 methods which can be utiliseéd in determnining syn-
chrony after iqdﬁction by the above rethods:
(i) autoradiography after 3H-thymidine labelling;
(ii) liquid scintillation counting after 3H—thymidine lahelling;

(ii1) flow microfluorimetry,

Autoradiography

The autoradiographic method involves continuous 3H—thymidine
labelling after the induction of synchrony followed by intermittent
sampling of cells, The resulting autorédiographs must be analysed
by microscopy and labelled nuclei scored at the various times, It

is 2 very lasborious and time-consuming task: lowever, a great desal
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-0f informatior can result from such a procedure, The mitotic

index 2t various times can alsc be calculated from the sarme 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 iﬁcorporation can be quickly-élotted by con-
tinuous or pulse labelling of a synchronbus culture wifh 3H-thymidine
followed by liquid scintillation of the samples tsken at intervals,
Less information is obtaired by this method but it has the major

advantage of speed,

Flow MicroFluorimetry

Flow microfluoriretry is also a quick method basecd on the deter-
mination of XA 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, Gz
or M DNA content or varieable amounts'correspon&iné to the passage
through S-phase, By.computer proceésing of the data, the percentage’
of cells in each of the 3 phases can be calculated with a high degree
of accuracy, (reviewed by Gray and Cof?ino, 1979). This mrethod
suffers from fhe rajor ﬁrawhack of being very expensive, It elso

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

‘autoradiography.

Presentation of Data

In the literature there has been a tendency for cell synchrony
profiles of INA synthesis or rmitosis to be plotted in a serilogarithmic
manner (see Brooks, 1977 for example), This masks the scattering of
date and gives a false irpression of.the degree of synchronisation ,

An erithmetic 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 proteih.
Evidence in the literature suggests that some protéins, enzymres,

RNA classes and membrane glycoproteins ére synthesised at certain
tires in the cell cycle., However conflicting evidence is also

documented particularly with respect to proteins, resulting in a

very controversial field,

1.3.1 Prcteins

(i) Histone Synthesis: The S~Phase Only Controversy

It has become fairly well established that the synthesis of at
least the bﬁlk of histones is coupled-to DNA sy;thesis in the cell
éycle. A variety of cell systers including synchronised cell
cultures and also natural;y synchronous systems as in the regener-
ating rat liver (Takai, Borun, Muchmore and Lieberrman, 1926&) have
been used to investigate this relationship.

Prescott (1966) using elegant. ~ autoradiographic teéhniques
demonstrated histochemiéally thé concurrence ©f DNA and histone
synthesis in the unicellular organism, Euglotesf INA inhibitors
such as high thymidine levels, cytosine arabinoside or h;&roxyﬁrea
block histone production as judged by radioactive précursor uptake,
The labelling of other acid-soluble, nor-histone protgins is not
affected. These conditions also provoke the disappearance of
histone mRNA from the polyribosomes 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 cf the cell cycle, Fobbins and Borun (1967) utilised the
pitotic selection method for synchronising Eela cells for a series

of pulse-chase experiments of cells in G1 and S phase, Py exarining
cytoplasmic polysomes doubly leabelled with radiocactive tryptophan

and lysine they showed fhat histones were synthesiéed in the cyto-
plasm on small polysomeg. Initiation of bNA synthesis Qas accompanied
by the activation of these cytopiasmic ﬁistone producing polysomes,
while the arrest of DNA synthesis by cytosine arabinoside or fluoro-
decxyuridine, 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
Gi.
reported by Gallwitz and Mueller (1969)., Their experiments provided

A similar precise coupling of DNA and histone synthesis was

evidehqe for the synthesis and utilisation of some histone Specific
FNA species wifh thg onset of DNA synfhésis. Interruptioﬁ of DNA
synthegis ied to the functional lcss of these RNA species, They
interpreted this as the activation of the histone genes under the
diréct control of the repliceting XA, §A model of this nature has
since been proposed (Butler and Muelle;,‘1973) inextricably linking
INA and histone synthesis; The modei w&as based on results of their
experiments, also on synchroniged HeLa celis. It proposed that

DNA replication opens template sites for traPscription into histone
mRNA's which are subsequently translated by cytoplasmic polysomes.
When DNA replication ceases, the open templafe sites are again

covered with incoming histones,
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El Histone Synthesis

In contrast to the conclusion made by these workers, Sadgopal
and Bonner (1262) reported that all histones were synthesised in
varying degrees in both G1 ancd S phase, Héwever, they c¢id note
differences in their degree of dependence on I'NA synthesis.
Spelding, Kajiwara and Mueller (1966) also reported histone synthesis
through the cell cycle; A 1€-~hour 1labelling period with 14C—leucine
of G1 Hela cells resultgd in the incorporation qf 40-509 as much
leucine into the basic nuclear proteins exarined as did logerith-
mrically growing control cultures, The histone proteins which they
examined doubled during S phase. However the level of these

proteins remained constant in G, cells which they suggested could

1
be attributable to histone turmover. Gurley and Hardin (1969) in-
vestigated the possibility of histone turnover in CHO cells, In
exponentially growing cultures prelabeiled histone Hl1 was gradually
lost from the chromatin while the other histones (H2a, E2b 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 cpmpletely
inhibited when net ﬁNA 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 cnly successful

in slowing down DNA synthesis, Sfudinski et al, (1269) reportea

that a considerable level cf DNA synthesis was evident after a

double thymidine block in HeLa cells,



27,

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, |

(i) Synchronisation Methods,

Nume rous synchronising methods have been used, ﬁhich could be
a direct reason for.the diffgrences reported, Excesé thymidine or
amethopterin (inhibits DNA synthesis by blocking purine synthesis)
treatment are commonly used in these investigationms, Both interfere
with the syﬁthesis of DNA and could affect it in unpredictable ways.
Chromcsomal damage has been reported to occur with the excess
thynidine méthods.

(ii) 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 Gl phaée discounted the possibility
of a small cell pOpulation'which was oQt of phase with the synchro-
nised cells, This could therefore account for histone synthesis
outside the S phase,

i
(iiid) Contam%nation by Non~-Histone Chromosomal Proteins,
4Non-histone éhromosomal 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 varisbility in results.

Tarpowka, Baglioni and Basilico (1978) were aware of these
variable factors between differgnt laboratories and cogducted a
study of histone synthesis which excluded these possibilities.

"BHEK cells were arrested in G1 by isoleucine starvation, so overcoming
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"the use of NMIA inhibitors. An extra purification step was added
to eliminate any non-histone chromosomal protein contamination.
They reported that Hl histones were synthesised in significant
amounts.during,Gl. Furthermore, during S phase the molar rétio
of histones synthesised was equivalent to that found in chromatin,
but in Gl-arrested cells H1 histone was synthesised in a 2-4 fold
higher molar ratio relative to the other histones. This latter
observation discounted the possibility that é contaminating asyn-

chronous population was responsible for G, histone synthesis,

1

(iv) Strain Differences,

Ancther possible source for the discrepancy which was not
accounted for by Tarnowka et 2l. (1978) is genuine differences in
pistone synthesis between cell types and strains. Nadeau, Cliver
and Chaikley (1978) investigated this possibility. They studied
the degree of coupling of DNA synthesis and histone synthesis in
differept mammalian cell lines. HTC cells exhibitéd a limited
degree of coupling of LKA apd-histone synthesis_whe;eas it was
stronger in Hela cells,:

This possibiiity is further supported by the findings of
Pochron and Baserga (1679). They studied temperature sensitive
mutants of the BHK cell line used by Tarnowka et al, (1978) and
followed a similar methodology, However, they reported an insigni;

ficant level of Hl histone synthesis during G Differences in

10
histone synthesis appear to occur even although the cells bhave the

same parentage but have undergone mutations.

Agréement has been reached at least on the timing of the

bulk of histone synthesis. H1l histone, unlike the other histone
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.classes have been reported to be synthesised in excess amounts

during'G It may be that those investigators reporting histone

1°
synthesis solely in S phase concentrated their efforts on S phase
and did not examine G1 sufficiently ciosely, or that genuine
differences do occur in different cell lines, If this transpires
to be the case, H1 histone may be different from the other histones
with regard to the factqrs controlling its expression, The vari-

ability in the incidence of Gl 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 suggeéts that the S phsase
regulation of histone mRNA activity is centred on a transcriptional
control mechanism and the abrupt change in histone synthesis
after é phase is attributable to changes in histone mRNA turnover
dr inactivation, ﬁecent experiments by Melli, Spinelli and Arnold
(1977) have suggested that this model may be wrong and that pést-
transcriptional processing of histone mRNA'may bé the»kéy feature
in histone~DNA coupling. By cross-hybridisation of HelLa 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 Hela cells,.
| These were synchronised by the double-thyﬁidine block method., They
showed by cross-hybridisation studies that histone mRNA of HeLa
cells was synthesised throughout the entire cell'cycle. By com-

paring the proportion of histone mRNA sequences in total and
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-cytoplasmic RNA of cells at different.stageSNin the céll cycle
they determined if the absence of coupling was attributable to cell
asynchrony. If this was the case mRNA should enter the cytoplasm
for translation at all phases of the cell cycle, Cytoplasmic
histone mRNA in cells where I'MA duplication was inhibited was 20-30
timeé lower than in controls, Thé presence of histone ENA in the
nucleus throughout the cell cycle was therefore non attributable-
to incomplete synchronisation. Experiments from the-same laboratory
and Arnold, .
(Melli, Spinelli, Wysslingp 1977) provided support for the presence
of a high molecular weight nuclear histone RNA precursor to cyto-
plasmic histone mINA, These dnta together,suggést the continuous
transcription of a nuclear histone precursor molecule followed by
processing during £ phase tc provide translatzble histone nENA in
the cytoplasm, This dces not necessarily mean that these h;gh
molecular weight RNA's are polycistronic as no evidence is available
firmly to suggest tandem repeating of histone genes in mammalian
cells, nlthough such evidence is availablevfor sea urchins (Kedes,
.

1279) .

This finding that histone mRNA synthesis is not coupled to

fDNA synthesis is in disagreement with Stein et al. (1275)., They

i

utilised a radiolabelled complementary DNA probe s&nthesised from
histone cytoplasmic mBﬁA of HeLa cells to detect histcne mRNA,
Using mitotic selection to synchronise cells they confirmed that
histone nRNA capable of hybridizing with the cDNA probe was detect-
anle only from S phase polyribosomes. Fowvever they did not detect
histone RNA Sequences in nuclei of G1 cells or cells incubsatec in

the presence or absence of DNA replication inhibitors. Similarly

in vitro transcription of isolated FeLea cell nuclei resulted in
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"cI¥A hybridizable hié%one mRNA only from nuclei isolated from S

phase cells (Stein et al., 1277a). This evidence, in contrast to
Melli et al. (1977) suggests that histone gene eipression is regulated,
at ieast in part, at the transcriptional level, However as Kedes
(1872) pointed out, Stein's approach would not have detected short-
lived nuclear histone sequences, Resolution of this controversy |
must therefore awaif the development of a pure homologous probe -for
mammalian histone RNA which neithér of these laboratories have yet

achieved.

(ii) Immunog}obulin synthesis

Considerable effort has been devoted in recent years to elucidate
whether immunoglobulin synthesis ard secretion reflect a cell cycle
dependent gene expreséion. Early histochemical studies resultec
" in the conclusion that 1gG was expressed during limited periods of
the cell cycle (Buell and Fahey, 18€9), Immunoglobulins were de-
tected in synchronised human lymphoid cells by fluorescein conjugated.
antisera. These cells were synchronised in mitosis by é thymidine
block followed by colcemid_freatment. The greatest degree of

inmunofluorescence detected was in late G1 and S, reaching a ﬁaximum

Il
i

of 919 cells lebelled. Thislfell sharply to 20% in Gz.and mitosis.
This method‘did.not discriminate between synthesis and storage

of IgG. However fhe results were ccrroborated by 3H—leucine
labelling studies followed by specific immunoglobulin (Ig) co-

4 precipitatidn. More recently, Garatun-Tjeldstg, 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 deprivaticn,
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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—precipitatién of the Ig's and gel electrophoresis,

Maximal synthesis and secretion of light chain Ig was observed in
late G1 and early S phase, of the 1lst cycle after synchronisation,
-Byars and Kidson (1970) also made this observation in mouse myeloma
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
(LiSerti 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 exhibifed

no pattern of Ig synthesis throughout the cell cycle,(Cowan and
Milstein, 1972) using similar methods of analysis. They did report
rinor fluctuations occurring whén concentrations of 4mM thymidine

was used to synchronise the cells., However this is a greater concent-
rétion than that used by Byars et al., (1870) and Buell}gi_gl, (1969)
who reported variation in Ig syhthesis throughout the cell cycle,
Various other synchrbnisation methods other than the double-thymidine
block in iyﬁphoid cells have been used sucﬁ as thymidine-colcemid
combination apd isoleucine deprivation, Clearly, all these variaﬁles
outlined create a complex situation and any combination of them could
contribute téwards the conflicting results obtained, in the same way
as in the histone synthesis controversy, Damiani, Cosulich and

Bargelles (1979) tried to overcome some of these problems in an
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attempt to come closer to solving this controversy. They used the
mitotic selection method to synchronise mouse myeloma cells, a

method not previously used, Lymphoid cells are normally grown in
suspehsion culture. However through mutagenesis and cloning tgey
established a monolayer cell line, The synfhesis and rate of
secretion of IgG in particular was studied at 10 different points

in the cell cycle, This was achieved by 14Camino acid labelling.

of the cells followed by immunoprecipitation andiquantitation 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 soﬁe role in the differences. A study by any single
group of investigators of various cell lines could resolve this
ﬁoint. There is also the possibility that Ig synthesis is different
in myelomas from normal cells, Nevertheless it does provide a:
useful model system for analysis of possible time-dependent gene ex-
pression particularly because they pfoduce a homogenous protein
class which is readily identified and occurs in large amounts.
Another possibility is that some immunoglobulins such as IgG maé

exhibit time dependent synthesis while other immunoglobulin gene

products do not,.

(iii) Cytoplasmic Protein Synthesis

Much of the recenf data concerning cell cycle depéndent protein
synthesis has emerged as a result of ardent interest in biochemical
events aSsociatéd with tﬁe cell cycle. Protein markers specific
for different phases would facilifate this analysis, for example the

biochemical nature of the transition from quiescence.(GO) into the
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?ell'proliferation cycle, Such problems have not yet been elucidated
but interesting results have been reported regarding synthesis of

the large numbers of cytopiasmic 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 synthésis of detect-
able polypeptides which are confined to only one phase of the cell
cycle (other than those aireédy discussed). Vhen differences |
appeared théy were clearly variation in the rate of synthesis rather
than in the appearance of new polyﬁeptides. Bravo and Celis (1980)
analysed 7C0 radioactively labelled cytoplasmic proteins at different
cell cyéle 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'tq'vary.consistently in S, M and in M and Gé, but no
marker was found in Gl." They managed to idéptify’a and B tubulin
which they found to increasé in M, '-Similar results with regard to
thé'invariability of most cytoplasmic proteins, including actin, have
beén reported by Milcarek and Zahn (1978) in Hela cells, Milcarek
et al. reported 6 proteins which varied significantly particularly
during mitosis, Nore were reported to vary in Gl'

There is however, one instance in the literature which contra-
dicts these findings (Al-Bader, Orengo and Rao, 1978). "Al-Bader et
al, repcrtgd that at least 9 new polybeptides detgcted by gel-
electrophoresis appeared after the tfansition.of synchronised Hela

cells from the S phase across the G2 phase, Irreversibly blocked
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which they suggested may be neceséary for Gz-mitotic transition,
Syrchrony may not have been sufficient in tke G2 phase of cells
studied by other workers to detect any presence or absence of poly-
peptides. If cell synchronisation is achievéd by the mitotic
selection methoq, as in the case of Bravo et al. (1980), the level
of synchrony is severely reduced by the time celis reach G2.
Non-cycling cells have been shown'to exhibit certain proteiné
which are not found in cycling cells, particularly associated with
the GO-S phase transition, Riddle, Dubrow and Pardee (1979) studied
~this part of the cell cycle in serum deficient, G0 arrested Swiss
mousée 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 preferentiélly by serum stimulated cells. One of
these, a 42,000 dalton polypeptide, was identified as actin, It
reached a maximum 4-6 hours after stimuiation, returning to Gb'levels
as S phase commenced, It syowed both the earliest and greatest de-
tectable change corpared with the others, Riddle et al, (1979)
have suggested that it may bé a critical feature of transition f?om
the quiescent to the proliferation status., Evidenée that actin'
" remains constant in c&cling cells is provided by Milcarek et al,
(1978). Two other groups -of investiggtofs, studying different
mammalian_cell lines, have also reported a very significant increase
in a polypeptide at the same point in the transition from GOQS fhase
(Ley, 1975; and Gates and Friedkin, 1878). Neither group have
identified it as yet, However differehces 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

. T FriedKin, (1978).
polypeptides found to increase at GO—S by Gates ggdLNA is, in their
opinion, also actin, It may therefore prove to 56 a useful marker
specific for GO—S tranéition.

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 résults 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 mitééis is
a well documented phenémenon in a large variety of cells from
different organisms (Mitchison, 1971 for a review). ‘The suspected
step in controlling protein synthesis duriné mitosis is polypeptide
chain initiation, since it appears that t;anslational control in
euk;ryotic cells involves primarily regulation of chain initiation
end not chain elongation or termination. - Evidence from the reti-
culocyte system where o and f-globins are éynthesised 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 reséonsible, including the

availability of mRNA controlled by transcription or processing,

Tarnowka and Baglioni (1979) have recently shown that in mitotic
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Hela cells met tRNAf binding to native 40S ribosomal subunits is
not impaired in vivo during mitosis, This suggests that the sub-
sequent step in initiation, mRNA binding to ribosomes, may be in-
hibited in mitotic cells, Therefore the decrease in protein syn- '
thesised duriné mitosis may not be due to selective inhibition of
translation of particular mRﬁA 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
in .enzyme reactions can be attributable to 2 causes:

(i) epigenetic controcl mechanisms at the transcriptional

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

(Eess and Boiteux, 1971),

(i) Epigenetic Rggplafion. : A |

.A stepwise increase in some enzymes occurs once per cell cyéle
in some yeasts (Halvorson, Carter and Tauro, 1971) aﬁd in sacteria
(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 trﬁnscription

theory which postulated that genes were transcribed once during the

cell cycle in the same order as their linear seqdence on the



chromcsone, Dorcachie's cscillatory repression theory, on the other
hand, was primarily concerned with biosynthetic enzymes controlled
by end-product repression. 'Data pertaining to periodic changes in
enzyratic activity is available in other than these two categories
of organiséﬁ Howevér, speculations on the periodic nature of syn-
thesis of individual enzyme proteins in other organisms is”being
viewed with some'gcepticism. Various researchers have reported
assays of enzymne actiQity not synthesis, both of which are ndt
necessarily synonymous, It is Aifficult 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 hybridisatioh probes, This has been used
to investigate a similar problem wifh regard to histones (Section
1.3.1). Unfortunately, Melli et al, (1977) and Stein et al. (19772)
conflict in their findings,

Mano (1970) has described cyclic protein synthesis in sea
urchin embryos, correlated with cell division. 30—60 rinute os-
cillations were found to occur only in fertilised eggs and in cell-
free systems. The periodicify occuré in enucleated egg fragments
and élso in the presence of aétinomycin so it can be attributed to
tranélational contrel,

Elliot and KcLaughlin (1978) investigated the possibility that
oscillatory enzyme activities are attributable to metabolic oscil-
latidqs rather than to periodic synthesis, »They studied protein

synthesis in Saccharomyces cerevisiae, an organism which has been

well documented with regard to oscillatbry enzyme activity
(Halvorson et al., 1271), Elliot and McLaughlin's resultsAsuggested

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 exténsively studied,
represent the most well understood example of metabolic osciilations;
The periodicity is attributable to the oscillatory activity of a
regulatory enzyme, phosphofructokinaée (PFEK) . This phenomenon has
been observed in yeast cells and cell-free extfacts (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 NAIH,
The requirement for generation of oscillation is a constant and re;
latively low input rate of glycolytic subsfratgs. The frequencyA
varies frém 2-8 minuté§ in duratién-in yeast, depending on thg input
of substrates'into intact cells, This frequency is less'in yeast
cell-free extracts where dilutiﬁn of the glycolytié system occurs.;
In muscle extracts the periodicity has beén observed to be about 26
minutes. This topic has been extensively reviewed (e.g. Hess et al.
1971; Goldbeter et al., '1€76). The role of PFK in the oscillatory
mechanism has been suggested by observations that fructose-ﬁ—phospha@e,
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
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ané 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 ﬁechanism (Goldbeter et al., 1976).

Mitochondrial Systems,

OscillatioﬁsAof light scattering due to swelling, and ion
fluxes iﬁ 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-
mycin to pigeon heart mitochondria preparaticns (Chance and Yoshioka,
1966) . They reported oscillations of K+ and H+ of approximately
50 seéonds in duration. When K+ entered the mitochondria during
oscillation, H+ is extruded and vice versa, ‘The frequency changes
in both ion concentrations were the same, - Similar oscil}atory
phenomena have been reported without the use of such antibiotics.
The addition of EDTA to rat liver mitochondria, which malkkes them
permeable to Na+ and‘Li+,‘resu1ts in oécillations in swelling of-
mi tochondria (Packer, Utsumi and Mustafa, 1966), This swelling de-
Aﬁends ?n an energy source, recontraction occurring when the source
is bloéked. 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 permeasble anion and are dependent on ATP,
They aré always associated with enhanced transport activity. The
ratio of H+ and K+ movement has been shown fo be about 4, Theréfore
anions and water may be expected to exchange across the membrane in

order to balance electroneutrality and osmolarity'(Hess.gz_gl., 1971).

Concomitant with the oséillatory ion movements and volume changes of
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isolated mitochondria, periodic variations in NADH fluorescence are
also significant (Goldbeter et al.,, 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 re&ox 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 ATP, which they demons trated by
monitoring their effect on mitochondrion H+ and K+ transmittance,
morphology and respirafion rate, Membrane bound ATPase may therefore
exhibit oscillatory activity and play a contributory role in the
regulation of other mitochondrial oscillations. However it is con-
ceiv;ble 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

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

ago by time-lapse photography that this cell aggregation tended to
occur in a periodiq fgshion (Arndt, 1937). It is now known that
aggregating cells release cAMP periodically which is associated
with changes in adenylate cyciase 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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W%ck, 1979) , cAMP binds to the cell surface receptors, This
binding then triggers a train of responses‘within the cell including
the activation of adenylate anq‘guanylate cyclase, However this

only occurs if the'extracellular cAMP concentration changes with time,

These oscillatioﬁs are under developrmental control as they
only appear at a specific time in the life cycle of D. discoideunm,
Evidence suggests fhat these oscillations are necessary for differ-
entiation to occur in D, discoideum. For example, in one‘strain of
D, discoidéum inhibition of aggregation was achieved by a continuous
influx of cAMP, whereas small pulses of cAMP stimulated differentiation
(Gerisch, Fromm, Heugsen and Vick, 1875c¢). The ébsence of cell
di fferentiation in a phosphodiesterase ﬁutant 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 cANMP-adenyl cyclase and ATP pyrophosphohydrolase,
Goldbetér (1975) showed that the allosterip properties of adenyl
cyclase!could give rise to sustained osciliations 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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cAMP and the Cell Cycle,

In fact various other investigators have reéorded the periodic
variation of cAMP levels.in other cell types, but over a'longer time
course, Abell and Monohan (1973) conducted a study of cAMP through-
out thé cell éycle of 13 different mouse fibrobiast cell 1lines,

They found in al; cases that cAMP levels were inversely proportional
to the rate of DNA synthesis, When 3T3 ceils were transformed with
SV40 an increase in growth was evident, This was correlafed directly
with a corresponding dec?ease 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 circadién
rhythm in cAMP levels was evident reaching a maximum when mitotic
activity was low, The evidence availéble concerning cAMP in
mammalian cells implies some role in the regulation of growth which
in turn‘cbuld affect differentiation. No data is available con-

cerning adenylate cyclase activity in these examples cited. -

1.3.3 Other Metabolic Oscillatory Systems,

Varioué other types of os%illatory procésses have been observed
recently in biochemicalAsystems., The oscillatory phenomena have yet
to be identified but probabiy ofigipate‘froﬁ metabolic control,

Enzyme activity oscillations havé also been reported in
mammalian cells, Klevecz and Ruddle (1968) assayed the acti&ity of
lactate dehydrogenase and glucose-6-phosphate dehydrogenase in~syn-
chronised CHO cells, They fcund 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 Physarum shdw different -oscillatory phenomena
ip their contraction behaviour and their protoplasmic flow. The
osqillatory 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 oséil}ations 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 withveach other, the périodicity depending on the level of
stigulation administered, Two types of oscillations were observed.
_The 'slow wave' changes of ACh and ATP were of approximately 12C
seconds duration with a 5Hz stimulation, Superimposed on this were
rapid oscillations of ACh and ATP of 5 second periéds. Israel and

(am) | |
colleaguesAsuggested 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 avéilable to the
extracellular environment are amenable to analysis by iectiﬂ and
antibody binding. Lectin énalysis in-particular hag recently becone
widely used for this purpose (revﬁewed by Brown an&-Hunt,'1976).
Lectins arée proteins which can bind qoncovalently to specific carbo-
hydrate groups, in this case on the cell surfaée. They have more
than one specific carbohydrate-binding site_wﬁich 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 e#hibited a cell sur-
face architecture to which lectins readily bind. Untransformed cells
appeared more resistant to lectin binding (Néonan gnd Burger, 1973).
Such observations led to a closer analysis because of the link with
tumorigenicity. Shohar and Sachs (1874) found that normal hamster
fibroblasts became agglutinable with low concentrations of Concanavalin
A (Cén A) and wheat germ agglutinin (WGA) specifically during mitosis,
but that tﬂe cells reverted to the non-agglutinable stﬁte 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 Temmink, 1875). This mitotic membrane
configuraﬁion was shown to be associated with increased binding of
fluoreséein-tégged WGA 1ectin (Fox, Shepherd and Burger, 1971) and of
3H—Con A (Noonan, Levine and Burger,A1973); This suggests that the
number of specific glycoprotein s%tes on the membrane exposed to the
. extracellular environhent change éuring the cell cycle. Alterations
in the configﬁration of these sités could also contribute to the in-
creased lectin aggiﬁtinaﬁiiity. - Edidin.(1974) has demonstrafed '
diffe;ences 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 sensiti?ity to lectin

agglutination during mitosis, but some become more and others less
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agglutinéble. For example, hamster fibroblasts transformed by di-
me;hylnitrosamine are agglutinated by Con A or WGA during interphase
but not during M phase (Shoham et al., 1974), whiie SV-40 transformed
3T3 cells (Collard et al., 1975) and Epstein-Barr virus transférméd
human lymphocytes (Smets, 1973) are most agglﬁtinable during mitosis,

Other cell surface changes have also beén reported during the
cell cycle, Cikes and Friberg (1971) demonstrated that a cell-surface
lccalized 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 shquv“
that éell surface glycosyl transferases showed peak activity during
the S phase of the cell cycle. Sialyl-, galactosfl- and M-acetylgluco-
'saminyltransferase activity all behaved similarly, and with virtually
no activity during mitosis,

Oscillations in ion transport are not restricted to mito-
chondrial merbranes. Nelson and Henkart (1979) reporfed periodic
changes in the cell membrane potenfigl of a variety of cells of mes-
enchymal orig#n. Large hyperpolarizations of tﬁe membrﬁne Qere re-
corded, lasting several seconds, They have been attributed té an in-
crease of the surface membrane permeabilit& to potassium ions,

Various éecretory cellé such as the-pancreatic islet B-cells
which produce inéuiin, exhibit oscillations in membrane potential
(Mathews and O'Connor, 1979). These éscillations are.relgted to the
control mechanisms responsible for release of materials by exocytosis,

Regular oscillations in membrane pbtential are also responsible'
for rhythmical contractions of heart and.smooth muscle,

Changes in the membrane pérmeability'of cellular constituents
other than ions have also been recorded. The uptake of both glucose

and deoxyglucose by chicken fibroblast cells in culture were found to
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reach a maximum as the cells progressea into S-phase (Smith and Temin,
1974) . Similar timing was obtained for a several fold increase in
the transport of leucine across the membrane of human fib?oblast

cells (Costlow and Baserga, 1973) and of qertain nucleosides into raf

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

1.3.5 Conclusions

I have'discuésed in this section several examples of the wide
range of cellqlar constituents which exhibit somé form of cell cycle
dependent or oscillatory gene expression, In some cases, such as
protein synthesis, this is accompanied by én equallvolume of data
against such oscillatory gene expression., In an attempt to resclve
such controversies, I have tried to emphasise the important role that
experimental techniques and other variable f#ctors such as strain
differences‘may play in such conflicting data.

"The'question of whether there ié any physiological significance
in this phenomehon now arises, Cscillations could be nothing more
than a mgnifestation of the allosteric préperties:of enzymes, as
.illustrated by phosphofrucfoAkinasg. On the other hénd, they could
provide timing mechanisms for the éell cycle, Data concerning cell-
cycle dependent protein synthesis, enzyme activity aﬁd membrane coﬁ—
figuration may lead tﬁe way to a biochemical understanding of the
cell-cycle which for many years'has remained elusive, They may also
_ provide timiné mechanisms fof differentiatioﬁ 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.
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1.4 The Physiological Significance of Biochemical Oscillations,

1.4.1 Bicchemical Oscillations and the Biologicai Clock,

Despite extensive suggéstions concerning the presence of an
internal oscillator, there is still no proof that such an oscillator
exists which is respoﬁsible for any form of rhythmical activity from
the cell to the whole organism. Noretheless various attempts to pin-
point a cellular mgchanish for circadian rhythms have been made by
means of theoretical modelling. Two conceptually different approéches
have emerged in the literature, The first implicates the occurrencé
of discrete biochemical events in a strict sequence. However very
little'evidence of sequential gene transcription can be found to sub~-
stantiate this, Thé other approach, pursued by various researchers,
envisages the biological clock as a biochemical network with self-
sustained oscillations stemming from feedback of thé whole biochemical
system, Biochemical‘oscilla?ions can be shown thecretically to be
the predictable consequence of gain and feedback.

Enzymes have bebome'popﬁlar as the basis of biological'clocks
becguse certain features are common to both, .Enzymes have been
shown to have a stable periéd 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 glycolyfic pathway is a good examﬁle becausé it has been
extensively studied both theoretically and experimentally. The fre-
dueﬁcy of the oscillatory enzyme in the sequence, phosphofructo-
kinase hés been shown to be independent of substrate inbut. This
could therefore provide a reliable timing mechaniém. Analys;s of
concentrations of glycolytic intermediates has shown them to vary

between 10-5 to 10—3M in yeast cells (Hess, 1979). Such oscillations
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coﬁld'be capable of driving a range of observed oscillatory phenomena,
Glycolytic oscillations have been shown to have generated cyclié
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 PFK.

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 perioa of an oscillatory enzyme
cgn'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 perioa has also beenAshowp theoretically to arise
from the interacfion of many smaller period oscillations. Winfree
(1975) termed this.as the 'clock-shop' phenomenon.

\

Nore of these models can explain the observed temperature in-
i

dependence exhibited by circadian rﬁythms. " This is a drawback of
implicating enzymes as- the biological clock., Njus, Sulzmann and’
Hgstings(1974) proposed another model incorﬁorating the network idea
but identified ion changes and the membrane-bound ion transport system
as the timing mechanism, They propoéed 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,
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The 'Clock shep' model of winfree (1975) could be taken a step
further such that the cell itself, as a summation of all its oscilléting
constituents, could be the biological clock from which circadian
rhythms are timed. One of the difficulties wifh such a theory is the

“variety of cell types and the preéence of both cycling and non-cycling
cells in multicellular organisms, A specific ce;l type at a specific
lo;us with a constant cell cyéle 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 characterisiics from the properties of circadian

rhythms.

1.4.2 Bicchemical 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 celi cycle afe synchronous, as discussed in section 1.1,
Thgg cculd suggest that the cell cycie is not the circadian 6scill€tor
but is susceptible to it,. The question of how these cells are syn-
chroniéed is a dif%icult one, Ve do not understand the mechanism of
the transition bet;een one phase of the cell cycle to another, so it
is difficult to postulate sites of control, However, it is 1likely
that the circédiah signals will affect certain important steps in the
cell cycle.sﬁch as the G1 - 8 transition or the earlier G0 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. Rensing and Goedeke (1976) collated some of the available
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data concerning cellular circadian rhythms in rat liver. They comr-
pared the timing of the rhythms and found a definite temporal sequence,
Increeses in the active transport of a-amino iéobutyric acid and the
level of arginine were paralleled by an increase in RNA polymerase II
activity. Maxima of nuclear non-histone protein synthesis and of
nuclear protein kinase activity foilowed. DNA synthesis then commenced
followed by mitosis & hours later, Whether this sequence of evénts
is relatéd to the celi cycle in a causal manner, or is only fortuitous
is speculative,

I1f 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 prbtein levels enhanced

during the G, - S phase transition (Riddle gl_gl., 1978) or the levels

(0]
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 blooa borne or neurai signals,
Numercus hormdges have been shown to exhibit fluctuations on a circadian
basis (Scheving, 197€). Tutton (1973) implicated variations in the
levelslof glucocorticoid hormone levels in tﬁe circadian Thythm of
crypt cells of the rat small intestine. Bullough (1962) has dis-
cussed circadian mitotic rhythms in terms Qf wakiﬁg 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 asleeé.

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).
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A specific horroneconcentration 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 miiosis only particular cell types may be competent to respond to
‘the Zeitgeber, This ccmpetence té respond could in itself be an
intercellular or group of cscillations specific to these cells, If
this is the case theq the dataAavai}able suggests[that epithélial
cells have this capability, being virtually the 6n1y cells investigatea
which exhibit celluler 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 ﬁhich 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

1
i

‘whole organism, This implieé that time is an important element of
these'processes. How time is intertwihed with such events is a-major
outstanding problem of develcpmental biology. Clearly, such=-oscil-
lations as I héve discussed in this chapter, ranging from high frequency
oscillations of ion permeability to circadian fhythms in INA synthesis,
offer a very strong reliable timing mechanism to whicﬁ differentiation
end morphogenesis coula be tuned.

I heve already discussed evidence which suggests enhancement
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in'expression of certain proteins, glycoproteins and enzymes at
specific times during the cell cyc}e. If cells afc 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 thresﬁold for them to elicit the requifed response, for example
the next step in the differentiation process; If cells are not
sufficieﬁtly 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 morphogenesis is the spebifiéation‘of
positional information in morphogenetic fields, Goodwin (1969)

that

theoretically analysed}the potentialxoscillatory 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 attenﬁation. Metabolic oscillations
could, therefore, be involved such fhat spatio-temﬁoral positional
information is spécified inlthe process of morphogenesis, If these
oscillations are also cell cycle dependent pr.related, then the

intermitotic time would be expected to vary in cells across the

morphogenetic field.



54,

CHAPTER 2, THE VERTEBRATE LENS

2.1 Advantages as a Model Syster for Cellular Differentiation

The vertebrate eye lens is a transparent organ consisting of a
self renewed epithelial ster population which terminally differentiates
to forr lens fibre cqlls containing several specific protein classes
collectively tefmed crystallins, These proteins form the bulk of the
lens. This sys?eﬁ ggerefore offers an ideal opportunity for the
sfudy of cellular differentiation and its genetic regulation (Reviewed
by Clayton, 1979)7 Other ettributes which make ihe lens a valuable

model systerm for such studies‘ére discussec below.

2.1.1 Whole Lens Culture

The lens is avascular, not innervated,and is corpletely enclosed
within a.membrane synthesised by the epithelial cellé, the lené cap-
sﬁle. These factors facilitate its isolation and through special
culture techniqués pé;m¥t the examination and manipulation of epithe-
lial  cells ih the whple,.intact, iéolated lens in’culture (Gierthy,
Bobrow and Fothstein, 1968). In vivo the lens is bathed in the

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

scle sources of ?utrition due to the absence of vasculsrisation,

In a sipilar way.the explanted‘lens'ig_vitro is bathed in a specified
nutrient medium. It is therefore possible to study”the processes of
cellulér differentiation in an entire intact cell population of an
organised tissue as near to the in vivc situation, in the structural

whole organ, as is possible.



2,1.2 Lens Epithelizal Cell Culture

Isolated lens epithelial (LE) cells have been established as
ronolayer cultures Qith various aniral materials such as chicken
"(Kirby, Eastey and Tabor, 192¢), rabbit (Tamura, 1965) and.calf
lenses (Van der Veen and Heyen, 1959). Okada, Eguchi and Takeichi
(1971) dermonstrated 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
terred 'lentoids' were observed in epithelial cultures, which, on
exarination by electron.microscopy, consisted of a multilayered lens-
like arrangerent of elongated lens fibres, depleted in nitochondria
and endoplasric reticulum but with large nurbers of polyscmes.
Irmuncfluorescence studies indicated a high accumulation of crystal-
lins in these 'ientoid' bodies (Ckada, Eguchi and Takeichi, 1973) .
Cell cglture, therefore, offers a powerful tool for the study of
undifferentiated cells, their differentiation potentiel and cellular
behaviour during this process. These studies are facilitated by
the fact that no extranecus cell types are present to complicate

experirental results,

2.1.3 ' Trensdifferentiation.

The vertebrate lens is of further interest with respect to
cellular differentiation, because other then the normal develop-
rental pathway described later, ienses can be derived from other
developrentally unrelated eye tissues. These tissues lose their
definitive characteristice and acquire those features which normally

cheracterize completely different differentiation pathways. This
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phenomenon, terried 'metaplasia', or more recently, 'trenscifferent-
iation', was first reported in the classical example of Wolffien

lens regeneration in which a normal lenc is regenerated from the dorsal
iris epitheliumr after lentectomylin newts (Wolff, 1895; and reviewed
more recently by Yarada and McDevitt, 1974). Recently transdiffer-
entiated lens cellsAhave been der;vedlfrom a variety of eye tissues

in vitro, 9 day old chick ermbryo pigrmented epithelium from the

retine lagks 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 crystallig synthesising
cells in vitro. Similarl&, iris from the newt (ﬁguchi, 1667) and
neural retina from chick erbryos (Okada, Itoh, Watanabe and Egu;hi,
1975) have been shown to develop into lens-1like 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 éfructure. The vertebrate
lens 1is derived'ﬁrom the competent head ectoderrm in response to an
inducing stimuluglfrom the dgveloping obtic-cup° A vesicle becores
formed from a single layer of epitheligl cells which begins to elong-
ate on the posterior face adjmcent to the neural retina, These cells
terminally differentiate to forp the primary lens fibres which £fill
up the lumen, The germinal zone of epithelial cells ardund the
equator of the lens undergoes division to form cells wkich 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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Figure 2.1

Dicgrammatic cross-~section of the vertebrate lens.
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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 popdlation of epifhelial cells exists as a monolayer
over the enterior face of the lens and exhibits a relatively uniform
thickness in. the normal iens. The lens epithelium whole mount pro-
cedure has permitted the examination of DNA s&ﬁthésis and nitotic
patterns in the lens (reviewed by Harding, Reddan, Ungkar and Bagchi,
1971). By autoradiography and counting of mitotic figures it 'has
been established that cell division and DNA s&nthesis can takebplace
over the whole anterior epitheliur in embryonic leﬁses° In the
edult they become essgntially confined to a region around the periphery
cf the epithelial layer, the germinal zone, and in the pre-equatorial
region of the epitheliur (Von Sallmen, 1952; Reddan and Pothstein,
1966). ~ Von Sallman (1952).aiso found that the fotal number of
ritotic cells.inltée fabbit lens epitheliur decreased as a function

{

of age. Mitosis :;in the rabbit (Von Sai_lman, 1952) and in the rat
lens (Vor'x Sallmen end Grimes, 1966), exhibited patterns of Circadian.
variation, as already discussed. |

This equatorial zone constitutes a renewal system whereby cells
ére provided which subsequently further differentiafe inté fibres
throughout life.‘ The epithelial cell populations with no mitotic
activity have becorme arrested in the Gl/Go rhase of the cell cycle

(Riley and Devi, 1967). Gelfant (1977) has proposed a model for

cell and tissue proliferation based on the idea that cycling cells
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can srrest at 3 stages in the cell cycle: early Grﬂ%w in late

G, and in late G This wes presented in the light of a large

1

arount of data from a variety of cell types, for exarple mouse

o°

ear epidermis, However, there is no evidence for mitotic blbcks in
a phase of the cell cycle other than G1 in the lens epithelium,
Thelquiescent cells of the central antérior epithélium can be

restirulated to dividé uncder certain conditions. In vitro culture
conditions (Harding et =21., 1971), probsably attributable to the pre-
sence of foetal calf serum stimulatéd proliferation in these cells.
Lens injury (Harding et al.,_1961), and some cataractous conditions,
for example, as a result of diabetes (Kuwabara, Kinoshita and Cogan,

1969) also reéult in pitotic stimulation of this region.

2.3  The Lens Fibres

The differentiation pathway from epithelial cells to'the fibres
leads to biochemical; rorphological and ultrastructprél changes.
Cells elongate, the nuqlei of which become pyénotic; Endoplasmic
reticulum and mitochondria’afe loét.whilé pol&somes increase drama-
ticaliy due to the high levels of crystallin synthesis,

MBrner (1894) showéd that biochemical fracticnation of the lens
yielded the water soluble crystallins-and a water insoluble fraction
which is now known to consist of a membrané—interceilular matrix
complex (Lasser and Balazs, 1972). Laéser 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. Alcale, Lieska énd Maisel (1975) have since isolated the
proteins and glycoproteins from the isolated membranes of the bovine

lens by Triton solubilisation.
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2.4 The Lens Crystallins

Certain evolutionary constraints have been exerted on the
develéping lens: |
.(a) it must remain transparent so that light can pass through

it,
and
(b) 'Et must be of the correct refractive irdex 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 s high concentration of
thesé crystellins which constitute 80-90% of the totsl soluble pro-
tein in the lens. These range in rolecular weight from 20,000 to
50,000 daltons (reviewed by Clayton, 1974). Three gene families of
crystallins termed o, B and Y are to be found in the mamralian lens.
However y cfystallips are substituted by § crystallins in birds and
‘sonme reptiles. These factsrs offer an ideal system for the investi-
gation of gene expreséionlduring di fferentiation, In addition, -

these crystallins are readily identified and theif synthesis can be
regulated EE.EEElQé

Crystallins form Qery close and specific packing arrangerents
resulting in successive changes in protein concentration, This ié
necessery as a lens increases in size during development, iﬁvordér
to conserve its opticgl efficiency byvchanges in the refractive index.
(Philipson, 1969), These changes arise as & result-of the changing
pattern of crystallin classes and their quantitative :egulatiop in
the diff;renfiating lens fibres. In the chick embryénic 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
developrent. The corposition of the iens as shown by quantitative
immunoelectrophkLoresis, From Truman, Brown and Campbell (1973)

(By courtesy of Pr D.E.S. Truman).
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therefore thought to.pefmit a closer molecuiar packing than the o
and B crystallins in the periphery of the lens. o and B crystallins
are synthesised in greater arounts as § crystallin decreases at the
tize of hatching, es detgrmined by quantitative irrunoelectrophoresis
(Truman, Brown and Cémpbell, 1972), Figure 2.2 shows the relation-
ship of these 3 crystdllins during developrent of the lens of the
chiclr';° This changing ontogenic sequencé of fhe crystallins leads

to questions concerning.the-regulatory mechanisms of the qualitative

and quantitative gene expression during lens developmrent,

2.5 ~ Regulation of Crystallin Synthesis

Coulombre and Coulorbre (1963) demonstrated unequivocally that'
di fferentiation of lens epitheliur was not only a function of age
5u¥ depended on the location within the eye, By surgicél lens re-
- .versal in 5 da& old‘chi;k embryb_eyes{ new fibres elépgated and
>deve'lo.ped from the- pz:evious epi.fhelium.‘ The original fibres, now
on the anterior face of the lens, ceased to eiqngate.‘ A new epi-
thelium then began Fo form over the anterior fac; of the lens derived
from cells in.the eéuatorial‘regiono Eguchi (1969) also showed that
the proportion of cells cifferentiating appears to bé related to the
distance between the lens aﬁd retina, The conclusion has, therefore,
been made thét the neural retina is a sohrce of some factor which
promotés lens differéntiétion. This regﬁlatory control, however,
’only suggests an 'on/off' regulation of crystallin synthesis, in-
sufficient to accountifor_the differential synthesis of crys£allin.

- classes which have been observed,  Clayton, Odeigah, de Pomerai,

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 particuler conditions was independent of

other polypeptides. This non-coordinate regulation of crystallin

synthesis suggests the possibility of severalAregulatory rechanisms

involved in the synthesis of each crystallin,

2.5,1 Possible Regulatory Mechanisms

(1)

Clayton gﬁ;gl. (1976b) demonstrated that insulin treatment
and the ﬁresence of foetal calf serum, factors enhancing
cell division, altered the crystallin synthesis profile in
chick lens epithelial cultures. Differences in crysteallims
were also found vhen 3 genetic strsins of chick with differ-
ent intrinsic mitotic rate; in tpe epithelium were compared,
The distribution of mitosis in the epithelium of chick
erbryos is more extensive, when § crystallin synthesis is
high, than in the adult when o and B crystallirps take its

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

~ evidence points to the cell cycle and ritotic distribution

as a possitle regulatory factor,

(ii) Hanna and Keatts (196€), in a study of chick epithelial

cell production and migfation by autoradiography, noted
that cells of the germinative zone of lenses of 2 and 10 |
dey old chickens rigrated towards the equator and formed
new fibres at a faster rate tﬁan those of the 6 week old

chicken. The rate of differentiation of lens fibres clearly



di ffered according to age, and could be another source

of crystallin synthesis regulation.

(iii) 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, 12“!1i2
tﬁe epithelial cells on the enterior face of the lens which
show signs of differentiation are those which have contact
with other epithelial cells on all surf;ces, the 6utermost
layer slways remaining undifferentiated (Clayton, Eguchi,
Truman, Perry, Jacob and Flint, 1976a). This suggests =&
third possible regulatory level possibly mediated by way of

the cell surface.

.(iv) Hanna and Keatts (196€) observed that, at hatching, aqueous

| huror formation was accelerated resulting in : greatér.
supply of oxygen anq.nutrients ?p the enterior gurface of
the lens. Enfo£;ed metabolic—changes in lens epithelial
cultures by the;addition of sodium'salicylate (inhibition
of cation movemgnt across cell memﬁrane) and 6-amino nico-
tinamide (inhibits NAD—linked dehyd:ogenases) resulted in
alterations of crvstallin synthesis(Clay{on'EEJEL., 1976b).
The metabolic status of the epitheiial cells end adjacént;
tissue may therefére'play somne role in regulating different-
iation of these cells,

Regulatory‘factors involved in lens fibre formatioﬁ‘ég’vitro have been

widely discussed recently by Clayton (18979a and b).
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©2,5.2 The Cell Cycle and Crystellin Synthesis Regulation

One of the above possible regulhtory rmechanisms of crystallin
synthesis in the éhick lens which has been investigated in this re-
search project is the celllcycle. Date has been accumulating
concerning a reletionship between cell cycle duration and § crystallin
synthesis. de Pomerai, Clayton and Pritchard (1978), using haemag-
glutination inhibition and gel electrophoresis to quantify the levels
of crystallins in cultures of lens epithelium, demonstrated theat thé
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 dey embryos and 1 da§ post-hatch chicks re-
sulted in decreasing production of § crystallin respectively,
Similarities between the in vitro and EEQZEXE situation are therefore
apparent, § crystallin synthesis in the lens decreasing markedly
around the time of hatching (Truman'gjigl,, 1872). It shoﬁ}d be
noted, however, that although the trend is ' ginilar, § crystallin
levels in cultures dé not approach those found in lens fibres fiom
_the same stage in the intact lems, possibly due to incomplete fibre *
differentiation in 12.31322 éﬁlture conditions (de Pomerai,‘Pritchard .
and Clayton, 1877). Embryonic'LE cells also have = greatef in-
tringic ritotic rate ir culture than post-hatch LEAcells. | This
suggestg_that the cell cycle meay be a fgctor infthe prorotion of
§ crystallin synthesis. This idea is further supported By the.
finding that LE from different genetic strains (described in detail
in Seqtion 2.6) with different growth rates in the log phase in
culture (Eguchi et al., 1975; de Pomerai et al., 1978) synthesise
different levels of § crystallin -~ the faster growth corresponding
to high 6 crystallin synthesis. Eowever it remains to be elucidated

whether indeed any causal relationship exists,
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2.6 Genetic Differences in the Lenses of 3 Chick Etrains

Comparative investigations of genetic differenccs between strains
have proved to be a useful tool in the dissection of biological
proﬁesses. Genetic modifications may therefore help to illuminate
the reguletory mrechanisks involveq_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, Unakar and Bagchi, 1e71).

2.6.1 ~ Cellular Properties

Two genetically unrelated strains of chick, Ky-1 and Hy-z;
have been rigorously selected for high early growth rate over a period
- of sevefal yeears. Ey-1 is an inbred strain and Hy-2 is the Fl bet-
"ween two inbred strains. . Both show hyperplasia of the LE and a
variety of differenceé in cellular properties when comparéd with a
strain (N), not selected for rapid gfdwth tClayton, 1975). In By-l_
and Hy-2 the lens epithelium contains'an excesgive number of cells
as compared to normalgand it forms a multi-layered structure across
the anterior face of éhe lens between the capsule and fibre body.‘
Nérmally, recruitment of the epithelial cells for différentiation
into fibre cells must be rglated to the nurmber of new éells derived
by mitosis such that tye epithelium remsins as a monolayer, fThis
apparent failure to regulate the mitotic rate appears, from autoradio-
graphic studies after 3H-thymidine incorporation, to be attributable
to the retention of the capaéity for mitosis in the whole epithelium

and not just in the germinal zone as in normal day old lemses
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.(Clayton et al,, 187€a). Therefore the abnormality of high growth
rate in Hy-1 and Ey-2 beconres manifeét at the tice when the incidence
of mitosis normally drops in the central epithelium in later embryo-~
nic development but in these hyperplastic strains is maintained.
The rorphological arrangerent cf these epithelial cells suggests
that they are deficient in contact inhibition on their upper and
lower surfaces compared with norral lenses and a tendency for short
fibre-like cells to forrm from excessive epithelium between the
layers (Clayton, 1975).

Investigations concerning tge properties of the epithelial
cells from the Ey-1 strain heave shown it to differ in numerous aspects
from a normal control strain (N). Eguchi et al. (1975) demonstrated
" that the growth rate in the log phese in cqlture was approximately
double that of N strgin LE cells in culture over the same pe;iod
and unéer identical conditions. By ‘growing single cell clones &nd
scoring the increase in cell nurber in each colony, they were able
to show that Hy-1 LE celis consisted of two populations. One df
these showed similar growth kinetics to that of N? wﬁile the other
showved a much greeter growth cépacity. . Hy-1 LE'éells also displayed
a high sffinity for oné another, forming aggregates,readily after
dissociation,. This resulted in a iower percentage of ceiisAattaching
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 passeges.
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'2.6.2 DNA, RNA and Protein Metabolism

Further studies on these strains snd Hy—z; concerﬁing LA, ENA
and protein nretabolism, have lead'to the discovery of other différences.
Pulse-chase experiments on whole lenses indicated that the rate of
synthesis of rRNA, tRNA and. pRNA was specific for each strain, large
differénces occurring between them}- This suggested that the rate
of synthesis of ENA clasées wes under'génetic control (Truman,
Clayton; Gillies and MacKenzie, 1976). \ Thymidine incorporation
1hto day-old lenses of all 3 strainms was greatér in both hyperplastic
strains then normal (N), The autorgdiographs showed thet more nuc}ei
were labelled, vieible in any of the_la&ers Qf the multi-layered
epithelium (Clayton gﬁ_gi., 1276a).

Sirilarly, differences were found in these strains in the rate
of crystal;in synthesis and also qualitative differences sugh that

'§ crystallin synthesis in particular was enhanced in the hyperplastic

strains, as previously discussed.

2.6.3 Memrbrane Composition

Numerous cases ér? reported in the literature of gfowth modifi-
cations of particular éell types being é}osely corre}ated with a
changé in a2 cell sd;face markerA(e.gﬂ lymphocytes in AKR-CBA moﬁse
‘chimaeras, (Tuffrey, Barnes, Evans and Ford , 1974).'Odé1gah, Cleyton
send Truman (19795 showed qualitative differences in the protein and
glyéoprotein compositioﬁ of the menmbranes. The Triton X1CO solubi-
lised rembranes yielded differenf electrophoretic polypeptide and
glycoprotein profiles in all 2 strainms. A marked deficiency of gap

junctions and a raised sialic acid confent in merbranes from strains

Hy-1 and Hy-2 was also evident. Cell agglutination of dissociated
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day old LE cells by Con A’Ricjnis communis agglutinin 120, Phyto-
haeragglutinin P and anti-E lectins was found to be greater for

" each lectin in both hyperpiastic strains when éompared to normal.

The cell surface changes between the strsins appeared to be extensive
and more complex for straightforward correlation of growth modifi-
cations and genetic cell membrane alterations. - However these rodi-
fications may be related to the sbrormal behaviour and hyperprolifer- -
ation of the LE in vitro exhibited by these hyperplastic stfains.

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 thoseAdifferences
may be less prominent, or indeed even more marked in the lighf of-

this evidence.
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CHAPTER 3. MATERIALS AND METHODS
£ :

All chemicals andé reagents used were of Ansler grade and obtained
either from B,D.H., Chericals Ltd., (Poole, England), or Fisons Ltd.

(Loughborough, England)'except vhere otherwise stated,

3.1 Animals

Day old chicks of the Hy-l 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

. Nunclon tissue culture dishes and flasks were obtained through
Cikco Biocult Ltd., Glasgow, Scotland.

Eagle's minimal essential medium (MEM) x 10, Medium 199, Earle's
salts, foetal calf serum, penicillin—streptomycin mixture, L-glutamine
(2mM) and sodium bicarbonate (22mg/ml were obtained from Gibco Biccult
Ltd.

Vhole lenses and leés épithelial cells were incubated at 37°¢

in an automatic CO, incubator (Forma Scientic, Chio) with a huridified

2
atmosphereof 95% air and 5% C02.

i

3.2.1 ‘Wkcle LeLs Culture

Intact lensés wére dissected frém day old chick eyes in a hori-
_zontal laminar flow hood (South London Electricel Equipment Company,
Surrey, U.E.) to minimise bacterisl and fungal contamination. Lenses
wvere cleaned of aéhering iris by gently rolling on sterile filter
paper (Whatman No. 1) end washed in pre-warmed mecdium 199 containing
200 i.u./nl penicillin-streptomycin nmixture, On completion of the

dissection, the lenses were transferred to 2ml pre-wermed medium 199
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'supplemented with 10% (v/v) foetal calf serum (I'CS) and 200 i.u,
rericillin-streptomycin rixture. The medium was double labelled
with radioactive precursors for DNA end RNA synthesis as indicated

in Section 3.

3.2.2 Lens Epithelial Cell Culture

Vhole eyes were rermoved from day old chicks, sterilised in 70%
ethanoi for 60 seconds then washed three times in warmecd 0.9% (w/vV)
saline. The front of the eye was cutvoff 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 rmost of the annular pad was then
pipetted into calciur And ragnesium-free Fank's saline (CMF) until
the dissection of eyes was completed,

The lens'epithélia weré'dissociatéa by-0.125% (w/v)‘trypsin
(Sigma Chemical Co.Ltd., London) in CMF for one hour with occasional
agitation with a pipette. Thg cells .were then washed three times in
Eagles minimal essential medium supplerented with 6% FCS. Small
clumps of cells were removed by centrifugation for 30 seconds.

The final cell suspension, cohsistipg Qainly of single cells,
were countecd using a haemocvtometer. They were inroculated at a
density of either (8) 3 x 105 cells per 6cn diameter plastic tissﬁe
culture grade plgtes each containing 4ri of Eagles miniﬁal essential
redium plus 6% FCS (Oksda, Eguchi & Takeichi, 1971), or (b) 2 xv106
cells in 150 x 110mm plastic tissue culture flasks containing 30ml
of nutrient medium as above,

The wedium was changed every 2-3 days.
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3.2.3, Cell Counting

Monolaver cultures were trypsinised Qith 0.2%‘trypsin for 1 hour
at 37°C,-agitated by gentle pipetting, then treated for 10 mins 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 CMF and‘counted using a Fuchs-FKosenthal. haemo-

.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 Additionzl Supplements to LE Cell Cultures

Bovine crystallin insulin was obtained from»B.D.H; Chenricals
Ltd, (Poole, England) and was used in a concentration of 10 ng/rml in
6% ECS supplenented ninimal essential medium, '

Retinel extrﬁct (RE)fwas donated by courtesy of C. Arruti, D,

Barritault and Y, Céur%ois (Unité de Résearche de Géronfologie,_
I.N.S.E.R.M., Paris) and was usgd in & concentration of 50ug/ml in

6% FCS supplementbd 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 Radicactive Labelling

14 3
3H amino acicd mixture, C amino acid mixture, (methyl- H)
thymidine, (5-°H) uridine and iodine-125 were purchased from the

Radiocherical Centre, Amersham, Bucks.
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3.3.1 VVhole lenses

Whole lenses were e¥planted at varying times over & 24-hour
period and transferred to 2rl M199 supplemented with 10% FCS snd 200
i.,u, penicillin, The medium was labelled with radioactive precursors
for DNA and/or RNA synthesis according to the experirent. The pulse
label was one hour in duration at 37°c in 5% 002 in air, |

Thé raxinum time-lapse between decapitation of the chick and the
commencerment of the rsdioactive pulse was 25 minutes.

Whole lenses wére brocessed according ;o either (i)'or (ii):

(i) Lenses were double-labelled with 100uCi/mi 3H thymidine and
5uCi/ml 14C uridine, washed in cold saline and'transferred singly to

a 2mp 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 paper.to prevent the loss
of any material, Each lens was washed twice separatel& in 5% TCA,

in absolute ethanol and fhen in ether,- The radioactivity 1ncorporafgd
was deterrined by écintillgtion counting (Section 3.,4.1).

It has been verified that incorporated ﬁrecursor was adequate}y
washed from the squashed lenses, by labelling lenses fo: varying
periods from zero-time tc 90 mins, The plotted results of di;igtégra—
tions / minute/lens against time showed a smooth curve wﬂich passed
through the origin.

(ii) Lenses were legbelled with 100uCi/ml 3H—thymidine, prepared for

histologicai sectioning followed by autoradiography of the sections

(see Section 3.4.2),.
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3.3.2 Cell Cultures

Protein lsbelling

Random monolayer cultureé of lens epithelium were labelleé with
" 50uCi/ml 3H mixed amino acid mixtﬁre in redium supplemented with 6%
FCS for 3 hours at 37°C in 5% CO2 in air. Lers epithelial cultures
which were synchronised beforé labelling for protein analysis, and
their asynchronous céntrol cultureé, were labelled for 30 minutes with
10uC1/g1 14C mixed amino acids in medium sﬁpplemented with 6% FCS at
tined interQals. In all cases the cells were washed thoroughly with
cold saline to remove FCS proteins and unincorporated radioactivity,
Water-soluble and rerbrane fractions were prepared as below (Section
3.5) end the samples run on polyacrylsmide gels. A fluorograph of

the gel was then prepared (Section 3.4.3).

DNA and RNA Labelling

Monolayer cultures were labelled for 1 hour with 1COuCi/mil 3H-
thymidine, or,lOOuCi/mi 3H-thymidine‘and SuCi/ml 14Cfuridine at timed
intervals. The cells were washed thoroughly with cold saline, pré-'
cipitgted with 5% ?CA then filtered onto discs of Whatman glass
nicrofibre (GFA41)Eand washed with 5% TCA, abgsolute ethanol and ether.,
After drying the radiocactive incorporation was determined by scintil-
lation counting (Section 4h) .

Aliquots of synchronous cell suspensions (see Chgpter 4) were
renoved and labelled with 100uCi/ml 3H—thymidine and/or 5uCi/ml 140-
uridine fcr 1 hour, Samples were precipitated with 5% TCA after the
addition of bovine serum albumin to a total concentration of 50ug/ml,
This acts as a carrier to precipitate srzll concentrations of the
lﬁbelled RNA and-DNA. The sarples were filtered as above and radio-

*activity determiﬁed by scintillation counting.
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Assay for Binding of Jodinated Lectins

Preparation of Labelled lLectins

Wheatgern agglutinin‘(WGA), Ricinis communis agglutinin-120
(RCA-120) , Phytohaemaéglutin (PHA) were obtained from Miles Laboratories
Ltd. (Stoke Poges, Slough, England). Concanavalin A (Con A)(Grade 1V
ffom Jack Beans) was obtained from Sigma Chemical Co, Ltd. (London).

The specific sugar inhibtitors for the various lectins are o methyl-
D-mennoside (Con A), D-galactose (RCA-120) N-acetyl-D-galactosarine
(PEA) and Nfacetyl-D—glucosamine (WGA) and were obtained from Sigma

.Chemical Co. Ltd. (London),

The lectins were labelled with 1251 (carrier free) by the
Chloramine-T method of Kunter aﬁd Greenwood (1962) 100ug of lectin
was dissolved in ldul of phosphate buffered saline, The lectin was
iodinated by adding 1mCi of carrier free 1251 and 1Cul of 1% chlofa—
nine-T in PBES solﬁtion. The solution wes allowed to sténd for 10
mingtes at 20°C before adding 10ul of 1% sodiur metabisulphite in PBS,
The mixture was left for 10 minutes with occasional gentle shaking
and diluted to 1ml with PBS. The solution wes dialysed against PBS -

for 24 hours =at 4°C with frequent changing of the PBS in order to

remove any unreacted isotope.

Reaction of Iodinated Lectins to Cells

Aliguots of synchionous lens epithelial cells were mixed with
either an equal aliquot of iodinated lectin solution or iodiﬁated
lectin solution plus the appropriate inhibitor in a 2ml sterile
serur tube, The cells were then incubated at 37°C for 30 mins,
washed threé tires in PBS and the pellet suspended in 70% ethanol.

The samples were precipitated with £% TCA end filtered, wasﬁed and
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-dried as above ready for scintillation counting. To calculate the
amount of iodirnated lectin bound specifically, the amount bound in
the presence of the inhibitor was subtracted frox the amount bound

in the sbsence of the inhibitor,

3.4 Assasy of Radiocactivity

3.4.1 Scintillation Counting

'The triton/toluene scintillator used contained 25g PPO and 1.5g
direthyl PCPOP 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 Sml of
the triton/toluene scintillator and counted in a refrigerated inter-

technique scintillation spectrometer.

3.4,2 Autoradiography

Whole lenses were fixed in ‘Carnoy's fixétive for 4 hours after-
radiocactive labelling, washéd in 70% alcohol several times followed
by seversel wa;hes'iP-QS% alcohol over a period of 4€ hours, They
were then transferr;d to terpineol for 4é hours. The terpineol was
allowed to reach 6600 for ;5 ﬁins and paraffin wax acded to make 2
1:1 retic for 15 rins. Several changes of wax we?e made over a
period of 10 hours. The lenses were then put into block and cﬁt
into 10uym sections, The sections were stained with haemotoxylin
and eosin, Coeting of the slides with Il1ford L 4 gel type
nudedr gmulsion was carried out using the dipping method of Messier

end Leblond (1957) and exposed in the dark at 4°C for 4-6 dsays.,
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The slides were developed using Kodak D19B for 4 mins, rinsed in
distilled wéter then fixed with Ilford Iiypam for 8 mims, They
were washed in running water, dried and examined. Photographs

were taken with a Carl Zeiss Ultraphot,

3.4.2 Fluorography

In order to detect labellecd proteins after separation on
polyacrylamide slab géls, they were analyzed by fluorography (Bonnér
and Laskey, 1974) using pre-flashed X-ray film (Kodak X~-OMAT R film)
to.give a quantitative response to radiocactive disintegratioﬁs
(Laskey and Mills, 1978), A Kipp end Zonén intégrating densitometer

was used to scan the fluorographs,

3,5 Preparation of Lens Epithelial Cell Fractions

3.5.1 Water-Soluble Fraction

Cells were harvested using a rubber policeman, washed thoroughly
to rerove FCS proteins and either horogenised at 4°C in 10mM phos-
phate buffer pH 7.2 containing 10mM B-Z—mercapfoethanql or repeatedly

frozen in liquid N, and allowed to thaw each time (5 times). This

2
freeze/thaw method-wés particularly suitable to obtain naximum yield
of protein from small cell culture4sazﬁ1es. The proteins obtained-
were conmparable with those obtained by horogenisation. The sarples
were centrifuged at 4°C for 20 mins at 10,000 f;p.m. in an Ependorf
bench centrifuge (Model 5412), The supérnatant contained the water
soluble proteins, The pellet was washed 6-10 times in the &bove

buffer, after which no soluble crystallins were detectable in the

supernatant using immunoelectrophoresis and an antiserum to totel

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 ovexnight'for_lS hours at 4°C° | The homogenate
w#s centrifuged at 16,000 r.p.m. for 30 mins, The supernatant
contained all the urea—sdlublelproteins. fhe pellet (urea-insoluble
nmenbrane rich fraction) was washed,repéatedly in €M urea until

crystallins were no longer detectsble in the supernatant,

3.5.3 Cell Membrane Fraction

Method‘

The urea;soluble pellet was horogenised in the "solubilising
solution" of liner and Heston (1972), This contained 5CmM K2C03,
8M urea, 10%'6-2-mercaptoethanol and 5% Triton x -100, which
permits differences in charge to be analysed. Triton X-10C was
substituted by 0.2% SDS for separation of the subunits by molecular
Weight. The homogehnte weas -centrifuged =at 16,00Q r.p.m. fcr 20
minutes af 7°C. - The supernatan£‘was used for analysis on poly-
acryiaﬁide gels, Clayton gzlgi,, 1976b,c, éhd Odeigah et al., 1978
reported that a 15-29 minute sonicatién period prior to centrifu-
gation increaseé the;yield‘of merbrane pfoteins.. Results using
this method however were,unsatisfactory when-sonication of that
duré:}ion was used, - An investigation was therefore carried ou£ on
the effect of sonication on the mémb;ane proteiné which wére ana-
lysed by SDS and IEF £od gels (see Section 3.6). VVhole lenses from
mixed chick strains were used for this analysis, A Soniprobe Type

1103A (Dave Instruments Ltd.,, London) was used for sonicating the

samples.
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The supernatants were prepared as asbove with the following
~iodifications:
(a) unsonicated membrane sarple as above,
(b) the pellet of sample (a) resolubilised for 18 hours
(c) - 30 second sonication

(d) intermittent sonication for 5 minutes.

Results
The préfiles of membrane p;qtein polypeptidés fractionated

by IEF and SDS gels are shown in Figurés S.l and 3.2 respectively,
Additional rermbrane polybeptides and an increase in yield was evident
after the supérnatant of the second solubilisation period was cor—
pared to that of the initial solubilisation of the sare pellet (Gels
B and C in Fig, 3.1? and ‘A and B in Figo 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 polypeptiqes in the rI range
of 5.0 - é,S increased, paiticqlarlyvin tke sample sonicated fér 5'
rinutes, The nurber of bandg in tﬁe-7,0 - 7.5 ¢l range diminished,
however., In the SDS gels tﬁe polypeptides in ‘the lower molecular
welght region arq-reduced in amount whilé those in the higher mole-
cular weight region §how a greater dehsity, particularly a major
tacd at 163,000 M.V, A greater deposit of material whick did not

enter the SDS gels is evident in the sonicated samples.
3

Discussion
Prolonged solubilisetion of the urea insoluble pellet with
Miner and EHeston's (1272) '"solubilising solution" resulted in both

a qualitative and quantitative increase in the yield of rermbrane



FIGURE 3.1

1EF polyacrylamide gels of membrane polypeptides from whole
lenses treated in di fferent ways. (A) The water soluhle proteins
from day old chick with the crystallins labelled as markers.
(B) Unsonicated membrane égmpleu, - (C) Sample resulting‘from 18
hour resolubilisation of the pellef frorm (B). (D) 3C second
sonication of merbrane sanple. (E) Intermittent sonication of

membrane samrple for § minutes.

FICURE 3.2

SDS polyacrylaride gels 6f membrane polypeptides from whole
VllenSes. (A) Unsonicated membrane sampleQ (B) Sample résultiﬁg
fron an 18 hour resoluﬁiiisation 6f the_pe}let from (A).
(C)' 30 secqﬁd'sonicétiqn of mémbrane:samﬁle. (D) Intermittent
sonication of membrane>sampieAfor 5 minutes. Trhe molecular
weighf ma;kers rebresgnt o~-phosphorylase, é-crystallin and o,

crystallin in order o# decreasipg size.
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polypeptides, Sorication resulted jn gualitative differences in
the merbrane polypeptides, when compared to the unsonicated samples.
In the IEF gels certain bands were present while others were absent,
Tke SPS 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 'diffe'rences 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 fhe 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 overheatiné of the sample. 15 to 20 minutes
therefore seems an excessiveAduration for sonication to be continued,
Pue 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. fhe prefiles
of membrane polypeptides in Cléyton et 'al, (127€b,c) and Odeigah et
al, (1978) suggest that this may have occurred, as bands in the“IEF'
gels were wéll resolved unlike gel E of Figure éol, soricated for
5 minutes, This sgggests that effective sonicatioﬁ was not carried
out for the duration s;ated. 'Variation in the amounf of sonication
administered‘to-each sarple could, however,  account for'sqmelof
fhe di fferences reported in the membrane composition of the diféerent
chick strains compared. No etrain corparisons were made in this
study.

It is therefore concluded tha£ the sbove mentioned ﬁethod of

rerbrane solubilisetion of the urea insoluble pellet with the addition
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of 18 hours in the "solﬁﬁilising 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 comrercially
evailable Biorad protein assay (Biorad. Laboratories, Munich) and
by reading the absorbancy at 595nm. Bovine serum albumin was used

as a standard.

3.6 Pclyacrylamide Gels,

3.6,1 Iccelectric Focussing on Slab Polyacrylaride Gels

The isoelectric focussing technique was based on the method
of Wrigley (1968) modified so that the gel contained 5Cml 9M urea/

' 1% ammon i um persulphate solution, 4.8ml 1% temed and 0,9ml of each
ampholiné in the pH range 3.5-10, 4-6 and 6-8 (Burns, 1975),.and
18wl of a 30% acrylaﬁide/bis—a;ryiamide solutioﬁ. ‘-1.25% Triton x
160 was added to thelgel mixture to préven£ precipitation or re-
aggregation of the mermbrane components. The cormercially 9vailab1e
"multiphor’apparatus"gwas used for running these éels (L,Koﬁo
Instruments Ltd., Souéh Croyden), . Ampholines wére also purchased
from L.K.R, Instruments Ltd.

Samples were lﬁaded at a concentration of 50ug on 5 X 10mm
Whafman 3o paper, The electrode solutions copsisted of 1M NaOH
(cathode) and 1M H3P04 (anode) .

The gei was run at a starting current of 45-50mA, incrgasing

the voltage every 5-10mins until 1,100V was reacked, The gel run

was completed after 2 hours,
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The gels were fixed in 12.5% TCA st 659C for 30 mins and the

e

smpholytes removed.

3.€.2 Isoelectric Focusing on Rod gels

The above solutions were used to make 9.6 x C.5cm rod gels by
filling O.5cm internal diameter glass tubes sealed at one end with
plasticine. The gels were immediately overlayéd with iso-butanol
to obtain nAflat top.

The anodal electrode solution consisted of 0.2% sulphuric acid
containing 10mM 2-mercaptoethanol.' The cathodal électrode solution
consisted of 0.4% ethanolamine also containing 10mM 2-mercaptoethanol.
The gels were aligned vertically ‘in a disc electrophcresis tank with
the anodal solution in tﬁe upper compartmént and the cathodal
solution in the lower compartment. The gels were pre-run at a con-
stant current of 0.5mA per tube for 20mins at 4°c. Samples were
layered onto the top of the tubes in a concentration of 250-300ug/
gel., The géls were run for 16 hours at'4°C with a constant current
of 0.5mA/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 Sllab Poiyacxylamide'cé‘ls

| A 129% #crylamide lower separsastion gel wﬁs used with & 3% acry-
lamride upper stacking gel. The lower gel conéisted of a mixture of
20ml of a 30% acrylamide/0.8% tisacrylamide solution, 25ml of 0.75M
"Tris pH 8.8; 0.5ml of 10% sodiur dodecyl sulphate, 9rl distilled
water; O0.2ml of 10% ammonium persulphate and 20ul of TEMED, This

was poured, overlayed with water and allowed to set,  The stacking
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-gel consisted of 2.5m) of 20% acrylamide/O0.,8% bissecrylamide
solution; 5ml O,25M Tris pH 6.8; 0.25ml1 of 16% SDS; 17ml of
distilled water; O0.1lrl of 10% amionium persulphsate and 10pl of
TEMED.

501g of sample protein was mixed with an equal volure of sample
buffer; consisting of 0.025M Tris:pﬂ 6.8; 2% SDS; 10% glycerol
5% 2-mercaptoethanol and 0.002-0.004% Bromophenol blue, and then
loaded onto the gel, The gel was run with 2 constant current of
10mA until the bromophenol blue reached the lower gel, The current
was then increased to 30rA. The gel run was complete after 4-€
hours, when the bromophenol blue reached the bottem.

The electrode buffer corsisted of 0.025M Tris, 0.192M glycine

and 0.1% SDS.

'3.6.4 ° SDS Rod Polyacrylaride Gels

The above solutions in Section C were used to make 10 x O.5cm
rod-gels. The lower gel was ailowéd‘to set prior to overlayering
with the lafger pore gel solution, Samplés of about 150ug protein
were mixed with the sapple buffef desc:ibéd in thevprevious.section,
'then iayeféd cn the_toé of the gels. Electrophoresié was carfied

| .
out at room temperaturé'fof 4 houré at a constant current of 3QA

‘per gel tube in the tris-glycine buffer previOUSii described. The

run was comblete when the marker dye reached the bottom.

3.6.5 Staining of Protein -

The protein staining method was based on that of Crambach,
Reisfeld, Wychoff and Zaccar (1267). 0.2% Coomassie Brilliant Blue

ih an ethanol—water—glacial_acetic‘acid mixture (45:45:10) was used
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for staining at 65°C for 30 mins followed by destaining in an
ethanol-water—-glecial acetic acid solution (25:65:10), The gels
were stored in 7% acetic acic at room temperature prior to being

photographed.,

3.6.6 Photography of Cels

Ilford Pan F film was used for the photography of stained gels

using a yellow filter,

3.6.7 Scenning 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 vére
set up as previously notgd. Cglls were seeded at a density of 1 x
105 cells)GCm diameter plastic tissue Culture grad¢~p1ate._ Cells
were allowed to plate and grow for 4 daysjundér the previoué noted
‘cenditions, On déy 5 of culture the meqium was:cganged and the
conventional tissue culture 1lid replaced with a Céopef dish 1id
(Nunclon) ready for'filming. This type of 1id avoided an air inter-
space between thé cell medium and the 1lid which would intérfere
with the photography. Cell growth studies were carried out to
see if any difference was apparent in cultures with the two types
of tissue éulturg lids,. It was possiple that the lack of an gir/COz
interspace between.the culture medium and the Coopér dish 1id cbulq

limit equilibration of nutrients and waste products. No significant
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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 * 0.5% throughout filming., Phase contrast
was used with a total magnification of x36, AAKodgk ciné caméra
. specially modified for motor driven single frame records was used
for filming in conjunction with a Wild intervelometer, The frame
interval was 1C minutes. Il1ford Pan F film was used for the analysis.
The culture plate was housed in a>p1atform shown in diagrammatic
form in Figure 3.3. Gas inlets for humidified 95% air/5% CO2 main-
tained the culture medium at the correct pH. A moistened foam
ring around the periphery of the culture dish maintained the
humidity. Filming Qas carried 6ut for periods of up to 4 days.,
;edium changing within this period was carried oﬁt. The arrangement
'6f.the microséope platform bermitted exactly the same field to be
ret#rned for filming after gach medium change,-
Sirgle frame analysis waé carried‘outvusing a Lytax singlé

frame analyser (now obsolete).
. i
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Figure 3.3

Diagrammatic representation of the culture-dish housing

during timé;lapse photography.- -
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-CIIAPTER 4. INDUCTION OF SYNCHPONOUS LENS EPITHELIAL CULTURES:

TWO METHODS

4.1 Mitotic Selection

4.1.1 Mgthod

Only strain Hy-2 was used for examining the possibility of
inducing synchronous cultures of leﬂs epithelium.

Freshly dissociated ;ens epithelial (LE) cells werebseeded in
flasks as above, A method of cell synchronisation based on the
ritotic selection method of Terasira énd Tolmach (1961 and 1963)
was used, Vhen the cells were in exponential growth (Day 6 after
seéding) the monolayers were briskly agitated fcr 15 secdnds and
the supernatant was carefully decanted into sterile tubes and either
discarded (in the éase of the first few selections), or concentrated
by low speed centrifugation. The time interval, ‘AT, between agit-

ations varied according to the experiment.

4,1,2 '~ Results

(a) The Effect of Agitaticn of Exponeéntially Growing LE Cultures

Lens epithelis were;dissociated, seeded and grown in flasks as
previously described. éhotbgraphs of cultuies were taken before and
after agitaticn of the flasks’(P1a£e 4,1), The agitation ;pplied
to the flesk was sufficient to release'all loosely'attach;d celis.
The'ce}ls in the supernatant werevcounted and scored as either rnitotic
or interphase, The average yield obtained was 1.63 x 105 cells for
every 106 cells . in the flask, The average rmitotic fraction obtained
W&S 0;57; This percentage increased with successive agitations of
the sare monélayer 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 agitaticn of exponentially growing lens'epithelial

cultures (strain Hy-2).

(A) shows a culture imrediately prior to agitation, Mitotic
cells can be seen lcosely attached to the monolayer,
(B) shows the same culture immediately after agitation of the '~

flask, removal of the medium, and followed by replacerent -

by fresh mediun.
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Figure 4.1
Mitotic cells weie scored after each harvest from the same
monolayer culture at intervals of 15 minutes. 8 successive
harvests were scored. Thé mitotic cellsiweré expressed as a ratio
of the total cells pxeseht:4 the mitotic fraction, '_Thé mitctic

fraction is plottéd against each successive harvest.
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selection to 0,92 in the sixth selection, The yield, however,

decreased to 2,9 x 104 cells for every 106 cells in the flask,

(b) Determination of the AT Interval Between Harvests to Optimise

the Mitotic Fraction

Monolayers of LE cells, € deys after seeding, were successively
agitated four times and the supernatant with the detached cells dis-
carded each tire. The tire interval (AT) between agitations ranged
from 5-40 minutes. _The fifth harvest was scored for rmitotic cells.
The results =are plotted in Figure 4,2. "The highest mitofic fractions
were obtained after harvesting at 10,miﬁute and 15 minute intervals,

ancd were 0.91 and 0.94 respectively.

(c) Detérmination of the Age Pistribution of Selected Cells

Populations of LE cglls were selected aé in_(b) using different
values for the AT intérval between sucbessive agitations.. Cells
were isolated only after.4 cycles had been discardeé. Tﬁese-pbpui—
ations were concentra#ed and seeded as suspensipn cultures and.tﬁé
mifotic fraction determined as a function of time (Fig. 4.3). In ali
ceses the mitotic fraction fell :aéidly irrespective of the initial

mitotic fraction, and approximated to zero at 30 minutes after selection.

(d) Maximisation of Yield of Synchronised Cells

(i) 'Pooling of Succeséive Earvests
-successive harvests of selected LE cells were pooled. Four
sﬁccessivé harvests with the optimum AT interval of 15 minutes
detgrmined in Seqtion (b), resulted ;n a population size of 1.2

‘s .
x 10 cells but with an age distribution of 90 minutes.
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Determination of AT iréterval betweeﬁ harvests to optimisg
the mitotic f‘raction_..'i ."rhe‘5th ‘successive harvest é'f each culture,
‘with intervals be1':ween ithem.ranAging. fro‘m 5-40 pindtes were scored
for mitotic »ceJTAls.' '_ The mitotic fractioﬁ is plotted _agaiﬁst the

time interval between successive harvests.



"FICURE 4.3 -

LE cells were seeded as suspension cultures after mitotic
selection, Populations were harvested with different AT inter-
vals ranging from 5-40 minutes, The cells in each culture were
ronitored by photographs at six minute intervals, The mitotic
fraction -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 nritotic 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

en initial fraction of 0.23,

Colcemid Treatment as a Means to Increase Yield

Colcemid (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 0.5ug/ml

- 0.00iug/ml were used to determine the minimai amount which
would accumulate metaphase cells in exponentiallf.growing
cultures; 6 day old LE cultures were dosed for 2 hours ‘and
scored aflthe end of the period as having either an increase"
or no change.in.t#é frequency of mitotic cells as compared to
an unfreated.control. . - 0.0lpg/ml was the minimal
concentration which would increase-the nucber of metaphase
cells over a 2 hour treatment period. Platé 4,2 shows

(A) an untreated control compared with (B) = cu;ture treated
with 0.,01lug colcemid/rl, (C) is & photograph of the sare
culture, one hour later showing the reversibility of the col-
cenid trestment, The large accumulation of mitotic cells
visible in (B) have corpleted ritosis and have reattached to

the culture dish.
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The effect of cold on the advance of mitosis. Selected mitotic
cells were cooled to 4°C inmediately after harvesting, and the

mitotic fraction was scored ét intervals. The mitotic fraction is

plotted against tire.



PLATE 4.2
Photographs of LE cultures.

»(A) An untreated control ccmpnréd Qith (B), é cuiture treated -
with 0.0lug colcemid/ml., (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 Colcermid Treated Cultures

6 day old LE cultures of strains Hy-2 and N were trgated for
2 hours with 0.0lpg colcemid deterrined in the previous section as
the minirum concentration which increased the number of mitotic cells,
The cultures were washed and subsequently grown in the presence of
normal medigg? Control and treated culfﬁres were labelled with 3H—

acl , -

‘mixed amingfor three hours at various intervals after treatment:
immediately; 8 hours; 24 hours; 3 deys and € days later. The
water soluble protein fractions from the cultures were run on IEF
gels and fluorographed gs described elsewhere.. Figure 4.5 shows
densitometer traces of the radiocactively labelled polypeptides. No
significent differences were detectable in profi}es of the treated

samples (A) when compared to the untreated controls (B).

Effecf of Colcemid on Yield of Mitotic Cells

A 2 hour treatment of 0,01ug/m1 colcemicd resulted in a mitotic
fraction of 0.15, composed predominantly of metaphsase cells, This
compared with a mitotic fraction of 0.06 from untreated cultures,

which also contained interphase cells (see Section 4A.a)
i

4,1.3 Discussion E

The method of mitotic selecfion‘as'a»means of obfaining syn-~
chronous cglls, described by Terasima and Tolmach (1961 and 1962) can
be applied succeséfully to chick lens epithelium, However} two
criteria rust be fulfilled in érder to obtain a population of syn-
.chronous cells suitable for further experirentation,
- (1) gells with as narrow an age limit as.possible, and
(ii)Aas large a yield as possible.
The optimisation of conditions for the selection procedure in order

to fulfil these criteria wes the object of the experiments outlined.



FIéURE 4.5

The effect of 0.0lug/ml colceﬁid treatmént on protein
synthesis. LE cultures .were treated with G.OIug/ﬁl colcerid
for 2 hours, followed by a 3 hour pulse label of 3H-mixed
amino acids., A) immedisately, E5 8 hours, C) 24 hours, D) 3
days and E) 6 days }ater. Untreated controls were labelled
simultaneously in each group. Water soluble proteins wereirun
on 1lEF gels and the-fluorographs exposed for 26 daysf Densitoé
meter tréces of the.fadioactively_labelled:proteips are shown
above for each ciass. | The upper trace.in_each; rebresenté.the

colcemid treated. The lower trace represents the control.
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Monolayers are initially unsuitable for mitotic selection'because
of loosely attached eafly G1 cells; as well as other floating cells
and debris. The contaminants nay 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 con-
pared to the first harvest.

The tire interval between harvesting is an important psrameter.
If T_ represents the age of reléase of a cell from the culture dish

R

as it enters mitosis, and TA represents the age of reattachment of

then the AT between T_ and T, is of

the daughter cells in esrly Gl’ R A

considerable importance, If the tire interval between harvesting
(AT) is greater than ATA—TR, each selection willvrepeatedly yie1§
ritotic plus early G1 celils, If AT is sufficiently small, i.e;
smaller than ATA-IR, then selection yieldgimitotic cells within_de-
finablé'boundaries.. If, howeﬁer, AT ié too short, theAyield wili
be minimal since not many more celié,will‘have réached TR. Figure
4.2 shows the optimum interval between harvesting as 15 minutes, |
with a pitotic fraction of 0.9;4° The f;rst five harvests were s?b-
sequently discarded and only the sixth used for experimental purpgses.
Figure 4.3 shows the decline in the mi£otic fractioﬁ with time, ir-
resﬁectiye of the initial mitotic fraction; It approximated to
zero at about 30 rinutes aftér selection. _ This suggests that the
time required for cells in rmitosis from the point of defachment to
reach division is approximately 30 minufes; This repreéents the
age distribution of fhe‘ﬁewly éelected population when the ﬁitotié

fraction is 1.0,
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In order to increase the population size, ﬁarvesting can be
repeated at 15 minute intervals but at the expenée of an equal
broadening of the initial population width (Peterson et al., 1969)
Figure 4.5 shows that a low temperaturevslows the progress of cells
through mitosis to cell division, such that after two hours the
ritotic fraction was 74% of the original, ‘After cne hour the
nmitotic fraction was 93% of the original and therefofe would not
seriously affect the population width. This could allow four
harvests to be successively pcoled and used together for an experi-
rent. The total yiéld, however, would still be only about i-2 x
105 cells, which is insuffiqient for biochemrical analysis,

Colcerid has been used to increase the yield of mitofic selection
by accumulating mitotic cells (€.g., Stubblefield, Klevecz and Deavep,
1867) ., However, in using biochemical interference of the cells
there is always a danger of upsetting the biochemical balénce of the
culture,

fhe minimal concentration which increaseq the accumulation of
retaphase cells by disruption of the ﬁicrotubyie assermbly in these
lens epithelial cells was deterﬁined.as 6.b1ug/m1 éf colceﬁid for 2
hours. Anelysis of the crystallins synthesised béth immediately
after colcemid treatment and at intervéls up fo 6 days after treatment
showed no detectable differences in fhé polypeptide profiles when
compared to untreated coﬁtrols of the same age, Morphclogical
di fferences were not detected with no observed change in the onset
of lentoid development. Plate 4.2 shows the recovery of the ﬁicro-
tubule asserbly in the form of mito?ic division and passage into G1

as soon as colcerid is reroved,
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This however does not eliminate possibilities of other side
effects on the cells es a result of colcemid administration. BEeebe,
Feagans, Blanchette-Mackie and Mau (197¢), have recently shown that
colchicipe, at concentrations lower than those that dissociate micro-
tubules, blocks cell elongation and the associated increase in cell
volume_in embryonic chick lens epithelial cell cﬁltures.‘ It did not
however interfere with 6§ crystallin synthesis; or the sccurulation of
¢ crystallin messenger RNA, évents associated with lens fibre differ-
entiation.(Beebe and Piatogorsky, 1977). It may also be .a side effect
specific to colchicine and not to other microtubule depolymrerisation
érugs such as colcemid (demecolcine). The use of colcemid sucéeeded
in significently incressing the yield of synchro#ous cells from 5.7%
to 14,.9% while still haintaining a narrow age limit throughout the
population. Colcerid blocks cells in rmetaphase, a sfage which
therefofe accumulates. Cells at =z latef stage in ritosis when
colcemid treatrent commences continue through the cell cycle as normal.
No late mitotic or early:G1 célls'are bresgnt after 2 hours. Prelip-
inary washing of the monolayer cultﬁres to gliminate early Glrcélls E

is therefore no longer necessary.

4.1.4 Conclusion

’

In light of the dgta presented,mitotic selection with the aid of
éolcemid to increase the:yield is the simplest and mosf effectivé weay
of obtaining & synchronous culture: - - w; '~> - A narrow age
band of cells is obtainea in this way. Although synchronous cell
nurbers are increaéed by the use of colcemid, the nurber obtained is

still severely limiting for studies involving aliquots at different
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cell cycle stages. - This problem is enhanced by the restriction of
initial cell numbers for primrary cultures, irposed by the nature of

the tissue under study.

4,2 Cell Cycle Arrest

4.2.1 Methcd

LE cultures from strain Hv-2 were grown in the pfesence of norral
6% FCE medium for 5 days as previously described. The cultures were
washed and treated with mediur plus 0.5% FCS for a period of up to 6C
hours. Normal 6% FCS medium was thepo replaced., Control cultures

were treated with 6% FCS medium throughout the experiment,

4.,2,2 Results

(a) The Effect of FCS Depletion on Exponentially Growing LE Celis
‘Cell counts were rade at intervals throughout the culfure pefiod,
the method of which is described in Chapter 3; The growth curves of
the FCS depleted cultureé and of the gontrols are plotted in Figure 4.6.
The depletion of FCS from the'cultures'foi sixty houis resﬁlted ih a t
lag in the growth of cells. The reintroduction of 6% FCS into the

V-

culture mediur caused cell growth to resume at the sare rate as in tﬁe

i
1

control, but with a smaller total number of cells per culture plate.f
An FCS deficient period of 36 hours was found to be sufficient.to

result in the complete absence of mitotic cells in the culture.

(b) Determination of Phase of the Cell Cycle in which Arrest Occurs

(i) 5 day old LE cultures were treated for 3€ hours with 0.5% FCS medium
followed by the addition of normal 6% FCS medium (Chang gz_gl,, 1077).
The cultures were then continuously labelled with O0.5uCi/ml SH-

thymidine angd harvested at intervals thereafter, up to 24 hours, The
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~ Growth curves of FCS ‘depleted LE cultures (---) and of the

controls (—). Each count was carried out on triplicéte culture

plates. The above represents the average of three separate
expériments. Arrow (a) denotes the time of removal of the FCS.

Arrow (b) denotes the readdition of FCS to the culture. The control

“was maintained with a constant 6% FCS throughout,
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TéA precipitable radioactivity was expressed as a rgtio of the protein
concentration of each saﬁple. The results are plotted against tike
in Figure.4.7. After a short lag period the ¢g.p.m./protein concent-
ration increased rapidly until 15 hours after restimulation by addition

of FCS.

(ii) 7 dey LE cﬁltures were harvested after 36 hours in FCS deficient
medium. Control cultures were harveéted at the sare time affer being
grown éontinuously inle% FCS mediun. ~The amount of DNA was estimated
in both cases. The relétive amount of I'NA/cell in the arrested, FCS

reduced cultures was 62% that of normral asynchronous cultures.

4,2.3 Discussion

Deficiency in certain redium constituents normally present for .
cell grovfh to be maintaineé in cuiture results in the arrést of
growth (Fardee et al., 1978). This.permits the synchronisationvéf
cell cultures by a céll cycle block, followed by a reétimulation of
growth due té the reintroduction of the eséential growth mediating‘

corpound Section 1;1).

Figure 4.6 shows the effeét:of'c.s%-FCS‘on fhe growth rate of LE
cells for 60 hours ingte&ﬁ.ofbeﬁ fCS mediu; iﬁ tﬁé'éase of %he normal
control, A period of nongrowth is evident whén therFCS éoncentratioﬁ
is.rédﬁced‘buf which‘is complefely_reversible oﬁ the reintroduction
of 6% FCS to thé arrested cells in the culture. The rate of growth
aftef'arrest is Similar.to that of the control as judged by the

_gradient of the growth curée, slthough there are fewer cells in the

culture plate. A smail concentration of FCS provides any necessary
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3H-thymidihe:inccrpdratioh into LE cells after FCS deprivation
. . 3 .
followed by its readdition 36 hours later. H-thymidine
incorporation/mg protein is plotted against the hours after the

readdition of FCS.
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faétors for the norral maintenance of the cells, but there is in-
sufficient for prorotion into the cell cycle. This serves to nmini-
mise any detrimental effect on the cells during this period. No toxic
effects from this method have been reported (e.g. Chang et al., 1877).
The questior then arises concerning the phase of the cell cycle
in which arrest oécurs. This is critical wlen 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 GI/GO boundary by, for example,
isoleucine, glutamine and FCS depriv#t;on (Pardee}gi.gl., 1978).
This point of arrest has been termed ihe restriction point 'R’ locatedt

in mid—Gl.

It is regaraed as the critical switching point at which
cells ca? shift back and forth from the cycling to the non-cycling
state. Fowever cells can also arrest in Gz. Qeifant (1977) quoted
riumerous examples of variqué cell types which undergo G2 arrest when
quiescent; being restimulated by & variety of factors, He suggests
that a G2 bloék'may be more COEmOn tﬁan;ofiginall& thought as judged'

by his reinvestigation inﬁd numerous cell ﬁypesl G,y énd462 blocked
cells can be distihguished'by their patterns of uptake of SH—thymidine,‘

'

the timing of their mitotic activity and.by the amount of DNA per cell.

. ) ' — ) A" R A3 B . .
In autoradiographs prepared at intervals after H-thymidine lakelling
of arrested-restimulated cells no mitotic cells were visible dﬁring

the first ten hours. A peak cf mitosis would Le expected almost

irmediately after restimulation if a 62 block had occurred. Figure

4,7 shows a»pattern‘of thymidine incorporation which suggests a GO
arrest. A short lag period is evident before a rapid increase in
uptake of‘aﬂ-thymidine aftervabout 8 hours. 3H-thymidine incorporation

would be expected to increase efter a longer lag period if e 62 block
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was present, as the cells would neec to traverse M and Gl' This.

suggests a G_ blocked population of major size, there being sore

0

range in the tire of completion of G, after arrest till S-phase

1
commences. A lag period between the stirmulation from G0 to the
comrmencerent cf S-phese fits intb the mode1 suggested by Pardee (1974)
already mentioned, éf an 'R' point mid-way in Gl' Qells therefbre
still have to travefse part of (}'1 after leaving G0 before reacping S
phsase. The variability in the time taken for cells to reach S phase
and the resultaﬁt sigmoid curve ih Figure 4.7 can be accounted for b& 7
the transition probability model of Smith and Martin (1573). Their
model pdrtrays cell replicetion as a randor event resulting from the
probability of cells leaving GO (or the 'A' state to usé their own
terminology). Envircnmental factors such as serum influence this
transifién probability'by lowering the threshold and permitting more
cells to pass back into the cycle (or 'B' state). Because it éepends
von a probabilistié eveﬁt,all cells cannot te expected to enter the B?
state simultanéously, |

A 1§w background level of[DNA synthesis'was present in arrested
cultures. This was evident in_autoradiogiaphs of grrested cultures
vhere a féw cells were lsbelled with 3H-ft'hymidine. " This accounted
for only 1-2% of the tot#l éellApopu}atioﬁ,: It was pointed cut in
Chapfer.Z?l thst absolute synchrony is difficult to hchigve. Sgction
5.2 demonstretes that considerable synchrony is'achieved'b& this method.

'DNA estiﬁations of arrested cultures showed that the DNA content
. per celi weas 38%.1ess than the asynchronous control. . This shows»that

more cells are in the prereplicative G1 rhase than in the asynchronous

control, More DNA per cell would be expected if a 62 block was
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present when corpared to the controls. This verifies that the
depletion of sefum from the medium of strain Hy~-2 LE-cells results in

a Gl/Go block in at least the majority of cells,

4,2,4 Conclusionf

The abcve data suggest that cell cycle'afrest by FCS deprivation
followed by restimulation into the cell cycle is an effective method
for obtaining a synchronous culture of LE cellé. It has the advantagé
of resulting in large numbers of cells in synchrony, with the minimum

of upset to the cells themselves,



~ CHAPTER 5. RESULTS

5.1 DNA and RNA Synthesis in the Fpithelium of the Lens of the Chick

5.1.1 ,3H-Thymidine Incorporation

When freshly excised chick lenses were incubated in médium con-
taining 3H-thymidine for one hour, the level of incorpora&ion of radio--
gctivity into DNA varied according tc the time of‘day. The patterns
of incorporatior were reproducible in different batches of chicks aﬁd
were consistent in three independent experiments under similar conditions
(Fig. 5.1). The fluctuations of incorporation observed over g 24 hour
period were greater than the standard‘deviations of the obserﬁations
on the individual lenses made gt one tire. Cormparisons 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 DNA.synthesis (as judged by the amplitudé of the-peaks) and the
synchrony (as confirmed by autoradiography, Plate 5.1), are both
greater in the strains with hyperplasia oé the'léns epithelium (Hy-l
and Hy-2) than in lenses of mbré normal morphology (ﬁ). The statist-
ical significance of the differences between the maxima and minimg.'
wvere evaluated by Student's t—fest. All three pe#ks‘of incorpor%iion
of strain Hy-2 are st#tistically‘highly siénificant within a 24 h;ur
period. - In strain Hy-1 4 peaks are statistically‘significant.

Strain N also sﬁows 4 peaks.  Because oflthe limited number of ob-
servaﬁions within a 24 hour period,‘and because each obsefﬁation is

of one hour duration, the precise fimes of maxima end minima of in-
corporation can only be estimated by interpolation.' In some instances,
additional observafions have been interpolated even although théy were
from a single experiment. These have né standard deviations but re-

present the mean of at least 8 lenses.



FIGURE 5.1

Plot of the mean values and standard deviation of 3H-thymidine
incorporetion of grcups of freshly explanted lenses of the three
strains cf day-old chick (N, Ry-1 aﬁd Hy-~2) at intervals over a
24-hour period. Three independent experiments are.represénted.
Keen values 6f disintegrations/minute/lens are plotted at the time
of commencement of pulse labelling and therefore correspond to the
foliowing hour. The length of the bar represents twice the_standard
déviation. Additional obgervations have been interpolated even
iﬁxhough they were from a single'éxperiment. These have no standard

deviations but represent the mean of -at least 8 lenses,
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PLATE 5.1
Autoradiographs showing incorporation of 3H—thymidine in
day old strains of Hy-1, Hy-2 and N chick lenses. Freshly explanted
lenseg were labelled for one hour at varying tines of day, ernbedded
sectioneé,.stained and then dipped in photographip erulsion., They
“were exposed fcr 4 days.
A étrain Hy-1 lenc labellec tetween 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 incorporstion (see Fig. 5.1).
C ‘Strain Hy-2 lens labelled between 12,30 - 13.30, a mexirum
incorporation period (see Fig. 5.1).
L .Strain Hy-2 lens labelled between 23.55-00.55, a minimum
incorporaetion period.
E Strain M lens labelled between 14,00-15.00, a high level
of incorporatiorn,
F  Strain N lens_labélled between 11.00-12.00} a minimzal
inéorporat;on period. ' = "" '}
G High power magnification showing labelied nucléifinban

autoradiograph x 10c0. Hy-1 lens.



PLATE 5.1
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5:1,2 14C-Uridine Incorporation

Freshly explanted lenses incubated in redium containing 140—
uridine for one hour also exhibited partial sycchrony and a diurnal .
rhythm in incorporation of the hNA precursor which was characteristic
for each strain (Fig. 5.2). As in the thyridine incorporation, syn-
chrony is greater in the strains with hyperplasia of the lens-epi—
thelium than in the control strain (N).

A definite relationship exists betweeh.thymidine and uridine
uptake of the same 1enses.‘ The frequency of the peaks of incorporation
are simnilar in both pfofiles, particularly HEy-1 and Ey-2. In these
profiles, however, the uridine maxira appear to occur slightly later

than the thymidine maxina.

2
5.1.3 Autoradiography of "H-Thymidine labelled lenses.

Freshly excised lenses of the 3 strains were incubated in medium

containing 3H—thymidine. The times of labelling were chosen from
the thymidine incorporation profiies (Fig. 5.1) to ccrrespond to &
maximum and a minimum for esach stfaiﬁ. Autor;diography of thesé
lenses has confirmed that only the 1ensvepithelium incorporates thy-
midine during a one héur pulse in all 3 strains, The re%ults are
consistent with the incorporation data in that the level Lf precursor
uptake varies with time. Lensesnlabelled ét a time coincident with
maximal thymidihe incorporation, as judged by a previous ekperiment
showed a greater nurber of labelled nuclei in autoradiographed serial

-~ 'sections than lenses labelled at a time corresponding to a minimal
ievel (Plate 5.1) in ail 3 strainms. At least 10 lenses of each strain
labelled ét each time poinf weré exarined in this wey.

Plate 5.1 (A-G) shows photographs of transverse sections tsaken



FIGUEE 5.2

Plot of the mean and standard deviation of 14C—uridine incor-
poratien of groups of freshly explanted lenses of day old chicks
over a 24-hourvperiod. 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 pletted at the time of
commencement of pulse-labelling and'cdrrespopd to the folloWing
hour. Tbe lengfh.of the bar represents twice the etapdafd

deviation.
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f¥om similar poéitionslin lenses from the different chick gtrains.
A-D shaw the multi-layered nature of the epitheliumr in strain Hy-1 and
Hy-2 in contrest to the monolayered 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 thymidine, appeared to be at least partlf
attributable to the amount of mulfi-layering of the epithelium, Of
the lenses examined within each strain, soﬁe showed multiflayering
over the whole anterior face of the lens while others were only multi-
layered in the perifheral regions. At the times of maximum iﬁcér—
poration of 3H;thymidiné in strains Hy-1l 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 highést levéi of 3H-thymidine incorporation
was in the multi-layered epithelium immediately adjacent to this.
Labelled nuélei 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 ‘
‘'0of labelled nuclei was different‘at this time in comparison to the
time of maximal incorporafion of 3H-thymidine. This reduced number
’of 1abe11éd nuclei was found in the peripheral regions of the'éfithglium,
around the whble circumference of the lens.

At the timé of maximal'sn-thymidiﬁe incorporation in strain N,
labelled nuclei Qere ev;dent'across the whole of the epithelium al-
though fewer were obgerved in the cent;al region. Labelléd nuclei
were found only in the peribhefal épithelium at the time ;oincident

with the minimum level of 3H—thymidine incdrporation.
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Plate &,1 (G) cshows a high power photograph of a section through
labelled, autoradiographed Hy-1 lens epithelium, The labellec
nuclei can be seen to consist of a high concentration of grains, A
background level of grains is evident.

Irn fegions of the epithelium where labelled ruclei were not
évident, mitotic indices were visible. Their distribution pattern
showed similarities to the distribution of labelled nuclei but at -
different time. In strains Ey-1 and Hy-2 mitotic cells were evident
in the rpulti-layered central epithelium but were not found in single
layered epitheliumr in this region. Fowever, 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 3H-Thymidine‘Incorgpration in Dissociated Lens Epithelial Cells

Lens epithelia were &issected from day old chicks ofAfhe Hy-1, .
Hy~2 and N strains, The'epithelia from each strain'were-dissociéted
intec single cells and seeded onto plastic pétri dishes and ihcubated
at 37°C in an atmLSphére of 5¢% CO2 in-air, After 5 days of growth

| .

the plates were lébelled with 3H—thymidine for one hour at ihtervals;
and ‘the level of incorporation of radioactivitf was measured by
scintillation counting; Replica plates were dissociated with trypsin
and.the single cells counted with an haemocytometer, At least three
separate plafes vere averageé. The level of incorporation for each
strain Qas‘eXpressed aé disintegrations per minute per 104 cells

(Fig. 5.3). The graphs represent an averege of 3 independent experi-

nents,



FIGURE 5.3

Plot of the mean values and standard deviation of 3H-thymidine
incorporation of lens epithelial cultures from 3 strains of chick
over a period of 18 hours. Three independent experiments‘are
averaged. The incorporation of radioactivitf is expressed as
d.p.m./lO4 cells and is plotted at the time of commencement of a
one hour pulse. Thg length of the bar represents twice the

standard deviation,
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It was found that there was no significant péttern of thymidine
incorporatidn in any of the straiés over a pericd of 18 hours, in
contrast tc the previous data using whole freshly explanted lenses..

These results suggest that other methods nmust be epplied to lens
epithelial cultures in vitro in order that synchronous cell cultures

may be obtained.

5.2 Macromolecular Synthesis in Synchronised Cultures,

. 3
5.2.1 H-Thymidire Incorporation After Synchronisation of L.E.

Cells - Verification of Synchrony.

(i) Mitotic Selection Method.

Mitotic cells were harvested from colcemid treated Hy-2 cultureé,
L.E. counted, reseeded and aliquots labelled with 3H-thymidine at inter-
vals théreafter. ~ The radicactivity incorporated was plotted against
time (Figlrs.é). A The level of incorporation of radiocactivity into
CNA varied according tq the time lapéed after mitotic seiection. The
data plotted represent two independen't experiments., .A steady rise
in 3H--thymidine incorporation waé e%identbimmediafely after syncﬁroni-
sation. A rexiral peak was reached at 6 Lours. A steep decline in
incorpcration followed,_;eaching e minimuﬁ about 10-11 hours after

~mitotic selection. A second rise was evident in both experirments-

but did not coincide corpletely,

(ii) Cell Cycle Arrest Method

Hy—z L.E. cultures were treated for 24 hours with FCS deficient
medium to arrest growth, followed by the readdition of €% FCS to the
3
cultures. They were pulse labelled with HE-thymidine at varying

intervals thereafter for one hour. Duplicate culture plates were
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3H-thymidineAincorporation, after a 30 rinute pulse, into LE

cells plotted against .the tire after mitotic selection, Two separate

experirents are représented. c.p.r. is expressed per 105 cells,



(o] (e}

§S

~N

3H thymidine incorporation c.p.m. x 104

eQe— -9 — —eo f T 1 1 L i "

4 4 b g8 10 12 14 16 18 20

Hours after F.CS. additio.n

Figure 5.5 ) ' - T
3H—thymidine incorporatioi, aftér a 30 minute pulse;'into LE
"cells from strain Hy-2 plotted against the time after FCS addition
following cell cycle arrest. Three separate éxperiments are repre- -

sented. c.p.m. is expressed per'lG5 cells.



101.

trypsinised and the disshciated cells counted. Radiosactivity incor-
porated per aliquot of cells was plotted against time. Figure 5.5
shows 3 independent experirents. After a lag period of 6 hours there
was a steép rise in fadioactive 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.

14 ‘
5.2,2 C-Uridire Incorporatior

(1) Mitotic Selection Method

Aliquots of cells from synchronised culturec of strain Hy-2 were
lebelled with both 3H-thymidine and 14C-uridine at varying intervals.
The 3H-thymidine incérporation prcfile is part of Figure 5.4 and is
plotted concurrently witﬁ the 14C—uridine incorporationn profile in
Figure E.6. There was a similar pattern of 14C-uridine incorporation
when compared to the 3H-thymidine profile, buf 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 label;ed with 3I-!-thyrpidin_e and 14C-uridinevfor one hour

at intervals there%fter} Duplicete culture plates were trypsinised

and the dissociated cells counted. ARadioactivity incofpprated per
. . ' o '3 14
aliquot of cells wes plotted against time for both E and C. The
3H-thymidine incorporation profiles sre part of Figure 5.5 and are
‘ 1
plotted concurrently with the 4C-uridine incorporatior data for the
1

same cultures (Fig. 5.7). The 4C-uridine incorporation profiles
were identical in two independent experiments. They follow a similar

trend to that of the 3H—thymidine incorporation data reaching & maximum

after 10 hours followed by -2 decrease, a trend which was also cbserved
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in the previous section,

5.2.3 Anglysis of VWater Soluble Proteins Synthesised at Different

Times after Cell Cycle Arrest Synchronisation.

L.E. cultures of strain Hy-2 were synchronised by removallof FCS
from the medium and its subsequent reintroduction Z4 hours later as
previously described. Cultures were then given a 30 minute pulse of
14C rixed amino acids at intervals after the synchromisation procedure,
determineﬁ to be repreSentatiye of different phases in the cell cycle
-(Fig. 5.85). The -intervals takén were‘q, 2;,6; 10 and 14 hours after
the syﬂchronisation procedure and were correlated with GO’ GO/QI, G;/S,
S andvcz/mitosis respectively. Cell cultures which had‘not undergone‘
cell cycle érrest were used as controls. - The water soluble pfoteins
were separated by SIS polyacrylemide gel electrophoresis. The densito-
mefer traces of a'tfpical experiment after fluorogréphy are shown in
Figure 5.8. éualitative differences were not evident in.the poly-
peptidgs at the different times of iabelling'when'qompared Qith each
other an8 the cbnt}bis (Figé. 5.8 and 5.9). Such cﬁanges, if they
were present, nay not be detectable at tﬁis leyél of resolution 6&
the polypébtides synthesised. Some éuantitative differences in the
nlabelled;polypepfides at different times of labelling of the éyn-_
cﬁronised cultﬁfes were present and were consiétent in threg separate
experipents. These changes were not-féund in asynchronous control
cell cultureé, also labelled at the same time intervals (Fig. 5.9).

An increase was evident in a polypeptide in thé 52600—55000 rmolecular
weight-ranée.(ma¥ked 'u'). The synthesis of this polypeptide is
enhanpedﬂby 82% 6 hours.after synchronisgtion;whén compared to 0-

hours (Table 5.1). This enhancement in-synthesis coincides with the



FIGURES 5.8 and 5.9

Densitometer fraces.of fluorogréphs of the water soluble
fraction from 14C-amino-—acid labelled LE cells.‘ The fractions
were run on STS polyacrylamide gels. Figufe 5.8 shows profiles
of polypeptides at intervals after cell syhchronisation.

Profiles A-E represent polypeptides labélled af 0o, 2, 6, 10 and
14 hours after synchroniéation. Figure 5.9 shows profiles
labelled at the same time intervals as-the correséonding profiles
iﬁ 5.8, tut the cells were not‘synchronised. The arrows in 5;8
merk those ﬁeaks which show dhaﬁges in synthesis betweenvtime

points.
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TABLE 5.1
Tabulated below are fhe.changes in synthesis of 4 polypeptides
through the cell cycle relati?e to the same polypeptides from
asynchronous control cultures. The data was obtained by running -
14C-1abelled cellular profeins from LE cultures on SDS gels. The
. radioactive bandg were quantit;ted by integration of the peaks frém
densitometer tracings. The values are expressed as 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
O hours . 739
2 - 115%
" 6 | 1559,
52-55,000 10 909
14 . 70%
96%
. 2 ' 4 113%
§ crystallin 6 1209,
'45'090 10 . 929
f 14 939,
0 71%
» ‘ _ 157%
~ actin ) 6 . 2349,
42,000 10 1549
| .14 1149%
0 - 999
o, 699
6 69%
20,000 10 153%
14 ' 1449




103.

'transition of cells from G1 into S-phase, 10 hours after synchroni-
sation when most L.E, cells are in £ phase, this polypeptide-decreasr
in synthesis and by 14 hours the level of synthesls was similar to
that found at O hours.

Two detectable changes were evident in the quantitative synthesis
of cfystallins at different times after the cell synchrqnisation pro-
cedurg. 61+2 crystaliins exhipited é maxinum increase of 28% in syn-
thesis between 6 and IQ hours after synchronisation, o, also exhibited a
change in synthesié at the different‘times after synchronisation.

The level of synthesis was increased by 80% between € andvlo hours
after synchrénisation. Tﬁe percentage lgvels of synthesis relative
to the aQeraged controle are given in Tgble 5.1. Ql and the B crys-
tallins exhibited little or no change in synthesis at the different
times after synchronisation, or when‘compared to the gsynchronbus
‘control cell cultures,

Another non-crystallin«polypeptiée with a molecular weighf‘of'
about 42,000 also showed a quantitative varigtion in synthesis at the:
cdifferent times after synchroﬁiéﬁtioﬁ'Qhen gompared to the controls.
This has been identi#ied aé‘;;tin (personal communication with A,
Zekir), end.is 1abe1£ed in.Figurevs.é as‘fact'. The maximum level
of synthesis, 150% éf the avéfaged céﬁtrois,'occurred_G hours after 
synchfonis#tion. This coincides with the traverse into S;ﬁhase and
with an increase in synthesis of the unidentified pclypeptide
label}ed ‘u', Table 5.1 shows the percentage levels of synthesis

. relative to the averaged controls.
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5.24 Analysis of liembrane Proteins at Different Times after

Cell Cycle Arrest Synchronisation,

The pellets remaining after extraction of the water-soluble
proteins, the analysis of which is oﬂ;lined in the previous section,
vere further solubilised to obtain the membrane fraction, These
detergent soluble polypeptides were separéted on SﬁS polyacrylamide
gels. A typical experiment‘is shown in Figure 5.10, Somre quantit-
ative differences can be identified although this is restricted to
the major polypeptides; None w&s - found to change by more than 15%
of<the asynchronous controls, A large numﬁer of very faint bands
were visible, but quantitation was very difficulf as seen by the
densitometer traces. A major band which showed a guantitative
variation at different times after synchronisation cc-migrated with
that already identified as actin. It increased 6 héurs
after synchrgnisﬁtion, a similar time of increase to the corresponding
polypeptide iﬁ the water-solubie fraction. No polypept;de was ident-
ified in the membranevfraction’which co-migrated with 'ﬁ' from the

water-soluble fraction and which showed a variation in the level of

synthesis. : ' : ;

il

!

5.3 Lectin Einding tec L.E., Cells after Mitotic Selection.

Lens epithelial cells from strains N, Hy-1 and Hy-2 were
'éultured in flasks and the mitotic cells harvested as outlined in
seétioﬁ 4;1;4. Thé ritotic selection method was chosen fér thesé
experiments because single dissociated cells resulted from the
procedure; This exposed the maxirmum cell surface area for binding
of the lectins 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 memhrane fraction
" from synchronised LE cells run:on SDS—tritoﬁ polyacrylaride gels,
Each profile, A-E is of rmembrane polypeptides from cells O, 2, 6,
10 and 14 hours after synchronisafion respectively,. The peak
indicated by an arrow has been correlated with .that evident in
the cytoplasrmic water soluble fraction shown in Figure 5.8'and

identified &s actin.
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élycoproteins. Large nurbers of cells were ncot necessary as in
previous éxﬁeriments where the'cell cycle_arrést method was used.

Concanavalin A (Con A) wheat germ agglutinin (WGA), Kicinis
comnunis agglutinin (RCA) and Phylohaermaglutinin (PHA) were iodinated
as outlined in 3.3.2. Aliquots of the synchronous lens epithelial
cells were labelled with 1251—1ectin with énd without the approbriate'
lectin binding inhibitor (see 3.3.2) et different tices aftef mitotic
selection, The -amount of lectin bound specifically to the cell mem;
brane was detérmined by subtraction of the amount bound in the presence
of the inhibitor from thé snount bound in the absence of the inhibitor.
Counts per minute per 103 celis are plotted agéinst time in Figures
5.11-13 for each strain. The data represents an average of 2 experi-
rents. |

.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 mitotié selection, i.e, when‘morg than 80% of the cells were -in
mitosis (see Chapter 4). All strains showed the greatest decrease
in binding of all 4 leétins at.z hours after mitotic éélection. The
percentsage decrease at this time was greater in stra;n N t?an in
" either strain ERy-1 or Hy-2. Straiﬁs Hy;l and Hy-2 the:efére exhibited
greater binding of :these-lectins during interphase when-comfared 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
nitosis was greatest for strain Hy-1. - . L L= Strain Ey-2 was
intermediate between Fy~1 and N.

The aQeraged arount of each lectin bound at different times for

each strain shows that strain N has the least amount of each lectin



FIGUEFES 5.11 - 5.13

. 2
Graphs of 1 5I-lectin binding to synchronised cells, Each

graph represents a different chick strain, Aliquots of cells
synchronised by mitotic selection were incubatec¢ at intervals with

n

one of the following:

2. 1251—Con A,
. 128 . _
b. I-Con A plus inhibitor.
S
1258 .
d. I-VGA plus inhibitor.
e. 2% pea.
125 -
f. I-RCA plus inhibitor.
g - Y251 pua.
n. 125 ppa plus inhibitor.

Radioactivity binding to‘the‘cells cpecifically was determined
f by subtracting any bound in the presénce oﬁ the lectin and its

' speéific inhibitor. Counts per minute peé_aliquot of cells were
rlotted against the eppropriate fime interval after the selection

procedure,
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gound foliowed by strein Hy—ﬁ-and then by strain Hy-1. This data
there fore corroborates the lectin binding data cf Oceigah (1977) for
Con A, RCA and PHA for the 3 chick straing of lens epithelium.

A rise in the bindibg of each lectin partiéularly to L.E. of
strains Hy-lvand 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. ceils is
not necessarily =a measure of the relative number of:specific sites on
the cellkmembrane for these lectins, ~Variation in the degree of

jocination of each of these lectins can occur.

5.4.1 The Effect of €%, 10% and 15% FCS, insulin and Retinal

Extract on the Growth Rate of - L.E. Cells from 3 Pifferent

Chick Strains
Leﬁs epithelium_from strains‘ﬁy—l,Aﬂy-2ignd N weré cuitured as:
described previously. .The epithelial cells were seeded and grown
for 4_days in the standard redium with 6% FCS. This permitted
plating of the cells to.occur under the same conditions. ;The cell -

i

cultures were thereafter given medium containing‘either:
() 6% FCS T
(b) 10% FCS .
‘_(c) 15% fCS
(d)lloug/ml insulin + 6% FCS
The medium'was changed every 2 days. Cell counting was cerried 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 twe inaependent experiments. Figures 5.15 and 5.16
represen£ the average of 3 independent experirents (strains Hy-1 and
Hy-2) .

In 211 3 straims the growth of lens epitheliunr was enhanced by
the presénce of insulin and retinal extract when compared to the
coﬁtrol (69 FCS); Retinal extract stimulated gfowth by the greatest
armount. Strain differences were apparent in the fesponse of the L.E.
cells to both RE (re£ina1 extract) and insulin, Strainlﬂy-i 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 increése.

Strain differences ﬁere alsg appareht between the growth rate
of the confréls aﬁd of the cuitures treated with lb% FCS or 15% FCS.
Strain N showed the greateétnrelative'increasé in»growtﬁ cémpared.to'
the control, In stréin Hy-1 L.E., iﬁcreasing FCS concent;ations did
not have an additive effect on cell number, 159. FCS treatment did.
not appear tc stirulate growth as ruch as 10% FCS. Hy-2 L.E.
cultures showed a relative.incréase in gfowth rate in fﬁe presence
.of 10% and 15%_FCS,‘when corpared fo the control. This relative

increase was greater than strain Hy-1 but less than strain K.



FIGURES 5.14 - 5.16.

Growth curves cf LE cell cultures grown under different medium
conditions. Fach graph represents a different strain of chick
from which the lens epithelia were derived. DPiesociated LE cells
were seeded into 6% FCS standard medium. After 4 days the cultures
.wére grown in G%EFCS standard redium plus one of the following;

a. 6% FCS standard medium oniy,

b. plus 10% FCS.

c. rlus 15% FCS.

o d. plus 10ug/ml insulin

e, plus 50ug/ml retinal extract.

Kean cell counts were plotted against the apprbpriate age of the

culture. -
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5.4.2 The Effect of 6%, 10% and 15% FCS; Insulin; and Retinal

Extract on the'MQIphology of L.E. cultures.

Platés 5.2 and 5.3 show photographs of etrain N cultures treated
with €%, 1C% and 15% FCS and insulin at 14 days and 19 days of
culture respectively. In both ages of cultures those treated with
€% FCS shoﬁéd the rost numerous lentoic formation, with accompanying
Eottle cells, aithough the lentoids were smaller than 10% FCS treated
cultures. 6% FCS treated cultures also showed less rulti-layering
of cells then did 10% FCS treated cultures, 15% FCS treated cultures
looked 'youné' due to fewer lentoids when compared to the 6% FCS con-
trol of the same agé; Few 1en£oids and bottle éells'were present,
but overlayering of cells did occur. - A greater degree of 6ve;layering

was evident in the insulin treated cultures. Large lentoid-like

‘structures were alsc present but with few accompanying bottle cells

‘when comparecd tc the control. "Numerous mitotic cells were still

| visible, even after 19 days of culture (Plate £.3 D).

Plate 5.4 shows photographs of Rﬁ treated cultures of strain Hy-g
when compared with a 6%-FCS treated control. ‘Piaté 5.4 A and B
shows the difference in plating ability"of-cells treafed>Qith 69 FCS
and EE respéctively fron the time of see&ing. RE treatéd cells were
rounde§ and did not atfach fifmiy to the substratum, This is the
reason yhy tﬁe other experiments'reported in this section permitted
8ll cells to plate down for 4 days before commencing treatéent 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 BRE treated cultures (C and D), and the



PLATE 5.2

Strain N LE cultures at 14 days after geeding (A) control
LE culture grown in 6% FCS sfandard medium; (B) LE cells grown
in 10% FCS medium; (C) LE cells grown in 15% FCS medium;
(D) LE cells grown in €% FCS standard medium plus 10ug/ml

insulin, 100 x magnification.
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PLATE 5.3

Strain N LE cultures at 19 days after seeding. (A)
LE culture grown in 6% FCS standard medium; (B) LE cells
in 10% FCS medium; (C) LE cells grown in 15% FCS medium;

(D) LE cells grown in 6% FCS standard medium plus 10ug/ml

100 x magnification,

control

grown

insulin.
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PLATE 5.4

(4)

(B)

©

(D)

(E)

(F)

Photographs of strain Hy-2 LE cultures treated with 50ug/ml

Control LE cells grown in standard €% FCS medium, 4 days
after seeding;

LE cells grown in standard medium plus 50ug/ml RE, 4 days
after seeding;

LLE cells grown for 8 days in €% FCS;

Culture of the same age as (B) treated with 50ug/ml RE from
4 days after seeding;

Control LE culture grown in €% FCS standard medium for 14
days;

Culture of the same age as (E) treated with 50ug/ml RE from

4 days after seeding.




PLATE 5.4
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complete absence of lentoids and bottle cells in the RE treated
cultures. These were treated with FPE from 4 days of culture,

The above morphcological changes in cultures after the various
treatments were similar in all 3 strains, althcugh a single strain

in each cese has been illustrated.

5.4.3 Analysis of Accumulated Crystallins from L.E. Cultures after

Treatment with €%, 1047 and 15% FCS; Insulin; and Petinal Extract

Cells were harvested from L.E. cultures of all 3 strains and
treated with 6%, 1C% and 15% FCE, insulin and EE. The cultures were
14 days old at the time of harvesting. The water soluble fraction
was prepared and run on SDS polyacrylaride gels. Plates 5.5-7 show
photographs of gels from strain Hy-1, Hy-2 end N respectively. Each
plate shows gel lanes of 6%, 10%, 15% FCS, insulin and RE treated
cultures, with a crystallin marker of total prcteirn from day old chick
lenses.

Both qualitative and quantitative differences in the accumulatiuq
of crystallin sub-units were evident in cultures treated in the various
ways already described. Tables 5.25Q give the percentage change, re-
lative to the contrecls (6% FCS), of gﬁe crystallin subunits and seversl
other polypeptides in each strain and under the various conditions.,

Increasing the FCS concentration cdid not have a consistent effect
on the pattern of crystallins accumulated in the various streins. 62
was increased by 10% and 15% FCS corpared to the controls in both
strains Hy-1 and Hy-2. However in both of these strains, 10% FCS
treatment resulted in the absence of 61 crystallin while 15% FCS did

not. Strain Hy-1 also showed a large increase in a polypeptide



PLATE 5.5

SDS polyacrylamide 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% FCS plus 10pg/ml insulin; (E) 6% FCS plus 50ug/ml RE;

(F) Day old chick lens crystallins as a marker,







PLATE 5.6.

SDS polyacrylamide slab gels of the water soluble extract
from strain Hy-2 LE cultured LE cells treated in various ways
during culture (A) 6% FCS; (B) 10% FCS; (C) 15% FCS;

(D) 6% FCS plus 10ug/ml insulin; (E) 6% FCS plus 50ug/ml RE;

(F) Day old chick lens crystallins as a marker,
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PLATE 5.7

. SDS pblyacrylamide 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 rarker;
(B) 6% FCS; (C) 10% FCS; (D) 15% FCS; (E) 6% FCS plus
10ug/ml insulin, (Fron the same experiment). (F) Day old
chick lens crystallins; (G) 6% FCS; (H) 6% FCS plus 50u1g/ml

RE, (F, G, anéd H from the same experirent),
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TARLE 5.2 Strain Hy-1

Tables of the percentage change, relative to the controls (stendard
61 FCS medium) of the crystallins and several other polypéptides-under

the various conditions indicated.

10% FCS 15% FCS Insulin Retinal Extract
8 : 0 135 164 o0
52 355 562 565 893
actin 212 135 112 110
By o 247 s : 71 | 200
By | 400 _ 200 - .'200 700
'BB o 133 33 33 - 33
34 | 302 151 © 190 . a 6.
B, .78 76 g4 @5
B 9% | 03 133 | 70
oy w87 || 212 212 112
oy 63 105 118 70




TABLE 5.3

Strain Hy-2

Table of the percentage change, rclative to’the controls (standard

69 FCS medium) of the crystallins and several other polypeptides under

the various conditions indicated.

104 - FCS 15% FCS Insulin Fetinal Extract
;
8, 0 70 60 45
5, 132 138 121 157
actin 78 90 68 92
B, 170 155 215 145
B, -119 122 60" ‘ 63
By 112 108 108 - ,‘ 112
B, 67 83 97 67
By 136 121 110 117
86' 92 80 65 ‘80
oy 63 €0 65 | 68
a, 84 96 98 67 -




. 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.

\
K

. 10% FCS - 15% FCS A Insulin Retinal Extract
6" 159 72 69 74
5, 450 . . 82 107 9]
actin ) 46 33 - 53 ‘ 57
B, 107 132 135 103
B, 109 100 103 97
i 107 200 | 176 169
B, | 106 95 84 | 129
B, ) 94 121 119 | 117
B m o 100 82 | 129
o <100 94 108 118.
o, 60 101 96 - 116




110.

jdentified as actin (act) when treated with 10% FCS, an increase

vhich, was not evident in any other éulture treatrent. Actin de-

creasednrelgtive to the control in strain Hy-2 cultures treated with

1

10% and 159 FCS. The relative percentages of the B crystallins and
o crystallins also changed quantitatively in all 3 straihs.

Insulin tfeated cultures resulted in crystallin changeé when
comﬁared to the controls and which differed between the strains,

Hy-1 showed an increase in 51, 52, 84 and 86' Hy-2 showed a smaller

increase in 62 corpared to Hy;l,.an iﬁcreasé in Bl .+ and a

decrease in §1q‘actin and al. - Strain N showed an increase in B&, BS’

L4

and £y
The greatest single consistent difference in the crystallins of

all 3 strains was found after treatment of cultures with retina ex-

tract. 52 crystallin increased markedly. The greatest increase

was found in strain Hy-1, where 52 increased with the loss of 51.

52'also increased in Hy-2, and Gi decreased but was not lost. Two

other minor polyﬁeptides of a slighily smaller‘moiecular weight to

'crystallin also appeared in this strain. Both 61 and 52 crystallins
were increaseg)in strain N compared to the control.! A decrease in
NN 2™ . . d' Co_
an Hy 2.,

a, crystallin was also evident in stroiﬁS‘anTK  However differences
in the changes of the proportions of the B crystallirs were not

evidert.
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5.5 Analysis of Intermitotic Intervals of L.E, cells from Straims

Hy-1, Hy-2 and N.

Time lapse film of L.E. cultures were taken as outlined in the
iaterials and Methods section. At least 2 separate films of L.E,
cultures from each chick strain were analysed, All cells in the
fiéid of\view during filming were not necessarily scored és sone
cells léft or entered the field cduring filﬁing and others were
difficult to follo& due to large amounts of cell movemenf. ‘The
cells plotted in Figures 5.17-19 are therefore not ﬁecessarily an
accurate representation of the frequency of particular intermitotic
time intervals. The data doeé show the spread of the intermitétic
intervals for each strain and gives séme idea of the frequency dis;
tributién. At least 25 cells were followed in each strain and their

intermitotic intervals determined,

The spread of intermitotic time intervals is clearly different
.between strains. Strain N shows a'higher'proportion of cells with
longer cyclé‘fhan'either of the other two stfaihs. Strain Hy-2

appears to have the least variation in the cell cycle duration,



time(hours)

ihter-mitotic'

28
24

- 20

16
12

I . . s . . .
H . *
_ : e oL
20 L0 60 80
time (hours) of filming
“Figure 5.17 . Strain N

Plots of the intermitotic intervalg of LE cells in culture

determined by time 1apée'pﬁotography.
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Figure 5.18 Strain Hy-1

Plots of -the intermi;otié intervals of LE cells ih culture
determined by time-laﬁse photography. ﬁach cell is representeﬁ by
a single black dot, ahq—is plotted against‘its appropriate inter-
mitotic interval at the timé 6f the iﬁipial”mitosis. The horizontal
axis represents the time during the period df_filming. Daughtef
cells, when they were recorded are depicted by a vertical line

joining them at the tire 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 rep%esenfed'by o
. 1 -
- i

‘a single black dot, and is plotted against itg apprdptia%e inter-
Amitotic interval at the time.of the initiéi ﬁifosis. The horizontal
axiS“represehtstfhe,time duriﬁg tﬁe period of filping. Daughter
cglls,.whep they wefe recordéd'a¥e depicted by a vertical.line

joining them at the time of the initial mitosis.
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CHAPTER 6. DISCUSSION

6.1 DNA and RNA Synthesis in Chick Lens Epithelium,

The culture of whole intact lenses in medium containing radio-
;;tively labelled thymidine or uridine is an indirect mgthod of
eveluating 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 thymidine or into ﬁewly
synthesised RNA at the time of transcription in the case of uridine.
Pulse lgbelling of lenses with specific precursors at different times
throughout the day can therefore be'used to define the pétterns of
macronolecular synthesis. This procedure is only velid if certain
conditions are fulfilled,

(1) The specific activity of the pool of immediate ﬁrecursors should

be constant throuéhout the cell cycle, and when comparing strains ‘
should not differ. If the pool sizes of different strains sre variable,
the problem of differential dilution should be taken into acéount.

(2) The concentration 6f the exégenohé prectrsor nust not‘be a limiting
factor in incorporation into the magromoiecules, and therefore must

represent a large proportion of the respective cellulasr pools,

Providing these pools increase through the cell cycle in proportion
to the increase in the rates of uptake and_syntﬁesis, the amount of |
précursor incorporated in a short pulse is a valid measure of the rate
of synthesis., Fowever the questién of pool changes throughout the
cell cycie is.ﬁn_open one since there is insufficient cata so far
availablé to either exclude or sﬁpport such changes.

No significent difference wes 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'ailaige portion of the cellular

pools, and which dces nct appe;r tc be a limiting factor in DNA synthesis.
Truman et al. (1976) hgve demonstrated that incorpcration of

labelled uridine into whole lenses from chick strains Hy-1, Hy-2 and N

exhibit different kinetics for different ENA classes, It is tkherefore

unlikely that in the case of FNA, variation in pool sizes between

strains is responsible for any difference in the observed rhythms,

_The data obtained by eutoradiography of 3H-thymidine labelled
chick lenses (Plate 5.1) et various times of day, suggest é variation
in the nuﬁber-of nuclei showing DNA synthegsis rather than a variation
in incorporation rate which might be brought about by fluctuation of
thymidine pools.

From the patterns of incorporation of both radioacfively labelled
thymidiné and uridine 1nto_§xplanted chick lenses during a 24-hour
.time period (the éata,of_which'is ﬁfesented in section 5.1) it is
clear that a partial éynchroniséfion is ;ppérent in those cells in
S-phase of the cell cycle ;nd those synthesising RNA, and this is de-
pendent on the tim% of day. When éopparisbns were made of the lenses
of different genetic sfr#;ns af.chick the patterns of circadiaﬁ
variation were found té be strain specific, 3H—thymidine incorporation
was not directly related to either dry or wet weights of the lenses
(Randali_gi_gl., 1979) : causes for the straiﬁ di fferences in thymidine
incorporation must be sought elsewhere,

It,pas been established from & variety of data that thymidine

incorporation profileé are a refléction of the mitosing lens epithelial
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ceils. Such a direct relationship.between circadian variations in
DNA synthesis and mritosis has been documented for a number of larval
salamander tissues sdch as epidermis (Scheving, Chiakulas &nd Abzug,
1959) and corneal epithelium (Scheving gﬁ_él., 1962) and various mouse
epithelial tissues (Pilgrim:gz_gl., 1¢€23). In each case the synthesis
of DNA exhibited a pefiodicity which correleted with mitotic rhythms
over the sémé 24 hour periéd.

Variation in the périodicity and amplitude of the 3H—thymidine
incorporation profilesbbetween 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 fimé. Strains Hy-1 and N exhibit 4 peaks in the 3H—thymidine
incorporaiion profile which coincide with each other, wvhile strain Hy-2
exhibits '3 peaks in a 24 hour period although their amplitudes differ
in these~genotypes. The data for Hy-1l suggests either: |
1) that a proportion of cells are in rapid cycle: fhe highést peak
: possibiy’includes the'majority of cells with a longer cycle time, or
elternatively, 2) a high proporticn of ionger éell cycle times are
staggered at régular intervals. _LThe prcportions of total counts in
the first geak of N suggestrthat most cells.have e 24 hour cycle, tut
a small proportion of cells are either out of phase or in more rapid
cycle. In the'case of Hy-2, a possible hypothesis is that the cell
cycle timé is moré homogeneous being of the order of about 8 hodrs‘
periodicity.

The ;ate of cell division in single L,E. cell clones in culture
and the growth rate in mass culture (Eguchi gﬁ_gl;, 1975; Clayton et

al,, 1876) 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 (Egﬁchi et al,, 1975; Cleyton et al., 1976) show
that there is some heterogeneity in the cell cycle duration in a popul-
ation of sfrain N L,E. cells heving an average cycle time of approxi-
mately 24 hours. From the data of Eguchi et al. (1€75) Hy-1 lens epi-
theliu;—;as calculated to have two different but equal cell populations:
one similar to N mnd 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 showﬁ that strain Hy-2 is indeed more homogeneoué with
respect toAintermitofic 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 1E cells
& hours in duration., - The greater heterogeneity/of streins N and Hy-1
can be seen from Figures 5.17 and 5.18 respectively. This deta to-
gefher with that obtained from single cell clones (Eguchi et al,, 1278)
has corroborated the hypuvtheses proposed to account for the differences
in the 3H—thymidine incorporgtion profiles, It permits a distinction
between the two pcssibilities outlined above concerning cell cycle t;mesi

in strain Hy-1, Twe main populations are ih'evidence, one with a _ f
lcnger cycle and one with a shorte? céll c&cle.in the order of 24 hours
an& 8 hours respectively, | |

- From autoradiographic studies showing the distribution of 3H-
thyridine labelleé nuclei in the L,E. at different times of day, it
appears that populations of cells in synchrony occupy similaf 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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thﬁse nearer the periphery, In the equatoriel region of the lens,
mitosis 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
gqueous humour via thé-ciliary process, He noted that lens epithelial
cells immediétely below thé ciliary process divided most often, Pro-
liferation factors in the aqueous humour may become less concentrated
or inactivated aé they diffuse, resulting in lens epithelial cells
further away from the ciliary process receiving less stimulus to
divide. |

The Gl/Go phase of the cell cycle is thought to be the only
variab;e phase of the cell cycle ir chick lens epithelial cells
(Mikulicich and Young, 1963), It is pcssible that the Gb duration
.0of the cells in the qentral region of the epithelium may be different
from that in the peripheral region due to the differentiai exppsure
of these cells to factors from the aqueoué humour,

The data presentéd abpve suggeét that £here may be two waysrof
increasinggthe number of cell divisions in fast growing animals:

o ) . :

(1) by dec%easing the duration of the mitotic cycle, or
(2)‘by increasing the ﬁumbers of cellé involved.
It would seem that.Hy-l may;use both meéhanisms while Hy-2 may rely
rpainly on changing the cell c&cle duration, These data are therefore
indicative éf the genetic contrcl of the cell cycle, such that the
mitbtic 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
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recruitment of these cellg for differentiétion into fibres,
Interpretation of the uridine incorporation profiles is more
complex as it -does not only reflect the mitosing epithelial cells,
In eddition those undergoing differentiation are rapidly synthesising
-FNA (Reeder and Bell, 1965) and some RNA metabolism occurs in the
differentiated fibres. The profiles reflect total RNA synthesis but
fhis 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 o? follow 1-2 hours later (Randall
'flnﬁl" 1979). As more cells enter S-phase and double their DNA,’RNA
synthesis also increases, This pattern is éherefore éonsistent with
the idea of a gene dosage effect reported in the literature for other
cell types. However, the increase in synchrony appears onli to be
transient falling rapidly again as cells leave S-phase. This could
be attributable to a decline in RNAVsyntheéis during mitosis which has
been reported in other céll types. Circadian variations in RKA content_
have been reported in cell linés éuch as liver (Pfeiffer, 1968) and in
human leucocytes (Kohler, Karacan and.Renngrt, 1072) . In the latter "i
case both quantitative‘gs ﬁeil as qualitatiyé di fferences in RNA fype X
following”a rhythm of approximately 24 hou;s wés feporfed. A ‘
These circadian rbythms have been exposed in'fhe absence of light
entraining féctorg, as the chicks were kept under 24 hour constant
iight conditions._ Reproduéibility of the cycle eliminates any dis-
turbance by Man as the entraining factor, Furthermore, variations in
thyridine incorporation ﬁersist for at least 3 days in whole lenses in

longer term culture (Clayton et al,, 1276b). The trauma of hatching
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cduld be an entraining factor, variabi{ity in haetching time possibly
contributing to the variation between lenses at any one time point,

It would therefore be of interest to examine labelled pfecursor uptake
in embryonic lenses, Variation in hormone levels has been implicated
in the control qf these rhythms (Bullough, 1962; Erpifanova and Tchoumak,
1962; 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 aétive, and a low rate of secretion while
asleep. Glucocorticéids (Tutton; 1973) and corticosteroids (Fisher,
1968&) bhave also been implicated, The very short term changes reported
here cannot be accounted for on this hypothesis, The lens is avascular
and would be buffered against short term changes due to blood hormone
levels. Trenslocation of hormones would need to occur through-the
aqueous and vitreous hum%z; of the eye before reaching the lens,
Differing hormqne levels in the différent strains are unlikely to
account fér these observe& diiferences as Eguchi et al, (1975) have
shown that the groﬁth rate of Hy—luleﬁs eﬁithelium”in cell culture is
intrinsical}y faster than that of strain N cells and which persists
fhrough thr;e successive subcultufes.- Figures 5.17—19‘aiso clearly
indicate that each strain hasvdifferent distributions of cell cycle
times in culturé, thch are not under hormonal control,

As outlined in.Sections 1,3 and 1.4 numerous cellular constituents
display a vafiety éf oscillatory béhaviour, which either individually
or in concért could be the basis of the biological clock, giving rise
to circadian fhythms as discussed sbove. In the lens, for exaﬁple,

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 béhayiour in s
variety of cells and cell extracts (Hess et al.,, 1971; Goldbeter:gi_gl.
1976) . It is ﬁossible that oscillations in.the energy generation of
the lens could drive the observed cellular circadian rhythms,

The data presented here provide a warning qoncerning'the importance
of the time of day of comparative studies in cellular me?abolism of
differént organisms, It stresses that the time of day of‘comparative
studies is a more important parameter tham age.

°

6.2 Induced Synchronisation of Cultured L.,E, Cells

Synchronised cells in culture offer a powerful tocl for the exam-
ination of cell cycle ;elated events, A study was therefore carried
out to see if the natural.cell synchrony in whole lenses was maintained
in isolated epithelial éells 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 timevof>the loéé ofvsynchronf was not esta-
blished, but could be.attributable toiéuéh factofsvas'fhe loss of
cell-cell contact, céll-fibre»contact or the effect of FCS in the
culture medium,

Vhole lenseé or isolated epithelium aid ﬁot'offer tﬁe saﬁe advant-
ages as syncﬁronous.epiihélia; cells in cﬁlture for the type of studies

to be undertaken and reported in this thesis; For example: in cell

_culturs 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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be-easily 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
addpted 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 respeét to cell cycle
durations than.the other two straims (see Section 6,1), and therefore
greater synchrony may bé obtained.

L.E. cells synchronised by both the mitotic:selection method and
the cell cycle arrest methoﬁ éid indeed exhibit syﬁchronisation of the
cell cycle, es judged'by the incorporation of'sﬂ#thymidine at time
intervals after the synchronisation procedures (Figures 5.4, and 5.5).
Cells were not in completé syﬁchrony as suggested by the-trénds of
theée incorporation'prbfiles. If absolute syhchrony was presept, a
more dramatic incrgase in SH-thymidine incorporation with & zero base-
‘1ine betwe§n peak§ would be expected. This appears to be very diffi-
cult to acﬁiefe, as evidencg in the liferature suggests for epkaryotic
cells, Over 20% of cells after mitotic selection were shown to be in
a narrow banq of the cell c&cle (Section 4,1)., After 10 hours,
approximatelé 85% cells we&e still in synchrony, This wés gven lesg"A
in synchronised cells obtained by tﬁe'pell cjclé arrest method, being
-babout 75% oi cells .in synchrony‘after 16 hours. This dampening in
the level of s&néhronisation éf qélls has been attributed to variation
in the @urétion of fhe Gl 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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ite maximal levels of synchronisation, It.has been §uggested by

data from 3H-—thymidine ihcééboration studies and time-lapse photography
'wﬁich is discussed in Section 6,1, that the cell cycle duration of Hy-2
i# fairly homogeneous, being about 8 hours long. It then follows that
the populatioﬁ-of cells under study in the first period aftér synchron-
isation is the same population of cells which is in'evidenée in any
sﬁcceeding periods.

The 3H—thymidine profiles obtained after the cell cycle arrest
synchronisation procedure are characteristic in the presence of a lag
period of approximately 4 hours in durat;on‘between the time ofﬁstimu—
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-uridine incoréoration in Hy-2 L.E, cells synchronised.by both
methods of cell sypéhronisatioq also showed variation with time;_lPeaks
in incorporation’coincided with the peaks in thymidine incofporatioﬁ,
This further suggests a direct link between DNA syﬁthesis and the gn;
"hancerent of RNA synthesis which,‘as'alreadf discﬁssed, could be
accounted for by a gene dogage‘effect and a decrease of BNA syntheéis
during mitosis,

Intervals between peaks oflincorpbration_of both 3H-thymidine and
14C—uridine looked very'Similgr ta those foﬁnd td écéur in éiicgdian
rhythms in this”étraip. This further suggests that théée.circadian

thythms are a reflection of the cell cycle of the L,E, cells in the

Hy-2 chick 1lemns,
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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 frqm a variety of sources, These include the
cell cycle and mitotic distribution (Clayton et al,, 1976b; Modak et al,
1968) ; the rate ef differentiation of lens fibres (Hanna_gi_gl,, 1966) ;
regulatory signals mediated by way of the cell surface (Clayton et al,,

ke ’
1976a; Qkada.gz_gl,, 1971); the metabolic sta%us of the epithelia}
cells and adjacent tissues (Clayton et al,, 1976b) ; and regulatoey
factors (McAvoy, 1978). Numerous data have implicated the cell cycle.
Indeed, some data already presented (Section 5.4); concerning the
addition cof a retinal extrect to L,E, cells, and to be discussed in the -
next section, do suggest correiations between the length of the cell
cycle and § crystallin'synthesis. Numerous other data concerning this
felationship‘haee been reported (de Pomerai g£_gl., 1078; Eguchi et al,,
1975) (see Sectieﬁ 2.5.2), . This correlative evidence suggested the
possibility that changes in crystallin synthe51s may occur during the
cell cycle, such that cells with a shorter cell cycle may synthe51se a
different crystallin profile to that of a cell with a longer cell cycle.
This hypothesés was investigated, utilising the synchronised cultures of
the L.E, ceile cbtained by the cell cycle arrest methed in order to |
cbtain high cell yields (section 5.2.4), | |

An important finding from this investigation was that no qualitative
differepces in protein synthesis were observed at different times in the
ce11 cycle whieh could be resolved by one dimensionel SDS electrophoresis,

The presence of contaminating asynchronous cells could however mask any

qualitative differences. Nevertheless, this finding is in agreement
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wikh much of the recent.data particularly on mammalian cells which

did not provide any evidénce‘for qualitative changes in cellular

protein synthesis through the cell cycle by two-dimensional SDS electro-

phoresis (Bravo and;(g“S,lQSO; Milcarek and 2@&n}978)(see Section 1,3).
Some quantitative differences were apparent at different stages

during the cell cycle. § crystéllin was found to increase'in synthesis

)

pcpulation under study was faster, e.g, in the 3 chick strains under
study in this thesis, It is possible that cells with a shofter cell
cycle synthesise more § crystallin by having a higher ratib of time.
spent in S-phase relative to the rest of the cell cycle, Similarly
cells which have a ionger cell cycle, ray spend a shaller proportion
of time in é-phase relative to the rest of the cell cycle'apd so.synj’
thesise lesst-crystal'lin° fhis'possibilify hoﬁevef.is based oh’the
a;sumption that fhe dﬁration ofzs-phase for‘a11 L,E, cells, both from
embryonic énd post—hatch lénsesvand betweeﬁ st{ains, is constént°

These agta concerning an increaée in §-crystallin synthe§is\
during E—phase wére obtéinedvusing strain ﬁy-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 straiﬁs, however, mekes the synchronisation of these'cellé
fo; such alstudy difficult.‘ Oﬁly if §-crystallin did show a real

increase during . S-phase in cells of different cell cycle durations could
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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 b? an arfefact of the synchronisation procedure attributable to
biochemic#l upset of the cells'during manipulation, = It was;emphasised
in Section 1,3 that sore of the data concerned with differential protein
synthesis through fhe cell cycle such as histones and imﬁunoglobulins
did not agree on. the timing or.synthesis or indeed in some'cases
"whether time'dependent synthesis occurred at all, , This'éould be attri-
butable, at least in part, to the synchronisation procedures used,
However extreme care hgs been taken to‘minimisé this possiﬁility in
the expériments reported,

As cells terminally differentiate in the equatorial regioh
(Figure 2.,1) and elongate to formllens fibres & large amount of ﬁrotein
synthesis ié taking place (Piatigérsky_gi_gl., 187; Milstone et al,, -
1975) . These cells are no longer traversing the cell cycle. The
greatest proportion of crystallins‘are therefore being synthesiseq in
the intact lené by cells whrph are not cyéling cells, This suggests
that factor§ ofﬁer than fﬁe ééll cyéle duration ﬁay be.rnvoived in rhe

regulation of crystallin synthesié. There'is always the possibility

t
!

however that t?e cell cycle préceding'terminal differentiafion could.
in some way reéulate the~protéins synthesised fhereafter. ;The chicki
crystallins have been'shoﬁn to exhibit-non-codrdirate syhfﬂesis'apd
their regﬂlatioﬁlhas‘been shown.to'be-sensitive to a variety of faqtors
-(élayton g£ gl,;.1976b). Several other régulatory mechanisms.ray then
be involved in ‘the synthesis of each crystallir,_as ocutlined briefly-

above such as the rate of differentiation into lens fibres, metabolic

changes in the lens and regulatory factors,



125,

02 crystallin was also shown to increase during the S-phase of the
cell cycle, However « crystéllin synthesis, unlike 8 crystallin syn-
thesis, has not been correlated witﬁ a short cell bycle, for example as
in embryonic lens epithelium (de Pomerai et al,, 1978)., However in

such studies o crystallin as assayed by antibodies was mainly al crys-

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 polypepfides showed an increase in synthesis gfeater ﬁhan
209 of the averaged controls, and have been éermed '‘act' and 'u', The
former hsas Been tentatively identified as actin with molecular weight
of approximately 40,000—42,006 but the lattef, 'u', haé not been idenfi-'
fied, It has a molecular weight of approximétely 52,060-55;000. Bqth
increased in synthesis during the period which coincided with the trans-

ition of cells from G, into S~phase, Riddle EE”El° (1979) identified

1
a transient increase in actin synthesis following restimulation of
afrestéd Swiss mouse 3T3 cells which coincided with entry into S-phase,
Increased synthesis of ééhér unidenfif;éd polypeptidgs.af this same
stage in the cell cycle have been reportea (Ley, 1975 and Gates gﬁ;gl,,
19?8) of 50,000 moleculér weight approximately. No épecific function
has béen assigned to these polypeptides but;such changes may be a
general phenomena #mongst all cells undergoing Gy = S bhase-tranSition :
possibly involving cell shape changes ét this time. AIf.this p?oves to
be the case then éctin or any other polypeptide increasing at the G0 -8
' boundary could ﬁrove 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,sh0wed

an increase in aétin synthesis over the same period, This suggests that
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actin synthesised at this tire 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 dhcumented phenomenon that lectin binding is found
to be greatest during mitosis in many normal celi types (e.g.'Shohhm
'et al., 19745, 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 thé subsequent finding that a circadian rhythm
inADNA synthesis was present in the L.E.'cells; These lectin studies
were carried 6ut séveral hours after explantation of the cells resulting
~in the possibility that this rhythm could have influenced the results ‘
by 1nvolving more mitotic cells in one strain when compared to another.'

In order to establish if the differences between strains in,the égglutin-

ability of LEI

~ carried out on synchronisedbcells;'y L,E,~cells'frbm all 3 strains of

cells by léctins were real, lectin binding studies were

chick showéd a grehter'binding of all 4 lectins (ConA, RCA, PHA and
WGA) dufing mitosis‘when cornpared with the time period following.
Léctin‘binding immediately after mitotic seiection is comparable
betweeh strains as in.all cases 80% of cells or more were in mitosis,
hectin binding’ at subsequént time intervals may not be directly com-
parable betwéen strains because of differences in the cell cfcle

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 fhe greatest decrease in lectin binding between mitosis. and 2
hours later, - This data therefore suggests that there are intrinsic
differgnces in the céil membrane configuration whep strains Hy-1, Hy-2
and N are éompared. Othér data coqcerning the membrane profeins of
these 3 strains analysed on SDS and IEF polyacrylamide gels and electron
microscope analysis of the L.E. cell membranes (6deigah, 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 meﬁbrane 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 -~

P
»

particulafly during intgrphase and an increased mitotic raté. These
traits appeér to be intrinsic to fhe cells themselves and have arisen
probably;in associafion with high selection pressuré for faster growth
of the cgicks themselves, Differences in the membrane configuration
of L.E, cells from the 3 chiék strains over and above cell cycle
changes could result in differences in their response to external
signals sﬁgh as hormones. Such strain differences in response to
external culture conditions do occur reéulting in changes in the
crystallins synthesised (see Section 5.4). ' Ingulin, for example,
results in such changes (Clayton et al,, 1980) and is also known to

eiert some of its effects via the cell surface (Levine, 1966), It
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has also been shown to have a greéter number‘of binding sites on
fibroblasts which divide rapidly compared with those dividing more
slowly (Tpomopoulos_gi_gl., 1276) .

An apparent contradiction exiéts between the data available
concerning lectin binding and agglutination studies through the cell
cycie and that concerning protein synthesis studies through the cell
cycle, ,If the cell membranes express such different sites between
mi tosis and interphase one wduid 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 iens épithelial cglls. This discrepancy
could be resolved by postulating changes in lectin agglutinatioﬁ'and
bindlng due to alteration in the configuration of already existing
sites or the maskingvand unmasking of already exist1ng sites, Lectins
bind to the sugar moieties of fﬁe membrane glycoproteins which could
change without any differenée 1; the prdteins being synthésised, by

utilising enzymes already available,

6.5 Induced Changes in Growth Rate and in ngsfallin Synthesis

The possibility of the cell cycle as a regulatory factor in the
control of crystallin gene expression has been discussed Numerous
other taétors'may also be involved in controlling lens differentiatiom.
'External signals such as adjacent tissues (McAvoy, 1978); hormoﬁes
e.g. prolactin and growth hormone (Wainwright, Rothsteip and Cordon,
1976); and growth factors such as RE (Arruti 23.2l°! 1978)‘or

differentiation promoting factors, e.g. lentropin (Beebe et al,, 1980)
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have all been shown to be capable of playing a confributory 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 retingl exfract
(R.E.) on the 3 chick strainé Hy-1, HEy-2 and N were investigated,
Ingulin has been reported in the literature to stimulate mitosis
(Piatigorsky and Rothschild, 1972) and elongation (Piatigorsky,
| Rothschild and Wollberg, 1973) of embryoconic éhick lens epithelia,

FCe haslalso been shown to affect mitosis (ﬁarding.gi_gl., 12071) #nd
increaée ENA synthesis in embryonic L,E.:cells (Piatigorsky and
Rofhschild, 1871). It is not knoﬁn wvhether 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 sirultaneously with cell elongation in embryonic L.E. cells
supplerented wifh 15% FCS (Milstone and~Piatigorsky, 1975);

A retinal extract (R.E.) icolated from bovine retinas has been
shown to modulate the morphq;ogy'and eﬂhance the ﬁroliferafive caﬁa—t
city df bovine iens epithelial cells in culture (Arfﬁti and Couftois;
1978; :and'Barritault, Afruti, Whglen and Courfois, ;979). . fhislmayA
be of significance with respect to lens‘differentiatiop‘aé ;nvest1e
gatofs have pointéd out that the retina must produce someAdiffuséblei
factors which control thé'proiiferation and the differentiatioﬁ of
L.E. cells during development (reviewed ?y Jacabson, 196€; Coulombre
et al,, 1963). |

The effect of insulin R.Eﬁ and FCS on the growth rate of post-
hafch L.E. cells from the 3 chick straiﬁs is in kgeping with previous
data concerning the enhanqement of eébryonic chick lens cells aﬁd of

bovine epithelial cells in the.case'of R.E. Of particular interest
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hefe, howexgr is the differential response.of the diffgrent strains
to tﬂese additiQes. Strain Hyil shéwe; ;‘greater résponse than
"strain N with strain Hy-2 as the intermediate when insulin or R.E.
wae added, 69 FCS, the routine -additive in the culture of these ceils
resulted in strain Hyfl with the fastest growth rate and strain N with
the slowest. 109, 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 ah additive effect bve; 10% FCS but rather an inhibitory one,
This suggests that blocking of crucial sites on the membrane may occur
preventing an additive effect of the active FCS components, |

The above data suggests two main points to be emphaéisedy
(1) 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
mechaiisms of action as judged by the grdwth response of these cells
from 3 different strains;-
 (2) The L.E.'cells_f;om tpe 3 different étrains have different sensiti-
vities to e#ch of thesé fﬁﬁférs fesulting‘in‘é different leveliof“growth

stimulation for each of these faétors. This further suggests differehcés'

in the receptor sites of the cellular membranes which are likely to

1
t

reéeive_information from any external signals. Differences have alreédy
been shown in the lectin binding-capacity between these strains, and
Odeigah (1977) also showéd membrane'glycop;otein differences between
'those strains, The L.E, ceil pcpulations of particuiarly strains -

Hy-1 and ﬁfhave been shown to be héterogeneﬁﬁs with respécf to cell

cycle time, ‘ Therefo?e.the'ﬁholé cel} population may pot behave in the
same way._'

The morphological change in newly explanted L.E. cells resulting
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frpm R.E, treatrent (Plate 5.4) csuggested a change in the membranes
at this time, The cells assumed a spherical appearance similar to
mitotic cells with R,E,, compared to a flattened appearance with ad-
jacent cell contac? in the case of the control, Arruti et al, (1978)
showed that this R.E. ﬁodified the morphology of bovine lens cells in
vitro making them elongate into spindle-shaped cells. However they
also showed that 3Adifferent morphologies could be obtained depending
on the culture conditions (Barritault et al., 1079y, = Of ﬁarticular
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 reéult in growth stimulation when
R.E, was added thereafter, The rounded spherical appearance of the
J—
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
et al,,

according to Gospodarowicz%51978) is the mechanism by which cell growth
rate is;controlled. Considering this same hypothesis, once cell con-
tact hag been made R.,E., may promote greater cell contact, resulting
in increased growth rate.

toct 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 foundiﬁhat R.E._did

not permit lentoid structures, with their associasted 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 literafure for the induced absence of lentoid structures

in chick L.E. cells ip vitro. This phenomenon was common to all 3
strains of chick under study. pifferent 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 cultu;e-- -— -

| 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 acccmpanying intensive crystallin synthesis, §
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, é-crystallin accumulating as lentoids
develop (de Pomerai, Pritchard and Clayton, 1977).

Analysis of the crysta;lins_accumulated in tﬁese leﬁtoid—free
cultures after R.E. treatment showe@ a pronounced accuﬁui#tién of 8-
crystallin in ail 3 strains but particularly in strain Hy-1 yhen :
compared with untreated control cells or any other treatment used, vi
There sppears .to be a conflict in results in the case of R,Eg treated
cultures between an increase in §-crystallin synthesis and the absence
of lentoid structures. Piatigdrsky et al, (1973) showed by cell
elongation inhibitory experiments using colchicine treatment of embryonic
L.E. in cblture'that §-crystallin synfhesis and 8§-~crystallin mRNA
. synthesis were independent of cell elongation, Thereforé it is

possible to uncouple biochemical differentiation, in terms of crystallin
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acéumulation, from morphological differentiation,

-Howéver, there is the possibility that these factors change the
‘rate of maturation of thesé‘éﬁitures; A sinéle time point of analysié
would therefore not obviate éuch di fferences as lentoids may develop
at a later stage, Successive time points of analysis would need to
be invoked in order to resolve this possibility,

Proxihity to. the refina has been shown to be necessary for the
induction of the lens (Coulombre EE.El;' 1963), As already mentioned,
some diffusible factor is necessary in the normal early development of
the ermbryonic ;ens when 6-crystallin accumulation is high and the
growth rate is high, Similar events have been induced by R.E, in
vitro. However promotion of 8-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, Begbe, Feagans and Jebeno (1980) have recently described the
presence of a factor they have termed lentropin from the vitreous
humour'which promotés lens fibre aifferentiation. Yammamoto (1976)
had also suggested the presence of such a factor stemming from the
post;rio; chamber of the eye and which promotes fibre differentiation,
A facto; which stimulgtes cell division haé been shown to be present
in the aqueous humour (Reddgn, Veinsieder and'Wilson, 1979) , Extracts
from various ocular ﬁissﬁes including iris, pigménted epithelium,
>éhoroid and the &itreous body were found to elicit similar proliferation
responses and morphologicél changes on bovine epithelial cells as with
retinal extract.(Barritault Einﬂl'v 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 cultﬁre, isolgted from other ocular tissues, in the
presence of 6% FCS and a dgfined 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 aﬁd subsequent differ-
entiation into lens fibre cells, It is likély that thé cell division
- cell élongation 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 et al,, 1876a). 'The differences between the
gtrains in responsé to any one of the additives with respect to both
growth rate and crystallin synthesis emphaéisés two things:

1) the importance'of externﬁl fignals in regﬁlation of differentiation,

and,

2) the importance of the competence of the cells to respond to

these signals and which can vary between cells of different

strains,



CHAPTER 7. CONCLUSIOKNS AND RECONMMENDATIONS FOR FUTURE WORK

7.1 Conclusions

7.1.1 A circadian rhythm in DNA synthesis is present in the lens
epithelium of whqle chick lenses. A similar rhythm in RNA
synthesis is also evident. These rhythme have been shown to be
a refiectionAof the mitosing epithelial cells and are strain
specific. These differences occur as a result of the composition
of the whole lens epithelium populatiorn with respect to the
duration of the cell cycle., These resuité suggest that the cell

cycle duration in L.E. is under genetic control.

7.1.2 This Circadian rhythm is not mainteined in dissgciated L.E.
in cultufe and so could not be used as a source cf synchronous
cultures. "Hovever synchronous cultures of L,E. cen be induced
in vitro utilising the mitotié selection method and a method in-
volving cell cycle arrest followed by restirulation back into
the cell oycle. Strain Hy-2 L;E. cells offered the best
opportunity for synchronisation and subsequert biochemical
studies because it contained predominantly cells of one inter-

mjtotic duration,

7.1.3 Protein synthesis studies of these synchronised cells led,té
the conclusion that no qualitative differences were apparent
in the syhthesis of cvtoplasmic proteins at different times
during the cell cycle of L.E. cells, Quentitative changes were
found in several instances. § and az crystallin synthesis in-
creased at é time corresponding to S-phease. This svggests -

that cells with a shorter cell cycle, and thérefore spending

relatively more time in S-phase, would synthesise more § and az
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crystallins. Fvidence is available correlatiné increased §
crystallin synthésis with cells of short cell cyclé.‘ The
conclusion was made that, pending further studies, the cell
cycle could be involved in the regulation of crystallin synthesis
ip conjunction with other controlling factor;.

Two polypeptides increased in synthesis at a time corresponding

to the end of G, and the beginning of S-phase. One of these

1
hes been identified as actin, These may prove useful markers

for Gl—S phase trarsition in the study of the biochenistry of

this important cell cycle event,

Ir contrast to the absence of significant changes of membrane
polypeptides during the cell cycle, major differences were .
appsrent in the lectin birding capacity of L.E. célls during the
cell cycle. This dichotomy may be resolved by suggestiﬁg
changes in the fluidity of the membrane resulting in different
configurations of the membrane glycoproteins between ritosis and
interbhase. ' Lectiné hévé more than oné,binding site and so re-
sult in a crosslinking cf receptors. ‘The EOnfigurafiog of
these sugar mo\&ties of the merbrane glycoprﬁteins may be of !
considerablé importance for lectinsAto bind, |

‘Strains Hy-1 and Hy-2 showed greater lectin binding than
strain N both”during:mitosis and interphasase. This observation

taken togethér with the data concerning the higher'proliferative

cepacities and sbnormal celluler 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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rressure for faster growth exerted on strains Hy-1 and Hy-2
chickens.

Differences in the membrane reéeptors of L.E. cells between
the different chick strains uncder study could result in éiffer-
ences in their response to external signals such as growth

factors and hormrones.

Tﬁe effect of inéulin, foetal calf serum and retinél extract
on the crystallins synthesised in cultured L.E, cells provides
further evidence that tﬁe crystallins are regulated in a non-
co-ordinate fashion, Differences in the response of L.E.~£ells
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 observétion that retinal extfact treated L.E. cultgres
exhibited a large increase.in 6 crystallin syﬁthésis but an &b~
sence of lentoids led tbithé conclusion that biochemical
differentiation in the form of crystallin synthesis could be
dissociated from morrhological differentiation. RE promotes
piochemical differentiation in chick L.E: cells and somehow

prevents morphclogical differentiation occurring. Some other

factor may bé necessary in greater concentrations to promote .

- morphological differentiation, Such a factor has been docu-

rented. From the work presented it is concluded that numerous

e

'factors are inveclved in concert in the reéﬁlation 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 meke-up of the
cells themselves; serum factors such as hormones and growth

factors; and factors from other ocular -tissues.,

7.2 Recommendations for Future Vork

The upderlying basis of the circadian rhythm preseﬁt in the chick
"lens is an interesting problemn. Hywever the magnitude of the problem
is perhaps evident from section 1.3, which attempted to reyiew 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 haé ex-
hibited one. However few tissues have offered such an ideal study
system as the epithelium in the lens. Otker tissues exhibiting circa-
dian rhythms and whiéh have been studied in detaii include the liver
and the gut epithelium.,. Such studies are complicsated by the greater
copplexity and heterogeneitonf the$e~tissues and the cloée contact
with tﬁe véscular supply.l_ The»;ens offgrs aisystem.without these dis-
advantages which could prove to be ofAvalue in what cbu1¢ bé'é very

complicated set of inter-relaticnships.

This thesis has repérted experirents ﬁith‘synchronous cultures
sterming fror 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 iﬁ the study of chick L.E, cells for a celllline to be
established which could bé mﬁintained without the necessity of continuing
subculture to maintain fhe cells in the cycling state. - Under the

present ndrmallculture conditions lentoids develop simultaneously with
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a‘blateau 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 facter 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 possitly be derived
for different intermitotic times. Studies such as those reported in
this thesis .could then be taken a step further and cells with different
intérmitotic intervals copmpared to see if such ohservations 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 proiiferation and differentiation, The
mechaniém 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 differeﬁces
. between strains have proved to be a useful fo§1 in the dissection of
biological prbcesse§. Genetic modifications in the L.E. cells of the
3 chick strains examined in conjunction with'known regulatpry gsignals
such as RE and lectin binéing studies, éoulh-help to illuminate: the

regulatory mechanisms involved,

i
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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 (MNNG), a

carcinogen, and the effects of growth in the presence of insulin, retina extract
or different levels of foetal calf serum. In all cases the relative rates of
synthesis of different crystallins 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 MNNG 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 «, B, and d crystallins. Throughout
development new fibres form from epithelial cells. The display of crystallins

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 o
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).

BEmbryo neural retina (NR) 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
8-crystallin mRNA characterises the early stages of embryo chick lens cell differ—
entiation, (Piatigorsky 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
mRNA must involve transcriptional controls: although differential increases in
crystallin mRNA stability 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 mRNA 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 mRNAs 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 transdifferentiation. 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 (Coggin and Anderson, 1973; Mintaz, 1976;
Uriel, 1979). BEguchi and Watanabe (1973), found that N-methyl-N'-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 transdifferentiation 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) (Reddan and Wilson,

-1978) and retina growth factor (RE) (Arruti and Courtois, 1978), and the effect on
both lens and neural retina cells of brief exposure to MNNG. The lens cells of
\'three of the genotypes, N, Hy-t1 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, 1979).

MATERTALS AND METHODS

Cell culture Lens epithelium (LE) cells from day old ch%cks and neural retina
ZNR; from 8 day embryos were seeded at 3 x 105 and 5 x 10° cells per dish
respectively and cultured as in de Pomerai, Pritchard and Clayton (1977). Cells
‘Zere ?s.abelled as in Thomson and colleagues (1978a) and Randall, Truman and Clayton

1979). .

Medium modifications 1. Insulin, (B.D.H.) was added at 10pg/ml to medium with
€% F.C.S. from the 4th to the 14th day of culture. 2. Retina extract (R.E.)
(Arruti and Courtois, 1978) was added at 20pg/ml to medium with 6% F.C.S. from
the 4th day of culture onwards. 3. L.B. cultures were exposed to MNNG at 7.5
ug/ml for 1 hour on the 7th day of culture. N.R. cultures were exposed to MNNG
at 10.0 pg/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 Gy 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% F.C.S., and pulse labelled for 30 minutes at intervals, with 10uCi/
ml 14C aminoacids. The time points were those_in which a high proportion of cells
were in Gp, G4, S, or GQ/M, as determined from JH 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 mRNA was prepared 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 219775. The haemagglutination inhibition assay (HIA) and antisera used
were as described in this paper. Electrophoresis in 12% 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 ultrastructure
ZPia.tigorsk‘y, Rothgchild and Wollberg, 1973) increases the rate of cell division
in older lens epithelium (Reddan and Wilson, 1978) and increases both cell
division and the levels of & 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. 1a,
b). Such lenses, at 17 days of incubation, show 13% increase in « crystallin,
11% increase in B crystallin and a 13% fall in & crystallin compared with controls.
Table 1 and Fig. 2a,b, show the effect of culture with insulin on accumulated
protein (HIA 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 Thomopoulos 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.

Fig- 1. Fig. s .
Fig. 1. 17 day embryo chick lenses. a) control. b) injected with 2 i.u. insulin at
4 days in vivo. c)d) Day old chick LE cultures. c) control, few mitoses, a) 10ug/‘
ml insulin, numerous mitoses. Fig. 2. a)b) Accumulated protein from Db cells
in culture. a) control. b) insulin at 10pg/ml. Crystallins translated in a cell
free system by mBNA from cell cultures: c)d) Db’ cells, e)f) Hy-2 cells. c)e)
controls. d)f) insulin.

Accumulated proteins Electrophoretic
Haemagglutination Inhibition | Separation Trane. in a cell free system
Db strain Hy-2 strain Db strain Db etrain Hy-2 strain
Crystallin| Cont. Ins. Cont. Ins, Cont. Ins. Cont. Ins. Cont. Ins.
at {7.5 [ 5.11 { 2,13 { 2.51 {15.7 {1}.5 5.0 5.0 13.0%| 7.7

L 3.9 | 24.4% | 12.8 [15.7*

a2

B1 5.0 34.09 |[18.95 ||22.32 40.2 36.5 6.6 8.5* 5.3 | 4.6
p2 e 2 g | e | 27209
83 6.7* | 5.7 5.4 | 6.1
84 21,18 | 12.8 1.7 (1.0
85 { ~B.5 0.1 14.8 |14.4 13.8 |14.2
g6 13.7% | 10.6 9.4 | 9.1

& 15.0  |le1.27 {n.)s {15.59 {51.8 8.5 | 7.5 | 8.4* | 55|58
6 { L 4.9* | 3.6 2.0 | 3.2%
SpA 8.1 | 2.3 | 3.5 | a8 | 33|45

TABLE | Cells grown in presence of insulin at 10 pg/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 B in transdifferentiating neural retina (de Pomerai
and Clayton, in press). The effects on the relative proportions of 84, 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 from cells in G4,

S and Gy (Fig. 10). R.E. Cell division is stimulated by a retina extract (R.E.)
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prepared by Arruti and Courtois (1979 g 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 105
cells per dish on the 4th day of culture. On the 8th day, Hy-1 was at 9 x 109,
Hy-2 at 7 x 105 and N at 6 x 102, The strains respond differently to RE, N and
Hy-2 cells both rise to 10 x 109 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 cells is affected (Fig. .3¢c, f£.), but shows genetic
.differences in the changes obtained in the proportions of the three high molecular
weight B crystallins: a reduction in B4 in both genotypes, but B3 is reduced in
Hy-2 only. 61 is reduced and §2 increased, especially in Hy-1. 8 in cell
content in response to RE were also found by Barritault and colleagues 1979)

| a

5a B B a &r B B a -
Fig. 3. Aa. b c Ba b ¢ C

Fig. L.
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) Hy-1 cells. C) Crystallin standard. a) 6% F.C.S. Ab) 10% F.C.S. Bb) 15%
F.C.S. c) RE: 20ug/ml. Arrows indicate the components most affected by medium.
MNNG: Cellular response: (1) Neural retina. 8 day embryo neural retina differ-
entiates within a week after plating, into neurcepithelial cells and neural cells
with 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
aggregates (Okada and colleagués, 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 lentoids 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 MNNG treatment (Fig. 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 MNNG 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.

Fig. 6.

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, lentoids and pigmented cells. b) 30 days after MNNG treatment,
fusiform cells. c)e) neurone-like cells after MNMNG treatment, 50 day cultures.

d) degenerating pigment cells, 26 days, MNNG.

2., lens Epithelium Lentoids appear in primary cultures, which grow slowly but
still appear morphologically normal at 30 and 40 days. Secondary cultures,
established from 9 day old MNNG primary cultures developed lentoids, but show "
abnormalities which are not found in control secondary cultures. These include
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 far 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),
but this effect is rapidly reversible, and is neither delayed nor persistent as
here. Neural retina mRNA sequences are found in the intermediate abundance class
of lens mRNA (Jackson and colleagues, 1978) and it is possible that some of these
mBNAs may become expressed in a proportion of lens cells after MNNG treatment.
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We hope to examine this problem further by specific identification of the molecular
properties of these axon-like cells.

Fig. 7. Lens epithelium cells in secondary culture. a) control. b)ec)d) cells in
cultures derived from MNNG treated primary culture. b) fusiform cells. c) neurone
like cell and epithelial cells. d) bipolar cells from edge of culture, inset, two
bipolar cells.

» O,

=

Fig. 8. Proteins from LE control cells and cells after MNNG treatment at 7 days.
@1) Do. B) Hy-1. Aa) Ba) 9 days, control. Ab) Bb) 9 days, MNNG treated. Ac Be)

control, 24 and 21 days respectively. Ad) Bd) MNNG treated, 24 and 21 days.

Fig., 9. mRNA translation products from MNNG and control cultures: A) polysomal,

RNA., B) post polysomal RNA, a) 3 hours, control. b) 3 hours after MNNG. c) 48

hours after MNNG. PAG-SDS electrophoresis and densitometer traces.

MNNG: Biosynthegis (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 considerable fall in a B
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crystallin in experimental compared to control cultures, (Fig. 5). There is also
; s%igiht diminution of & crystallin in Hy-1, and of a high MW component ('A') in
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 profile of
cultures shows both an ontogenic change and strain specific differences (Fig. 8).
2 days and 17 days after MNNG 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 8 crystallins. The effect on mRNA has so far b
examined mainly on Db cells. 1 hour after MNNG, Db cells have less total polyso
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 polysomal 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 MNNG, the poly A content of total RNA was 3
times higher in Hy-1 and 11 times higher in Hy-2 control cells compared to MNNG
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 sﬁort-fall in new mRNA. 48 hours .later (at 9 days of culture,
when lentoids are beginning to appear), MNNG 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 InsulineR.E., Levels of F.C.S., and MNNG.
Although our results are preliminary, strain specific differences in response havg’
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.
cells =
in arrest
G1. G2

e .

Fig., 10. Densitometer trace from fluorograph of PAG i.e.f. analysis of pulse
labelled crystallins from synchronised LE dells. The majoritg of cycling cells
were determined to be in Gi, S, Gp/M, by pulse labelling with JH 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, any cell
cycle dependent susceiptibility 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
turnover (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
crystallin synthesis for a given genotype: this suggests that there may be
.different receptors and effector systems involved , and that there are probably
several levels at which synthesis of a particular polypeptide may be regulated.
Differential rates of synthesis of specific crystallin subunits in response to
various conditions have been reported or reviewed elsewhere (Vermorken and
Bloemendal, 1978; Clayton, 1979a; Piatigorsky, 1980). All the conditions reported
here also affect protein synthesis differentially; crystallins, therefore, appear i
to be regulated non-coordinately.
In the case of insulin and MNNG, 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 mRNAs 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 MNNG on mRNA
are more extreme, and the long term effects in culture include pathological changes
.and the appearance of unexpected cell types. The process of transdifferentiation
from neural retina into lens cells is accompanied by a steady process of radical
change in the abundance of* crystallin mRNAs (Thomson and colleagues, 1979). We
have not yet examined the long term molecular effects of MNNG, 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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SUMMARY

The genetically unvelated chick strains Hy-1 and Hy-2, which have
been strongly selected for growth rate, both exhibit hyperplasia of the
lens epithelium. These two strains and a control strain N, not selected
for growth rate, were compared with respect to incorporation of *H-
thymidine and ¥C-uridine by freshly excised lenses in culture ot different
Limes throughout a 24-h period. The levels of incorporation of label into
the Jens cells were found to vary according to the time of day. The pattern
of diurnal variation in both thymidire and uridine incorporation was
tound to be strain specific. Hy-1 and Hy-2 showed a greater degree of
synchrony than did normal (N) lenses, and the frequency of the peaks of
incorporation was also higher. Autoradiography confirmed that only lens
epntielium incorporates thyraidine during sulsure aud taat the number of
labelied nuclei depends on the time of day when the lenses were ex-
planted. Thess data point to genetic control of the cell cycle.

1. INTRODUCTION

Lwo genetically unrelated strains of chick, Hy-1 and Hy-2, have been rigorously

- selected for high early growth rate over a period of several years: Hy-1 is an

inbeed strain and ¥Hy-2 the -1 between two inbred strains. Both show
hvperplasia of the i3 epitheliom and a variety of abnormalities of cellular
YPery i)

' properties when compsred with a strain (N) not selected for rapid growth. In

Hy-1 and Hy-2 the lens epithelium contains an exeessive number of cells as
cowpuied to normal and ib forins a multi-layeved structure across the antevior
fuce of the lens between the capsule and fibre body. The morphological arrange-
ment of these epithelial colls suggests that they are deficient in contact inhibition
on their upper avd lower surfaces and ghows that they have a tendency to dif-
ferentiate info fibre celis within the layers (Clayton, 1975). An investigation of
epithelium from Hy-1 has shown it to be deviant from normal. Abnormalities in

; cell culbure condibions include the mibolic rate, whiell is approximately double

that of normal cells, cell behaviour, a tendeney for precocious fibre differentiation
Bguchi, Clayton & Perry, 1975; Clayton el al. 1976a) and DNA, RNA and
o 3 A 5 3 :
rotein metabolism. The regulation of the rate of synthesis of cach class of RNA
P = A
is under gensbic control as indicated by uridine incorporation studies, and differs

* In partial fulfilrent of requirements for the degree of Ph.D.
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markedly between strains (Truman ¢f el. 1976). Similarly quantitative differences
between strains in the rate of crystallin synthesis and gualitative changes in the
membrane composition were found (Clayton et «l. 18765).

The epithelium of the lens of the eye has been found to exhibit diurnal rhythms
with respeet to mitosis in the rabbit (von Sallmann & Grimes, 1852) and the rat
(von Sallmann & Grimes, 1966) and diurnal variations in the rate of DNA syn-
thesis and mitosis have been found in other epithelial tissues, of, for example,
the mouse (Pilgrim, rb & Mauier, 1863 ; Potten el al. 1977) the rat (Bystrenina &
Podderingina, 1976) and humans (Fisher, 1968 ; Schell et ol. 1977). Diurnal rthythms
have also been observed in RNA content in cell lines such as liver (Pleiffer, 1968)
and in human leucoeytes (Kohler, Karacan & Rennert, 1972).

It was observed that when explanted lenses from the thrvee strains were sef up
in culture, they showed an apparent cyclic pattern of synthesis according to the
time lapsed after explantation which appeared strain specifie. Clayton e al.
(1976b) suggested that the levels of synthesis conld be explained if they were
related to the stage of the cell cycle and if the strains differed in the perviodicity
of the cycle and its sensitivity to modification.

This paper reports that diurnal variation in DNA and RN A synthesis is intrinsic
to the chick lens and that the periodicity of the cycle is related to the genotype.
This therefore provides a basis for genetic investigations of the regulation of the
cell cycle. ‘

2. MATERIALS AND METHODS
() Chicks

Day-old chicks of the Hy-1 and Hy-2 strains and of the normal control strair. (N)
were obtained from Sterling Poultry Products Ltd, Ratho, Midlothian and the
Poultry Research Centre. All chicks were kept under constant light conditions
prior to experimentation.

(b) Culture of lenses

Iyes were removed from chicks after decapitation and the lenses were dissected
out under sterile conditions and explanted into minimal essential medium (ATEL)
with Hanks salts with 25 ma (HEPES), Gibco Biocult, Glasgow, Scotland. The
lenses were immediately transferved to 2 ml culture medium M199+4 10 %, foctal
calf serum and 200 in/m] penicillin (Gibco, Biocult), and ineubated for one hour ot
37 °C in 59, CO, in air. The medium was labelled either with *H-thymidine alone
(100 £Ci/ml) or double labeiled with *H-thymidine (100 Ci/ml) and ¥C-uridine
(5 £Ci/ml). The maximum time hetween decapitation of the chick and the start
of the radioactive pulse was 25 minutes. Radioactive chemicals were obtained from
the Radiochemical Centre, Amersham, England.

(¢} Deierminalion of precursor incorporation

After labelling, lenses were washed in cold phosphate buffered salive (PBS)

(Takeichi, 1961), and transferred singly to a 2em square of Whatman 3 mm
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chromatography paper. The lens eapsule was puu(,tmed and the lens squashed
firmly onto the paper which was then transferred to 59 TCA. The non-absorbent
surface of polythene-backed paper (Beochkote, Whatman) was used directly
beneath the chromatography paper to prevenb the loss of any material. Tach
paper carrying squashed lens material was washed twice separately in 59, TCA
then communally in absolute ethanol and ether, After drying the papers were
placed in vials with a secintillant containing 12-5g PPO and 0-75 g dimethyl
POPOP in 2:51 toluene and counted on a liquid scintillation spectrometer (Inter-
technique). Scintillation chemicals were obtained from Koch-Light Laboratories
Tt ¥% was verified that incorporated precursor was adequately washed from the
squashed lenses by labelling lenses for varying periods fror zero-time to 90 wmin.
The plotted results of disintegrations/min/lens against time showed a smooth
curyve which passed through the origin.

() Autoradiography

After one hour incubation in 3H-thymidine as outlined above, lenses were
washed in cold PBS, fixed, embedded in paraffin wax, sectioned at 10 gm, and
the sections were stained with haewotoxylin and eosin. Nuclear emulsion (fiford
L#4) was applied by the dipping method (Messier and Leblond, 1957) and exposed
at 4 °C for several days (as indicated in figure legends) in sealed containers con-
taning de;si«.c{mt. Siides were then developed using Kodak D19. Phetographs
were taken using the Carl Zeiss Ultraphot.

3. RESULTS
(@) Thymidine incorporation .

When freshly execised chick lenses were incubated in medium containing
8il-thymidine for. t h, the level of incorporation of radioactivity into DNA
which was obtained varied according to the time of day (Fig. 1). The fluctuations
of incorporation fund over the period of 24 h were greater than the standard
deviations of the observations on the individual lenses mads ab one time. When
comparisons were made of the lanses of different censtic strains of the chick the
Ix-nttcv-u of diurnal vaviation was found to be strain spe('xhc.. I'he number of cells

smngazed in DNA synihesis is greater (as judged by the amplitude of the peaks), as
i3 thc synchrony (as confivined by antoradiography, e.g. Plate 1), in the strains with
hyperplasia of the lens epitheliwm (Hy-1 and Hy-2) than in lenses of more normal
mr»rpholt) gy (N). The statistical significance of the differences hetween the maxima

r1 minima were evalnated by Student’s ¢ test. All three peaks of incorporation of

%

i ‘iJlV-u are stat:

ically highly signiticant. The resudts with dy-{ are diificult
to interpret as t]re variance is greater than in the other tio strains and may mask
the cxele to a certain extent, bub pooled data (Fig. 5) indicates 4 peaks within a
24-h period. Becausa of the limited number of observations within a 24-h period,
and becauss each ohservation is of one hour duration, the precise times of maxima
and minima of incorporution can only be estimated by interpolation, as has been
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Fig. 1. Plot of the mean and standard deviation of 3H-thymidine incorporation in
groups of freshly explanted lenses of the three strains of day-old chiel (N, Hg=1
and Hy-2) at 2-h intervals overa 24-h period. Mean values of disintegrations /inin/lens
are plotted at the tine of commencerent of pnlse-labelling and iherefore correspond
to the following hour. The length of the bar represents twice the standard deviation.

Fig. 2. Plot of the mean and standard deviation of ¥C-uridine incorporation of gronps
of freshly explanted lenses of day-old chicks at 2-h intervals over a 24-h period.
Superimposed is the *H-thymidine incorporation profile for the same chicks (dotted
line) to show the relationship with the “C-uridine incorporation. Bach lens was
pulee labelled for 1 L. Mean vahies of disintegrations/min/lens are plotted at the
time of commencement of pulse-lnbelliug and corvespond to the following hour.
The length of the bar represents twice the standard deviution.
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done to some extent in Fig. 1. The patterns of incorporation are reproducible in
different batches of chicks and were consistent in three independent experiments
under similar condibions.

Longer term monitoring of thymidine incorporation using less frequent intervals
shows that statistically significant diurnal variation persists for at least 4 duys
after hatching (Fig. 3).

(b) Uridire incorporation
Freshly explanted lenses incubated in medium containing “C-uridine for one
hour also exhibited partial synchrony and a diurnal rhythm in incorporation of
the RNA precursor which was characteristic for each strain (I'ig. 2). As in thy-
midine incorporation, synchrony is greater in the strains with hyperplasia of the

lens epithelium than in the control strain (N). All the maxima of incorporation are
statistically sigonifieant.
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3. Plot of the mean and standavd deviation of *II-thymidine incorporation in
groups of freshly explanted lenses of day-old y-2 chicks ab approximately 6-h
intervalas over a 3-day period. Mean volues of disintegrations/min/lens are plotted
at the time of commenceicent of pulse labelling, and therefore correspund to the
faliowing hour. The leagth of the bar represents twice the standard deviation.

A definite relationship exists between thymidine and uridine uptake of the same

Jenses (Fig. 2). The frequency of synchronous bursts over 24 hh are the same in
both profles. However the uridine incorporation maxima appear to oceur slightly
Iater than the thymidine maxima in Hy-1 and Hy-2.
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(¢) Auntoradiogrephy

Freshly excised lenses of the 3 strains were incubated for one hour in mediam

containing *H-thymidine. The times of labeliing were chosen from the thymidine
incorporation profiles (Fig. 1) to correspond to a maximwn and minimum for each
strain. Autoradiography of these lenses has confirmed that only the lens epithelium
incorporates thymidine during a one hour pulse in ali three strains. The resulls
are consistent with the incorporation data in that the level of precursor upiake
varies with time. Lenses labelled at a time coincident with maximal thyrmidine
incorporation as jndged by a previous experiment showed a greater number of
labelled nuclei than lenses labelled at a time corresponding to a minimal level
(Plate 1).
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Fig. 4. The graph shows Hy-1 lens wet and dry weight plotted against *H-thymidine
incorporation after a 1-h pulse. The wet weight was determined directly hefore
incubation. The dry weight was determined after the lens was squashed on filter
paper, washed and then dried. The weighing measurements were accurate to 0-01 mg.

4. DISCUSSION .

Pulse labelling of lenses throughout the day can be used to define the pattern of
macromolecular synthesis. Providing the precursor pools inerease through the
cycle in proportion to the increase in the rates of uptake in synthesis, the amount
of precursor incorporated in a short pulse is a valid measure of the rate of syn-
thesis. However the question of pool changes throughout the cell eyele is an open
one since there is insulficient data so far available either to exclude or support
such changes. '
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Autoradiographs showing incorporation of *H-thymidine in day-old Hy-1 chick lenses.
Freshly explanted lenses were labelled for one hour at varying times of day, embedded,
stained and sectioned then dipped in photographic emulsion. They were exposed for 4 days.
A swas labelled between 14.10 and 15.10, a minimum on the *H-thymidine profile of Fig. 1.
B wasz labelled between 23.30 and 00.30, a maximum peak in Fig. 1. ' )

F. E. RANDALL, D. E. 8. TRUMAX axp R. M. CLAYTON (Facing p. 208)
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Synchrony in mitotic figures in different regions of the lens epithelium from the
Iabelled nuelel has established that thymidine incorporation profiles are a re-
flexion of the mitosing lens epithelial cells. Moreover the data obtained by auto-
radiography imply a variation in the number of nuclei showing DNA synthesis
rather than variation in incorporation rate which might be brought about by
fluctnation of thymidine pools. (Plate 1).
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Fig. 5. Plot of the mean values of “H-thymidine incorporation (d.pan./lens),
avoraged from three independent cxperiments, at intervals over a 24-h period.
A A, Strain N; O —— O, strain Hy-1; 9 - —— - @, strain Hy-2.

S

Fig. 4 shows that thymidine incorporation has no relationship to either dry
weizht or wet weizht of the lenses: causes for the strain differences in thymidine
incorporation raust be sought elsewherc. The rate of cell division iun single-ceil
clones in culture and the rate of growth in mass culture (Kguchi e al. 1975;
Clayton et al. 1976) show that the mitotic behaviour is intrinsie to the cells of each
genotype. Furthermore, caleulations based on the growth rate of single-cell clones
({Szuchi et al. 1975; Clayton ¢f al. 1976) shows that while there is some hetero-
geoeily in a population on N cells, with an average cyele time of 24 b, Hy-1 has

of cell division, with an average cycle time of 7-2 h.

The minor fluctuations (peak 4 in Hy-1 and peaks 2, 3 and 4 in N) are seen to be
real when the incerporation data from 3 repeat experiments are superimposed
(Fig. 5) or averaged (Table 1). The data for Hy-1 suggests either (1) that & high
proportion of cells inust be in rapid eycle: the third peak, which is the highest,

possibly includes the majority of cells with a longer cycle time, or alternatively

rent; but equalcell populatiens oo simitar to N, and one with 2 high rate*
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(2) a high proportion of the longer cycles are staggered at regular intervals. The
pronortimls of total counts in the first peak of \' uggest that most cells have a
24-h cycle, but a small proportion are either out'of phase cr in move rapid cycle.
In the case of Hy-2, 2 possible hypothesis is that all cells are high!y synchronized
with 2 rveduced cycle time of about 8 h periodicity.

The data suggest that there may be two ways of increasing the numbers of cell
divisions, in fast growing animals by decreasing the duration of a mitotic cycle,
or by increasing the numbers of cells involved. It would seem that Hy-1 mnay use
both mechanisms, while Hy-2 may rely mainly on changing the cycle. These data
are therefore indicative of the genetic control of the ceil 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 recraitment of these cells for differentia-
tion into fibres. Tt has been suggested (Clayton, 1975) that Hy-1 aud Hy-2 vetain,
for a prolonged period, the high rate of cell division which normally characterizes
embryonic chick lens cells but declines after 11 days of incubation. The time of
onset of multilayers in the élnbryO agrees with this suggestion (MeDevitt &
Clayton, 1979).

If the cell cycle duration is strain specific as this data suggests, the question
then arises as to which phase of the cycle is under the genetic control. Evidence
indicates that G1 is the only phase of the cell eycle of lens epithelium which can
undergo arrest (Mikulicich & Young, 1963; Prescott, 1968). The regulation of the
cell eyele might therefore be expected to be exerted at the level of the G0-G1
transition.

Taking into account that the actual periodicity of the peaks of maximum
synchrony in thymidine may be masked both by the duration of the observation
and by the limited number of ohservations in a 24-h period, a pattern appears to
emerge irom the data with respect to the time inferval between maxima. This
interval approximates to /4 h or multiples thereof in the different strains. This is
being further investigated. If this is the case this data supports the cell-cycle
model of Klevecz (1976) involving a sub-eycle Ga which has a duration equal to

the period of the cellular clock and of which quantitized generation time is an
expression.

Interpretation of the uridine incorporation profiles is move complex as it does
not only reflect the mitosing (inthe'ml cells. In addition, those undergoing dif-
ferentiation are rapidly synthesizing RNA (Reeder & Dell, 1265) and some RNA
metabolism occuis in the (lif!'erentuued fibres. The profiles reflect total RNA
synthesis (Fig. 2) but this will probably ounly include rapidiy labelled nuclear
RNA and heavy ribosomal precursor as ouly short pulses were used.

It has been observed that rRNA is much merve vapidly labelled in Hy-{ than in
control (N). In Hy-1, rRNA is labelled within an hour and is in the process of
being degraded by the time the rRNA in N becomes labelled (Truman ef al. 1976)
This eould therefore contribute to the differences in the uridine incorporation
profiles between these strains.
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The peaks of synchrony in widine incorporation coincide with those of thy-
midine incorperation or follow 1-2 h later (Fig. 2). As more cells enter S-phase
and double their DNA, RNA synthesis also doubles. The pattern is therefore
consistent with the idea of a gene dosage effect reported in the literature for other
cell types.

These diurnal rhythms have been exposed in the absence of light entraining
factors, as the chicks were kept under coustant light conditions. Reproducibility
of the cycle eliminates any disturbance by Man as the entraining factor. Further-
more variations in thymidine incorporation persist for at least three days in whole
lenses in longer term culture (Clayton ef al. 1976b). The trauma of hatching could
be an entraining factor, vau'l.bﬂlby 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. drea of each peak from Fig. 5 expressed as a percentage of the total

Strain Peak no. % of total
N 1 50-6
2 14-8
3 18-8
-+ 159
Hy-1 1 21-9
2 19-6
3 38-8
4 20-0
5 Hy-2 1 47-0
2 24-5
3 28-5

“Variation in hormone levels has been implicated in the control of these rhythms
(Bullough, 1962; Epifanova & Tehoumak, 1963; Tutton & Helme, 1973; Tutton,
1973). Bullough has discussed circadian witotic thythms in terras of waking and
sleeping in relation to a high level of secretion of adrenalin while the animal is
awale and netive, and a 1w rate of secretion while asleep. The veey short teem
changes reported here cannot be accounted for on this hypothesis. Furthermore
the lens is avaseular «nd would be relatively buffered against short term ch: anges
due to blood hormone levels. Differing hormone levels in Hy-1 and N strains
cannot account for the differences we have ohserved, since the growth curves of
lens epithelium in cell culture show that Hy-1 cells have an intrinsically higher
groawth rate-than XN colls which persists throush thice successive subeultiwos
(fLguchi et al. 1975).

If the diurnal rhythms discussed are indeed intrinsie, biochemical oscillations
might be the basis of the cellular clock. The activity of enzymes has been observed
to vacy with time (Kleveez & Ruddle, 1968) as have other cellular constituents,
for example cyclic nucleotides (Abell & Monahan, 1973; Marks & Grimm, 1972)
and non-histone proteins (Allfrey et al. 1973).
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The data presented heve provide a warning concerning the importance of the
time of day of comparative studies in cellular metabolizm of different organisms.
It stresses that the time of day is a more important parameter than age.

Investigations of genetic modifications may be expectsd to illuminate the
processes whereby cell division is regulated and its relationship with cellular
differentiation. Comparing strains such as Hy-1 and Hy-2, selected for high growth
rate, with normal strains and determining the nature of the genetic control of the
cell cyele could provide a new attack on the probicn of cell reproduction iu zivo.

The relative proportions of the different erystallins synthesized in lens fibre
cells, whether derived from lens cpithelium or {rans-differentiated from neural
retina is affected by the age of the embryo, from which the cells are obtained,
d-crystallin being predominant at earlier stages and f-crystallins tending to
replace d-crystallin Jater in development. At all ages, Hy-1 synthesizes more
d-crystallin than the eorvesponding N cells. We Lave therefore proposed that a
high J-erystallin content is related to a short mitotic interval (de Pomerai &
Clayton, 1978; Clayton, 1979). If this is confirmed, it would indicate that mitotic
traverse time can act as a regulator of erystallin synthesis.

We would like to thank Ross Poultry Lid and the Poultry Research Centre for continuing
to supply us with newly hatehed chicks of the thrse strains; and Dr J. Jacob for advice
regarding the auntoradiography. This work is supported by resesrch grants frorm the € R.C.
and M.R.C.
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