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ABSTRACT 

A eemparison has been made between the cross response 

of a fibrosarcema growing in rats to radiation, and that 

of its cells* A permanent cell line has been established 

from ttis tumour and the radiobiological properties of 

these cultured cells and of the tumours that resulted 

when they were reinjected into rats, have been studied. 

The modifying effects of oxygen, the linear energy 

transfer of the radiation, and dose fractionation on tumour 

growth delay and cell survival have been studied* The 

properties of an in vitro model system of the non-

proliferating cells in a tumour have been investiated. 

The results indicate that studies in vitro may not 

be valid as a guide to the detailed radiobiological 

behaviour of cells 	ViVO, and that there may be 

qualitative differences between the types of cellular 

damage expressed following irradiations in vivo and in 

vitro. 
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Chapter 1  

INTRO.DUCTION, 

101. Tu ours and. Radiobiolore  

The main characteristics of neoplasms have boon 

described through detailed clinical observations over 

many centuries.. Broadly, patholoeisto have divided 

neoplasms into benign or innocent tumours, and mali;nant 

tumours. Benin tumours are circumscribed and usually 

encapsulated lumps growing at a very slow rate, which do 

not tend to invade or destroy surroundin_ tissues. They 

are often curable by local excision and do not usually 

endanger life. In contrast, malignant tumours grow more 

quickly and more extensively.. They invade and destroy 

neiL;hbourine tissues and often recur after local excision. 

Probably their most dangerous characteristic is their 

abilit to metastaeise, to give rise to secondary -ro, ths 

of a similar kind, in distant parts of the body due to 

discontinuous transport of coils fro'u the orit inal 

tumour to the appropriate site via the blood o lymphatic 

systems. 

There are tree basic methods available for the 

treatment of cancer: surgery, radiotherapy, and chemo-

therapy. At the present time many treatments fail to 

produce a cure, and the reasons for this are Poorly 

understood. Unfortunately many petients present themselvs 

with the disease at a fairly advanced stage, by which time 

metastases may have developed. It Is possible that if 

more effort were put into enourin: early diagnosis in 

patients, the benefit in ter .s of cures produced ,ould be 

greater than that due to the bulk of the research that has 

be.n carried out into the causes and treatment of cancer 

7 
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1967 	Zven ao, there wou1L t); failures. Colit (1969) 

has eetimated that rl-rewth of the rimore lion following 

radiotherapy was a sionific nt eert of the terminal phase 

of tL:e diseeee in about 36 eerceit of the patients dying 

of eencer in the United ;Aates in 1968. It ie in part the 

concern of the tumour rediobiologist to explain those 

failures and to ,oint to better methods of treatP_ent by 

radiotherapy and, or chemotherapy. 

14?.. Ra4iothereee and ZediobioieFX:e 

The first report of successful treeteent of cancer 

with radiation CAMS from the United Jtetes in 18 9, less 

than four years after Roentgen pnbliehed his first paper. 

The early radiotherapists attempted to administer the 

largeet dose in the chortest time. In practioe this 

meant submitting patients to sincle treetents 'eating 

eeverel houre. An alternative method consisted of Jingle 

or obort curUee of treoteent at intervals of e few weeks, 

for overall periods of several months. The cueuletive 

ohmmeter of the effects of radiation .,eLd. Iuickly been 

noted, and the only rational* for thinsecond approach 

wee teet it was more tolerable for the 7at1ent than that 

of a aingla maestro dose. Nevertheless, clinicelle observed 

reactions in normal tissues were still Bever°. 

In 1922 C.Ragaud demonstrated th,t a sizvie large 

dose, capable of pro cm: necrosis of the scrotum, was 

unable to produce permanent sterilizetion o the testis 

of a rameetereas tho radiation delivered as four fractions 

within ten days did so without producing permtnent ekin 

necrosis. Regeud Goon applied these results to radium 

treatments extendinr over periods of seven to ten. days. 

e. utard extended Reoudis 	dily dose° 
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over periods of several weeks and demonstrated a considerable 

improvement in the results of treatment of cancer of the 

larynx and pharynx (Coutards  1934)0 Susequent develonmeats 

in radiotherapy were essentially quantitative in nature. 

Ralston Paterson in 1952 Teaintained a statistical apreach 

to the problem of optixem dosage in radiotherapy, to 

quote.  him "few radiotherapist& will be able to justify 

their choice of dosage and trotment on really solid. 

6rounde (Paterson, 1952). 	letter (1969) has revie.,ied 

the progress of clinical researel until the present time 

as it has been applied to considerations of the relationsA.p 

between time and dose in radiotherapy. This research, 

though essentially enpirical, has provided the fratework 

for present radiotherapeutic practice. Developments in 

radiobiology may have seemed, in many instances, to be 

unrelated to this practice, and it is not yet possible to 

propose any rational optimum tretoent regimes, however, 

these developments have made it possible to sugeAst reas 

for success or failure in radiotherapy (Barendsen, 1969; 

Sholine et al, 1971), and it is to be hoped that current 

research will soon. begin to have an impet on the planning 

of tretytment regimes. 

In general radiotherapists limit Vleir treat7ent 

not so much to that which will just destroy a tumour, 

but to that which will induce a reaction in 	surrounding 

normal tiseue whie. will just be tolerated. J.G. Slewart„ 

stu,Ayinc the relation of dose to results in radiotherapy 

in two clinical trials, one for cancer of the rleuth, and 

one for early-  carcinoma. of the larynx, oenclude,:i that the 

optimum dose in both cases was the hiGhast dose eopr.itiles 
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with acce;etable necrosis risk (Stewart, 1964). This 

concern for the normal tissue has led to the conceet of 

the therapeutic rrtio as an aid in determining optimum 

dosage (figure 1). For a "redioseesitive" tumour having 

a high therapeutic retio, complications increese slowly 

with increasing dose (figure 1A). For a "radioresistant" 

tumour, the dose-effect curves for normal and ealitment 

tiseuos will be close together so that complications will 

increase quickly with increasing dose (figure 1B). 	igure 

1C shows actual curves plotted by Pletcher (1969) from 

data on skin cancer obtained, by Strandqviet. The effect-

iveness of radiotherapy could be improved, if the teorapeutic 

ratio could he suitably manipulated, wad it is one of the 

aims of radiobiology to provide information as to how 

this can be done, 

1.4. Cell Survival,  

In 1956 Puck and Marcus published the first directly 

measured mammalian cell survival curve. They used an 

in vitro clonin teeinieue with cells derived from the 

lung of a Chinese hamster (Puck and .ercus, 1956). Soon 

afterwards kewitt and Wilson (1959) showed that mouse 

leukaemia cells irradiated in vivo or in - itro but assayed 

in vivo had essentially the saele reletionship between dose 

and surviving fraction of cells as that measured by Puck 

and iarcue. Subseque)t studies both in vivo and in vitro 

have shown that the survival curves for most cell lines 

have certain features in common, and these are illustrated 

in figure 2. The ordinate scale i a lowarithmic one of 

surviving fraction, the close scale is linear. Survival 

in this context refers to the specific ability of cells 

to undergo unlimited proliferation so as to form colonies 
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on a petri dish, for exeeple, or to ceuse a tumour. 

The survival curve of figure 2 consists of an initial 

shoulder followed by a strait line correspendinE: to 

an exponential relation between dose and surviving 

fraction. (In proctice, some cell lines have survival 

curves e,-,ich continue to bend down at higher doses (Barendsen 

et al, 1960)). A survival curve of this form is character-

ised by an two of three parameters; Do, the extrapolation 

number n, and D 	po1) is a measure of the slope of the 
exTonential region %el: the survival curve, whene. Do firs theik 

which reduces the surviving fraction by a factor e-1 on 

the exponential part of the curve. It is sometimes called 

the mean lethal dose per sensitive site (Lea, 1962). The 

extrapolation number, n, is the intercept of the ordinate 

scale with the exponential portion of the survival curve 

extrapolated back to zero dose (Alper et al, 1960). The 

point at which Void' extrapolated line intersects the 100 

percent survival level is defined as he quasi—threshold 

dose, Dq  (Alper et al, 1962). These three parameters are 

related according to the expression D = Do log . 

Tumour d 	• 

Cellular radiosensitivity can be detereined by 

measuring cell survival curves, and the radiosensitivity 

of individual cells can usefully be defined as the inverse 

of the average energy per lethal event, 1/Do (Zimmer, 1961; 

Lea, 1962), According to this definition, a population 

with a uniform radiosensitivity will give rise to a 

survival curve with an exponential region, and changes 

in sensitivity will be reflected in changes in the slope 

of this exponential region. This definition of cellular 

radiosensitivity is precise ld has units oso). 
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In contrast, clinical radiosensitivity as applied, 

for inetInce, t tumours, is not so well defined. As 

used in discussing the therapeutic ratio sensitivity 

refers to local curability, a sensitive tumour beinn  

one with a high ther -,'eutic ratio, "owever, the term 

"radiosensitive" has also been aprlied to tumours which 

show re, id regression following a dose of radiation. 

Tumour radiosensitivity in this sense deends on other 

factors besides the radioseesitivity c);' the individual 

tumour cells. It will depend on their turnover rate and 

the rate of repopulation by survivin cells. A tumour 

with a rapid turnover rate may quickly decrease in size 

after irradiation, but if a sufficient number of cells 

survive, they will repopulate the tumour, so that to call 

it radiosensitive eould be eisleeding. Unfortunately 

radiotherapists are not agreed about the meaning of the 

term "radiosensitive" as ap lied to tumours. Paterson 

uses the term to mean local curability without defining 

what is a cure (Paterson, 1948), 	Easson describes 

s tumour as radiosensitive "if it is resolved rapidly 

in response to modest doses of x—rays" (EaseLn, 1967), 

and makes a distinction between sensitivity and curability. 

Such a definition depends in a complex way on the properties 

of the tumour, whereas t at of Paterson is more directly 

associated with the survival of individual cells. 

1.6. The Oxereen Effeot.  

The sensitivity of almost all tnes of cell to 

ionizin radiation for most types of damage is greater 

in the presence of oxygen than in its absence. This 

"oxygen effect" was described in radiotherapy almost as 

soen as radiation was used in the treateent of malignant 
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diserse, although the reasons wee not at that time 

understood. 

The rel a tionship between oxygen concentration and 

cell sensitivity was first accurately described for 

bacteria by Alper and Howard-Flanders (156), and 

Deschner and Gray (1959) showed that t.) same relationship 

held for the induction of chromosome abemotions in 

mammalian cells, This relation-hip ca be reoresonted 

by the equation 

S m [O] 	k 
trm=  EC] + 

where Sm  and S are the sensitivities of the test system 

in the absence of oxygen and in the presence of a cone-

entr tion C0,3 of oxygen, and k is the concentration of 

oxygen which brings the sensitivity to half its maximum 

value in, the oxygen enhancement ratio (o.e.r.). The oxygen 

is said to be dose modifying, th.t is, if an effect is 

produced by a dose B of radiation in aerobic conditions, 

then the same effect is produced by a dose ml) in the 

absence of oxyaen. 

There is now evidence to show that experimental 

tumours contain hypoxic cells (Gray et al, 1953; Powers 

and Toimach, 1964; Thamlinson, 1965), and that these cells, 

which are protected from radiation injury, can re000ulate 

the tumours (Powers and Tolmoch, 1964; Thor 	1968). 

As yet there is only indirect evidence to suggest that 

human tumours contain ay :oxic cells (Churchill-Davidson, 

1964). -no would exoect ta-t this hypoxic component of 

the tumour cell population would deteraine the response 

of a tumour to large single doses, and this rotection 

may be the reason that some tumours are not eradicated 
by such doses. 
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There are several possible ethods of dealin 

with to, ?roblem of hypoxic cells in tumours (Fowler, 1966). 

In the present context only the use of radiations of high 

ionization density, of high linear enercy transfer (LET) 

will be considered. The potential advantage of high LET 

radiation lies in the fact that the o.e.r. for damage by 

such radiation for most test systems  is considerably 

lower that that for radiations of low LET. The ratio of 

the o.c.r. for low LET radiations to that forefast neutrons 

from the Medical Research Council cclotron is in the 

range 1.5 to 1.7 for damage to mammalian cells (Hornsey 

and Silini, 1961; Berry, Bewley, and Parnell, 1965; 

Berendsen et al, 1966; McNally and Bewley, 1969). This 

factor represents the increase in effective dose to the 

hyToxic cells for high LET radiation over tbet for x-rays, 

and represents the chief reason for considering the -ossible 

use of neutrons in radiotherapy. 

12210.--led r• 

The existence of a shoulder to the survival curve 

for irradiated cells (fi ure 2) im lies that radiation 

damage has to be accumulated before it can express itself 

as lethal, in other words that cells can absorb some 

deeage as sublethal. Elkind and Sutton (1959) showed 

that cells could recover from, or shed this sublethal 

damage. They showed that if cells in vitro were exeo ed 

to a dose of radiation and some time later were exposed 

to a series of second doses, then the survival curve 

shape was repeated, those cells that had survived the 

first dose behaved as if they had received no radiation, 

they had shed their sublethal damage. .rbe time course 

for this recovery process has been studied both in vitro 
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(Elkind and Sinclair, 965, for instance) and in vivo  
when the response of tissues was being measured (Hernsey 

and Vatistas, 1963; Fowler et al, 1965; Withers, 1967b; 

Withers and Elkind, 1969). Typically, for mammalian cells 

in vitro,  as the time between the doses increases, there 

is an initial rapid recovery occuring within the first 

two to four hours, followed by a trough and subsequent 

increase in survival with time, reflecting Chances in 

sensitivity due to the induction of partial synchrony b 

the first dose (Elkind and Sinclair, 1965). 

The ability of cells to shed their sublethal damage. 

is of great importance for radiotherapy. Fowler (1966) 

has discussed in some detail the relationship between 

what one might orTect of a simple fractionation regime 

in terms of cell survival and the effects that are found in 

clinical practice. Again, the relative response of the 

normal to the tumour tissue is the crucial factor, and 

the size of the therapeutic ratio will, depend not only 

on the different cellular radiosensitivities (if any) of 

the two tissues, but also on their repopulation kinetics, 

and -noir relative abilities to shed sublethal damage. 

The developments in cellular radiobiology have been 

the principal timulus to discussions of the scientific 

basis of radiotherapy (Fowler, 1966; Alser,1967; Kaplan, 

1970). The principal endpoints at present available to 

th: radiotherapist are patient survival rates, and tumour 

growth and regression measurements Nevertheless, in the 

final analysis it is probably radiation's ability to kill 

individual cells that will determine whether or not a 

tumour will be eradicated following radiotherapy. Vor 
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this reason cell cloning experiments are potentially of 

considerable importance. 'Iowover, their possible relevance 

to the in vivo situation must be considered with some care. 

In vitro experiments allow one to study the 'rooerties 

of clonogenic cells, both proliferating and non-proliferating, 

directly. The non-prolifel ting but clonogenic cells 

may be of particular importance since ,any tumours contain 

non-proliferatinc cells (Mendelsohn, 1960). A study has 

been made of the properties of a non-proliferating pop- 

ulation in ytro both in terms of its response to radiation 

and in terms of its growth kinetics, and the relevance 

of such a model to tumour radiobiology will be discussed. 

It is important to measure the radiobiological 

properties of clonogenic tumour cells directly, since the 

environment witbin a tumour will affect their response to 

radiation. One can do this using the type of assay first 

develpped by Hewitt and Wilson (1959), or by the lung 

colony assay of Hill and Bruce (1969), or by measuring 

tumour cure rates (Suit, Shalek, and Nette, 1965). 

However, all these methods require large numbers of animals 

LS :acI the assay period can be several months'. A method which c,uld 

measure the formation of colonies directly would be a 

considerable ad-vontage. One way would be to culture the 

cells of the tumour of interest and to oeasure their 

properties in vitro* However, the characteristics of 

interest will aloost certainly alter, since it can take 

emny ,eneretions for cells to adapt to their in vitro 

environment (see chapter 3). A. second. method is to 

irradiate tumour cells in vivo and then to measure their 

ability to form colonies imeediately upon transfer from 

the animal to the etri dish. With such a system, the 

environment of the cell at the time of irradiation is 
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the "true" environment, while the assay in vitro allows 

ouick evaluation of results without the use of large 

numbers of animals. Ideally, a suitable system would be 

one which allowed movement from the in vivo to the in vi 

state and vica versa. Such a system has been developed 

by Barendsen's group (Barendsen and -3roerse, 1969)0  and I 

have developed a similar system usin the transplaatable 

fibrosarcoma RIB as the starting point, This system 

will be described, in detail in chapter two. 

Studies of cells in vitro have shown the importance 

of three factors in considering the reponse of cells 

to radiation, the LET of the radiation, the sensitizing 

effect of oxygen, and the ability of cells to shed their 

sublethal damage. Each of these factors has been studied 

in terms of its effects on cell survival and on the 

gross response of a tumour to radiation. In addition,  

evidence will be presented to question the validity of 

studies in vitro as a guide to the detailed radiobiological 

response of cells and tissues in vivo. 
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Chaater 2 

TECHNIQUES FOR !1TIODYING TU10UR  

2 1 Methods for measurilv to rross resonaa of a 

tuaour to radiation.  

In any biolozical experimental system the effects of 

biological variability should be kept to a minimum. When 

measuring the gross response of a tumour to radiation, this 

is best done by using a transplantable tumour system in 

an inbred strain of animals, since siontaneous tumours, 

for instance the spontaneolis mammary carcinoma in CH 

mice, tend to 7;aave a. wide range of histolosical types and 

growth rates (Denekamp, 1968). The sstem I have aaed is 

one developed by Thomlinson (1960). John's strain of 

Wistar rats has been used, and most of the work to be 

reported has been done with the tumour RIB
5 
 , a benzo- 

pyrene induced fibrosarcome,,er a modification of it. 

The trnsplantation procedure is one that was developed 

to Give approximately spherical tumours and aore important, 

to roduae the tendency of the tumours to aetastasise 

and cause the death. of the animals before the effect of 

treataent on the primaries could be assessed. Tumours 

could be maintained by subcutaneous graft in animal 

flanks. Experimental tumours were obtained as follows. 

A tuaour-'bearinG-  animal was killed by neck luxation and 

healthy tumour excised and finely minced with scissors in 
a cavity block. A measured. quantity, free of lumps, was 

drawn into a syringe and transferred to a second block 

where it was riaed with a 4 percent solution of sodium 

alginate in the proportions three parts tumour to one of 

alginate. This tumour-alrinate mixture was than drawn 
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into another syringe and dropped from a fine needle into 

a solution of 1 percent calcium chloride at room trature. 

The tumor :,el]et so formed 	removed to a boa':or of 

normal saline after .bcut PG.30 socond...11  a ti:e long 

enough for the calcium alginate gel to form a fir-. capsule 

around the tumour material, Meanwhilo, a sausa,o skin 

was i)r--I2,ared by invertinc the small intestine of o 3-5 
week old r:-J6 and cleaning off the mucosa with a sterile 

gauze swab. The tumour pellet was then placed in this 

slain Id tied offs  producing an approximately spherical 

tumour sausaze about 3 u. in diameter. This was 

im..,1nted subcutaneously into the left flan% of a rat. 

In some exeriments the sausage s%in was omitted. 

Deliending on the type of tumour being studied, 

tumours reaelled mecIsurable sizes one o .:our weeks after 

implantations  and could be measured along three diameters 

uoinu  vernier cA.liperse rewth curves were constructed 

by plottin, the arithmetic mean oi these diameter- .zainst 

time. Zero time was taken as the cLay of treatment ihich 

was w.:1on tu:flours had reached a standard size of 	mm. 

in diameters Tumours wore measured five times e.z week 

u-I,11 they h,..d reacheo. a mean diameter of about ,0 -m.s  

or until t,ie animals could no longer tolerate their 

presence. At -bids time tie animals were sacrificed and 

an autopsy performed. 

'..2he endpoint used was the time to crow from treatment 

size to 25 mm. in diameter after a dose of radiations  as 

co:Ipured with that Icr unirra-ited tu ,ours (Thomlinsons  

1960). 
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2,2. Eetable:Iment of a permanent cell line from 

tu:eour tissue.  

2.2.1. Introduction,  

There are -_any technicues available for culturing 

tunour tissue both as orn cultures and as single 

cell cultures (see Paul, 1965). In the 2resent context, 

only those methods that have been emrloyed for t',  E) 

particuler tumoure available will be described. The 

basic problem was to obtain a permanent single cell 

culture from a tumour vhose gross response to radiation 

was beint, studied. The particul r tumour of interest 

was la1850  Initially tic other tumours were also used, 

a butter yellow-induced liver tumour, and a spontaneous 

sarcoma of the orbit. The methods emeloyed were the some 

for all tumours, but RIB5  was the only one to be studied 

in any 

2.2.2. 2he primary culture.  

A tue:our-bearing animal was sacrificed by neck 

luxation and healtiy tumour tissue excised under 'aseptic 

conditions. This was -Jleced in a 5 cm. sterile plastic 

potri dish and finely minced with s,earp pointed ecissors. 

Como of the chunks from this mince were then eleced in 

sall Carrel flasks and attached to their inner surfaces 

by gently warming the flash bottoms. Appropriate amounts 

o:J complete medium were then. pipettod into the flasks 

and, after exchanging the air with 5 eercent 002  in air, 

the flasks were sealed and placed in a warm roOm at 3700. 

ithin a few days monolayer outgrowths could be seen. 

In practice these were not used further, their chief 

use 'Doing to check that the particular medium being used 

was satisfactory. The best medium was Eaeloge minimum 
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essential, althous 	gle's basal medium was also quite 

satisfactory. The complete medium used was: 

41 ml Eagle's minimum essential medium (x10) 

40 ml 	
/ 

NaTICO
3  2.8 percent solution in distilled water 

50 ml foetal calf serum (Flow Laboratories) 

ritreptomycin, 0.5 mg/ma 

Penicillin, 500 units/m1 

Mycostatin, 100 units/ma 

Glass distilled water to make up to 500 cc. 

It was often an advantage in the early stages to use 20 

percent serum rather than 10 percent. 

The remaining tumour mince was placed in a 20 ml 

glass universal container, and 10 ml of 0.25 percent 

trypsin in tris-saline was added. In some cases this was 

then placed in a cold-room for 24 hours to allow the 

trypsin to penetrate the tissue. The container was then 

placed on a wrist-action shaker and shaken for 30 to 120 

minutes in the warm room (37°C), and left to stand for 

3 minutes to let the larger tumour chunks settle to the 

bottom. The supernatant was placed in a 10 ml centrifuge 

tube and centrifuged for 10 minutes at 800 r.p.m. in an 

M.S.E. centrifuge, and the trypsin was discarded. The 

cell pellet was washed once with whole medium, resuspended 

in medium and inoculated into 100 ml "medical flat" 

bottles containing 10 ml of medium in an atmosphere of 

5 percent 002  in air. During the whole procedure the pH 

was maintained just acid (6.8 - 7.0). At this sta-e each 

bottle contained single cells, clumps of cells and tumour 

fragments. 

There now followed a long adaptive phase during, which 

the tumour cells gradualy adapted themselves to their 

environment until finally a firmly attached monolayer 
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culture of clonoeenic single cells was obtained. In 

practice this oeeeLive phase lasted for 8 to 12 months, 

and could be divided into a member of distinct periods. 

Initially, during the first two weeks, many of the 

cells failed to attach to the ?lass surface and died, 

With the first chance of medium this debris was removed 

leaving behind firmly attached cells and a few tumour 

fragments. Dividing cells could be seen, although not 

all of their daughters remained attached, 

Unless within the fourth week, a reasonably healthy 

culture consisting' of many lightly attached cells was 

obtained, the culture would never crow further. By 

the fourth week it was usually possible to make the first 

subculture. Unattached cells were transferred to a new 

bottle containing; fresh medium, and the attached cells 

resuspended by gentle trypsinisation, and washed off in 

a few a of medium. This suspension was then trans 

ferred to new bottles each containing 10 ml of medium, 

varying numbers of cells, never less than 1&, being 

placed in each bottle, If, within two days, many healthy 

attached cells were seen, then a successful culture could 

usually be established, From this st.ei on cells, became 

progressively better adapted to their environment, 

until within four to six months a healthy monolayer 

culture was established. 

It is difficult to define exactly what was required 

to ensure succese. This method only worked with tumours 

that gave large numbers of single cells during the initial 

teypsinisation, and in omeral, the higher the initial 

concentration oZ cells in the bottle, the greater was the 

obabilit of success. 
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2,2.. The permanent cell line. 

Once a permanent monolayer culture had been established 

it was neceesary to test the cells' ability to form colonies, 

or clones. A clone is a population of cells derived from 

a single parent, and cells capable of forming clones are 

said to be clonogenic* 

luck and his colleaeues were the first to demonstrate 

the ability of mammalian cells to form clones in vitro 

(juce and flarcus, 1955), They aeveloped the technique 

of using, a feeder layer of raolation—kieled cells. Test 

cells were plated ontop of these feeder cells which though 

unable to divide more teen once or twice, were etill 

metabolically active, and "conditioned" tie medium to ellow 

single cells to divide and form macroscopically observable 

colonies. Subsequent worl: hes shown that not all cell 

lines require a feeder layer, for instance tee V.-Ye 

Chinese aamster cell line. 

Is a source of feeder layer cells one can uee the 

line being tested, or an already establiehed cell line. 

The number of feeder cells needed will depend on tee cell 

line beine tested. After four months in culture k1115  

cells had a plain te efficiency of 15 percent ween plated 

onto a feeder layer of 4 x 105  ethrlich ascites cells in 

a 5 cm potri dish. The platinu efficiency is the fraction 

of sirejle cells plated veich are viable. A viable cell 

is arbitrarily defined as one which give rise to a 

colony of at least 50 cells after ten days. 

he highest value of the platine- efficiency after 

six months in culture was 0.19, with 2 x 10 IB5 
cells 

as e feeder layer. After a further four months the plating 

efficiency had risen to 48 percent, and it soon increased 
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to 60 80 percent, which has bean the normal value ever 

since. As the plating efficiency increased, so the "quality" 

of the colonies improved. Initially they were very diffuse, 

with cells spread over a wide area, but by the time the 

culture was well established, colonies were rounded and 

compE)ct. 

During the period of adaptation of the cells to their 

culture conditions their characteristics changed. This 

could be most clearly demonstrated when cells were 

reinoculated into rats. The resultinz tumour had a volume 

doubling ti e twice that of the original RIB5  tumour (see 

chapter 4). 

2 	 irradiate'  

4:14 71:794. 
110440d$ aveAl-qee, 

The first method developed for assaying the survival 

of cells in zly2 was the cell titration technioue of Hewitt 

and Wilson (1959). A sik7le cell suspension was obtained 

from the tumour of interest and the number of these cells 

required to cause a given number of ani als to develop 

tumours was determined. The surviving fraction of cells 

was then the ratio of this number for untreated tumours 

to that for irradiated on s. The technique has been 

used by a number of workers to determine cell survival 

curves (Reinhold, 1965; van Putten and Kailman, 1968; for 

instance). Its chief disadvantaGes are that a large 

numbo, of animals are needed, and it can take many months 

to be sure whether or not a tumour will develop. Also, 

there is 8 sirrnificant immune response from the host 

animal to many of the tumours that are used in laboratory 



experiments, 	 that a large number of cells is needed 

to induce a tumour; with RThr  at least 	 have 

to 	

03  - 	ave  

to be injected. to ensure -that a tumour will develop. 

Barendsen and Broerse (1969) have described a system 

which allows the characteristics of tumour cells irradiated 

in iveito be assayed in vitro, and I have developed a 

similar system using cultured RIB5  cells and the tumours 
that result when they are injected into rats. These 

tumours have been called RIB5  C, to distinguish them from 

the original RIB tumours. 

Tumours were obtained in the following way, RIB
5 

cells in culture were grown almost to confluence in three 

500 ml medical flat bottles. They were then tryDsinised, 

suspended in medium, and, centrifuged at 900 r.p.m. in 

an M.6.Z. centrifuge for 10 minutes. The sui)ernatant 

was discarded and the tumour cell pellet mixed with 

sodium alginate, and tumour sausages formed and implanted 

into rats as described in section 2.1. In experiments 

when tumours were to be excised immediately after irrad-

iation, a suspension of 5 - 12 x 105  cells in 0.05 ml 
of medium was injected subcutaneously into a rrt's loft 
flank, Growth of the resulting tumours (RIB50) could 

be measured in the normal way Cell survival was measured 

as follows, Immediately after irradiation, a tumour-

bearing animal was sacrificed, and its tumour excised 

aseptically and placed in a sterile petri dish. The 

tumour was finely minced with scis,ors and transferred 

to a 25 ml "vortex-beaker 	ml of calcium free 

ilank's medium (Hank and wallace 1949), containing 
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0.5 mg/ma trypsin at a pH of 6.8 7.0, was added and the 

tunour further minced for 15 minutes in. an 

homoc iser, This suspension was then filtered through 

a number 2 sterile hospital dressing (12 ply) into a 

contriguge tube and centrifuged for 10 minutes at 900 r.p.m. 

The supernatant was discarded and the cells resuspended 

in 3 ml of medium and filtered once more. They were then 

counted in a Hawksley blood haemocytometer using phase 

contrast mieroseopy, nd after Ippropriate dilutions 

were plated into netri dishes eontainire feeder layer 

cells, and incubated for 10 days at 37°C in an atmosphere 

of 5 percent 002  in air* Colonies were formed with a 

plating efficiency similar to that for the cultured cells 

from which the tumours had grown. 

This particular tumour was used rather that the 

original RIB
5 
tumour because not only did it yield a 

single cell suspension with ease, but these cells had 

a high plating efficiency when plated 'n vitro, unlike 

those of RIB5. 

Probably the most critical step in the assay procedure 

was the cell counting. Cells were counted if 

1) they had a well defined shape (approximately 

circular) 

2) they were not granular in appearance 

3) they had a sharp halo sueroundin,e the cell 

4) they siowed no sie of vacuolation or pyknosis. 

ceieregetes of cells were virtually never seen. 

The chief dieedvente,e of enc ein; pellets of 

cultured cells in pieces of small intestine as t'na low 

yield of tumours, 20 - 40 percent; this could, be increased 



to 40 - 60 percent hi omittin7 the small intestine, but 

then the tumours tended to be sausLze shaped which 

rendered them unsatisfactory for growth ITeasurments* 

The hih yield of tumours (70 - 100 T)ercent) following 

direct subcutaneous injection of cells was to a certain 

extent offset by the occurence of broken-up tumours, 

probably due to seeding of cells along the noodle tra 1 

and by non-uniformities in tumour shapes, Thus the high 

plating efficiency using RIB5C has in part been offset 

by the low yield of suitable tumours* Nevertheless, the 

advantage of a quick and, easy method for assaying cell 

survival is considerable 

Lou 

X-rayst  

The apparatus and the techniques used to irradiate 

the tumours were those described by Thomlinson and 

Craddock (1967). A turour bearing animal was anaesthetized 

with an intra-peritoneal injection of sodium amylobarbitone 

and then placed on its side on a persnex couch in a 

s:ecial radiation vessel containing gas inlets and outlets,  
a pressure gauge, and a temperature control cal-able of 

maintaining; the temperature at 26-30C. The rat's 

position was arran_i,ed so that the tumour was located at 

the center of a one inch field defined by a thick ring 

of lead (figure 3). To reduce the incidence of diarrhoea, 

as little of the abdomen as possible was included in the 

field. The distance of the midpoint of the tumour to a 

fixed point of the vessel determined the exposure time 

neeeFsary to deliver the -articular Jose of radiation. 

A hemispherical per sex lid was t.oen olticed over the rat 

29 
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(fiure 4) and the whole jig located in a standard 

position under the X-ray set head by means of a lead 

collimatior fixed to the head. The vessel could then be 

flushed with the appropriate gas prior to and during 

irradiation, For aerobic irradiations, air wa 	seed 

through the chamber at a flow rate of about 1 litr per 

minute . To render a tumour hypoxic, a U-shaped perspex 

clamp was applied 5 minutes before irradiation to 

occlude the blood supply to it. When irradiations were 

given with an animal breathing oxygen at high pressure, 

it was anaesthetised and placed in th4 vessel in the 

normal way. The lid was then bolted to the base and 

oxygen flocked through at 10 1/mins for 10 ininuts, The 

internal pressure was then raised slowly to 10 lbs/sq. inch, 

to avoid any trauma to the rat, and in particulcir, to 

ensure that there was no movement. The pressure was then 

i=reased to a final value of 30 lbs/sq, inch and maintained 

for 30 minutes prior to irradiation. During all stages 

the respiration rate was monitored, Immediately before 

and after irradiating an unclamped tumour, X-ray films 

were exposed to check the position of the tumour in the 

beam. After irradiation, animals were given an intra-

peritoneal injection of megamide and returned to their 

cages. 

aaalLt-IllatEnat 

The technique used was that described. by Field, 

Jones and Thomlinson (1967)* The neutrons were produced 

in the Medical Research. Council Cyclotron by bombarding 

a beryllium target with 17 May deuterons. This have a 

neutron beam with an energy spectrum of from 0 to 21 Mev 



FiLure  

Pressure vessel showin tumour located beneath the load 

collimator (from Thomlincon and Craddock, 1967). 
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Figure 4 

Pressure vessel with Perspex dome (from Thomlinson and 

Craddock, 1967). 



with a modal value of 6 Mevi The neutron facility and 

dosimetry have been described by Bewley (1963)and by 

Bewley and Parnell (1969). The neutron dose rate was 

about 50 rads per minute and contamination due to X-rays 

was less than 5 percent. 

The arrangement for tumour irradiations is illustrated 

in figure 5, and consists of a collimator designed to 

produce two divergent beams so that two tumours could 

be irradiated at the same time. The collimotor was 

constructed of berated polythene containing two steel 

tubes having a half inch wall thickness and one inch 

internal diameter. The two rats were placed one above 

the other in front of the collimator at a diatance of 75 

cm. from the beryllium target. The tumours were aligned 

prior to treatment by placing the anaesthetized rats on 

couches on an alluminium base-plate which was then attached 

to a mock collimator. Any movement of the animals during 

irradiation was monitored by a T.V, camera. 

2.5 	Qaimet 

S. 

A detailed decription of the dosimetric techniques 

will not be , ivent  as they have beentscribed elsewhere. 

They can be considered in two parts for X-rays and for 

neutrons. 

A. 2-rays.,  All tumour irradiations were performed using 
the arrengetqent described by Thomlinson (1960) and by 

Thomlinson and Craddock (1967). The source of radiation 

was a Marconi Industrial P!odol 250 Kv 	set, operated 

at 250 Kv and 15 ma., with filters of 0.5 m. copper and 

1 m):,. of aluminium. The mid-point of the tumour was 
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showing arrangement for irradiation of tumours with 

neutrons (from Field et al 1967). 
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approximately 41 cm. from the X-ray tube tars,et. The 

dose was monitored durin irradiation by a parallel plate 

ionization chamber in front of the shutter, col+nected to 

an integrated current meter. The current was cor, elated 

with tie dose received at the mid-point of the tumour 

as measured with a BD2 chamber calibrated a:2ainst a sub-

standard .6oldwin Parker Ionization Chamber. The etebility 

of the X-ray set output and the monitor were checked at 

regular intervals of not more than three months. The 

divisions per minute recorded by the monitor gave a day-

to-day check on the tube output. 

B. Neutrons.  The neutron dosimetry was determined by 

the Cyclotron operators and the techniques have been 

described by wley (1963), Parnell, Bewley, and 1,ield 

(1967), and Bewley and Parnell (1969). Briefly, ionization 

chambers were used in pairs one sensitive to both neutrons 

X-rays by virtu* of the presence of hydrogen in its 

wall, and, the other with no hydrogen in its wall and a 

reduced sensitivity to neutrons. The X-ray contamination 

could be assessed more accurately usin_ a small field and 

eaF0  powder, or thin photograohic sheets bewley and 

Parnell, 196 

Irraditions in vitrø.  

All irradiations were with a Phillips Therapy 2acbine 

operated at 250 gv and 15 ma., h.v.1 0.3 mm. Cu, Irrad-

iations were performed with petri dishes on trays at 

each of three levels in a epoolal perspox box. This box 

had outer dimensions 18.5 x 18.5 x 19 cm. and was placed 

with its top surface 2u cm. from the filter 1)ousin, of the 

X-ray set (fi;ure 6). ahe dose was r:onitored by a parallel 



Figure 6 

Pors;ox box for irradiation of cells in vitro 

with 250 Kv X-rays. 



plate ionization chamber in the base. of the perspex box, 

connected to a ratemet r, The dose to the cells and 

the dooe distribution across the field were determined 

uA.T17; lithium flu*ide capsules and 131)2 chambers* The 
dose rate varied from 250 radsimin. on the top shelf,  
150 rad.s/min on the bottom shelf. 
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Chas ter 3 

HE -4AgAQTRISTIqp OF OULTU)ED iII TUMOUR 

OELI$ AN TffiiiR RE&FONE TO DlATION m 

i The cell cele, 

0 	fltroducteon.  

On the basis of light 	 roscope observations prior 

to the use of radioactive precursors, the mammalian cell 

cycle was described as consisting of two main morphologically 

distinct phases, interphase, in which the cell spent most 

of its time and during which the cell nucleus was visible 

and mitosis, a short phase during which the chromosomes 

were visible and cell division occured. With the development 

of the Feulgen dye staining technique, Walker and Yates 

(1952) were able to show that DNA synthesis occured 

during interphase. In 193, Howard and Pelee  using P32  

labelled precursors and autoradiography, suggested that 

the cell cycle could be represented in terms of progression 

around a clock face, the phases of the cycle being represented 

as sectors on that face. This cycle is illustrated in 

ficure 7. '1 and S represent the nitotic phase and the 

period of DNA synthesis, while G1 and G2 are gaps during 

which no DNA synthesis occurs. 

2 	The 1abe.1e.  

The cell cycle can conveniently be studied by 

exposing cells to a brief pulse of tritiuted teymidine 

( HTdr) and measuring the appearance of labelled mitoses 

at various times after the pulse. If the period of labelling 

is brief, only those cells in the 3-phase will incorporate 

the label into their DNA. As the culture grows, the 



39 

labelled cells will pass through mitosis as a wave of 

labelled mitotic figures. By measuring the percentage 

of mitoses labelled as a function of time after pulse 

labelling, the duration of the phases of the cell cycle 

can be measured (figure 3A). This technique is the basis 

for most measurments of the cell cycle both in vivo and 

in vitro. 

1410. A.utoradiegraehic technieues. 

The techniques employed with cultured cells wore as 

follows. Between 2 end 4 x 105  cells from a culture in 

logarithmic growth were inoculated into each of a number 

of 5 cm. plastic etri dishes (Nunclon) containing 

;reviously cleaned and sterilized glass cover-slips. 

After an ap reeriate eeriod of growth in an atmos_here 

of 5 percent CO, in air at 3700, pre-warmed medium 

containing 3HTdr, specific activity 5000 mei/M, wes added 

to give a final concentration of 0.1"Ciiml per dish. 

After 30 minutes incubation, this medium was removed, 

the plates were rinsed once with warm medium, 3 ml. of 

fresh medium was added, and they were returned to the 

incubator. The time of reeoval of the radioactive label 

was taken as time zero. At hourly intervals thereafter 

plates were removed from the incubator an the cover- 

slips placed in a solution of 3  arts methanol to 1 of 

glacial acetic acid for 11 minutes to fix the cells. 

The cover-slips were then attached to slides with D.P.X. 

mounting medium with the cells uppermost. hen the slides 

were quite dry, the cel s were stained with aceto orcein 

for 45 inutes at 3700,  rinsed in 45 percent acetic acid 

and allowed to dry. They were then ready for autoradiography 
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The autoradiogr:phic procedwe, perfomed in the 

dark room using Wratten number I and 2 filters, 	 as 

follows; 

1. A water bath 
	

et at 50°0 and an aporooriate 

amount of nuclear enulston gel (Ilford K5*  grain size 0.2") 

placed in a 50 ml, beaker in it. After about 15 minutes,  

when the gel had lnflted*  an equal volume of distilled 

water was added. The solution was stirred to ensure an 

even consistency and a clean slide dipped in, to test for 

the presence of air bubbles. 

2. Slides were then dipped in and out of emulsion 

which had been poured into a special box big: enough to 

admit a single slide, placed on a drying rack and 

subsequently in a drying box containing a fan at one end. 

3. When dry, the slides were placed in a light-

tight box containing a small amount of silica gel to 

remove residual moisture, and stored at 4°0 for a period 

of one to three weeks. 

4. After the appropriate exposure time, the au 

raalooraohs were developed in Kodak D19B developer at 

16°C for 5 minutes, rinsed in tap water, and fixed in a 
1 in 5 solution of Johnson's Fix-Sol in distilled watr 
for a further 5 minutes, allowed to dry over-night, and 
.uhn cover-slips were mounted on top with Euperal. 

The 7odak DI9B developer was made from the powder 

according to the manufacturer 's directions and filtered 

before use. It was not kept longer than i days, and was 

discarded if any discolouration occured. 

The radioactive decay of tritiuti in labelled thymidine 

con cause similar effects to those caused by external 

radiation, ranging from division. delay to cell killing 
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(see hitore and Gulyas, 1966, for examlo). The radiation 

effect de2endv quantitatively on the number of 9HTdr 

molecules incorporated into the DNA, and this will be 

determined by the secific activity, the total amount of 

thymidine present and the time of availability of the 

radioactive label. Ihen short labelling periods are 

used, only those cells synthesisinz DNA will be affcted. 

For instance, Drew and Painter (1962) found that a 30 

minute pulse of 214Ci/m1. 3IlTdr, specific activity 1.9 0i/m 

reduced the survival of HeLa cells by only about 1.2 percent. 

The specific activity used in the present studies was a 

factor 400 times less than this, and has been assumed to 

have had no effect on the cells. 

Figure 813 shows the results of an experiment in 

which cells in logarithmic growth were exposed to a 30 

minute pulse of Iffdr, and the appearance of labelled 

mitoses was followed thereafter. Each point represents 

a count of at least 100 mitoses. The duration of the 

phases of the cell cycle were measured at the 50 percent 

mitoses level from this curve, and yielded values:— 

17 hours 

Ts  = 8.5 " 

3.5 " TG244M 

= 5 

The growth fraction, that fx-T,ction of the population 

that was progressing throuch the cell cycle was measured 

by exposing cells continuously to the radioactive label 

for periods up to 19 hours. At the appropriate times 

cells were removed from the label, rinsed and immediately 
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fixed. Autoradioraphs were 	 ared and the fraction of 

cells labelled measured as a function of time exposed to 

the label. The results are hown in figure 9. Ideally, 

in a population in which all cells are in cycle with the 

same cell cycle time, the fraction of cells labelled 

should reach 100 percent in a time equal to TO 7  Ts. 

From figure SB this should be 8 -, 10 hours; in fact it 

was nearer 16 hours suggesting that there was a significant 

spread in the cell cycle times of the individual cells 

Referring again to figure SB, measurements at the 50 

percent labelled mitoses level yield median values for 

the cell cycle parameters, and if the distribution of phase, 

durctions is not symetrical, those will not be the same 

as the mean values. A plot of the slope of the labelled 

mitoses curve shows the rates of appearance and disappear-

ance of labelled mitoses (figure 80). The frequency 

distribution relating the number of cells with a given 

G2 period is indicated by the first rise and fall, and 

gives a most probable value of 3.5 hours (Stanners and 
Till, 1960). The difference in the widths of the first 

two peaks, showing thet the initial rise in the labelled 

mitoses curve is faster than the subsequent fall, is a 

measure of the variation in the duration of the S-phase. 

The difference in the sloDes of the labelled mitosea curve 

for the first fall and second rise, the difference in 

the ehts of the second two peaks in figure 8C, can be 

interpreted, as due to variations in GI as well as G2. 

All these variations contribute to the departure of the 

ereeriment 1 labelled mitoses curve shape from that of 

the theoretical one, and confirm the spread In cell cycle  

times. 
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he rowtb curve. 

Perhaps the easiest parameter of growth to measure 

is the population doubling time TD. It is most easily 

determined by measuring the growth curve of the population. 

A. group of plates is inoculated with identical numbers of 

cells and at times after inoculation, individual plates  

are taken from the incubator, the cells removed by trypsin 

ization and counted, and the number of cells per plate 

plotted. as a function of time. For routine counting a 

haemocytometer is a convenient instrument to use, however,  

for the mutiple counts required when measuring growth 

curves, a Nodal F Coulter Counter with a 100ik aperture 

was used. The results of a typical experiment are shown 

in figure 10A. This curve is qualitatively similar to 

those obtained with many cell lines, and can be divided 

into three parts:- 

1. The lac; ,phase. This can be thought of as a period of 

adaptation of the cells to their environment, and the extent 

of the lag often depends on the number of cells plated per 
4 unit area. With RIB cells, if less than 10 cells were 

inoculated into a 5 cm. petri dish, they had considerable 

difficulty in crowing at all.  

The period of logarithmic growth. Assuming the growth 

fraction remains constant, once past the lac phase, the 

population will grow exponentially according to the 

equation 	N = No.ekt 

where Ic 1n2 

The population doubling time, TD, is not necessarily the 

same as the cell cycle time, Tc. The two paraeters will 

only have the same value whinn the ifrowth fraction is one 
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and there is no cell loss or death. 

From figure 10A we obtain a v-lue for T 
	

8 hours, 

which is about the same as the value of 	measured from 

the labelled mitoses curve. One would expect the two 

parameters to be the sLive since the rowth fraction as 
one (figure 9), and the absence of unattached cells in the 

culture medium indicated that there was little or no cell 

death. 

,T statiqnar phase.,  When the number of <ells per 

dish exceeded i06  the growth rate decreased and the 

growth curve plateaued. This part of the curve is known 

as the stationary phase, mnd can result either through 

depletion of nutrients or a lack of sp,,%ce. The oroperties 

of cells in this phase will be di cused in more detail 

later (section 3.4.) however, it should be eldphasised 

that in this context the term "stationary only means 

that the overall population number does not increase, and 

perhaps a better term operationally would be "plateau 

phase". 

The reons of la and loc,itbmio hase cells  
radiation.  

31 r  Introductio_  

In this section we shall be concerned primarily with 

the lethal effects of radiation on cells. The killing of 

a cell by radiation is a complex process involving first 

the absorption of energy and then the conversion of this 

energy into a molecular lesion which can express itself 

biologically. The basic theory which has beon developed 

to explain the observed dependence of survival on dose 

deends on tbe concept of one or more discrete "targets" 
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which have to be "hit" one or more times in order that a 

cell shall be inactivated. This target theory, first 

described by Dessauer, Crowther and others, has been 

developed in some dotAl by Lea (1962) and by Uraer (1961) 

Briefly, if we define the dose of radiation delivered (D) 

in terms of the number of inactivating even.t.., or hits, per 

unit volume, and the sensitive volume (target size) as V, 

then the average number of bits per target is VD. On the 

assumption that the hits are distributed, at random through 

the medium, the fraction of targets with exactly m hits is  

given by the Poisson formula, and is 

* * * .11* * - * * * 

If Do is the dose which on average gives one hit pr target, 

VDo 0 1 and equation 1 becomes 

e-D/Do D/D0)41 

m* 

If m hits are required in each of n targets to inactivate 

the cell, then the probability of survival is 

B as I -,(1 	BYI'n 	- 2. 

where 
	D/Do 	o)m  

mt wpze  

This is the most ,:eneral form of the equation for cell 

survIval.The two most comon simplifications are m.n.1 

which gives the exponential relation, and ra=1 n=n the 

single-hit, multi-taret form, civing 
-D/Bon S1,n = I - (1 	e 

A plot of inS against dose gives a straight line of 

slope 1/Do at high doses. This straight line extrapolates 

back to inn at zero dose. 

The various models based on euation 2 have been 
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discussed by several 	-ple (Fowler, 196k; Kelierer, 1966; 

Zimmer, 1961). In practice it is probably not meaningful 

to try and distinDlish between these models. Nevertheless, 

target theory provides a formal framework for handling 

the biological data. 

n t .d the rowth cu, 

The effect of single doses of radiation on the growth 

of RIB cells is shown in figure 10B. Cells were crown 

as described in section 3.20*  and about 24 hours after 

plating were exposed to the radiation, and growth measured 

thereafter. The data have been normalised to unity at the 

time of irradiation. Each point is the mean of the total 

population count for two elates.. 

There are threwbasic features of these curves. After 

relatively small doses of radiation there was a delay in 

cell division, but once this was overcome, cells continued 

to grow at the normal rate. As the dose increased, the 

division delay increased, the growth rate decreased, and 

the final plateau level of the population also decreased* 

A dose of 500 rads will kill about 95 percent of the pop-

ulation, so that the presence of dead cells might affect 

the growth of survivors. Eowever, this was not the case,  

since the addition of 2 x 105   radiation killed, cells to 

the growing population 24 hours after plating had, no effect 

on the growth curve (figure 11) 

Alterations in growth after irradiation, such as 

those illustrated in figure 10B, will affect the ability 

of cells to form colonies and this will be discussed in 

the next sec ion 
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Radiation and cel survva ,  

In this section we shall be concerned with logarithmic 

cells, or cells plated from a logarithmic population, 

ated soon after. The experimental technicues were 

outlined in chapter 2. The standard adopted for cell 

viability was that a cell cave rise to a colony containing 

50 or more cells ten days after plating. The requirement 

for 50 or more cells is arbitrary, since the number of 

cells per colony after irradiation will depend on the 

time at which the colonies are examined as well as on 

the dose of radiation. Figure 12 shows measurements of 

the diameters of colonies as a function of the dose, for 

cells fixed ten days after irradiation. As the dose of 

radiation increased, the colony size distribution broadened 

and the median diameter decreased, an effect to be expected 

on the basis of the effect of radiation on growth (figure 10) 

This induction of small colonies is an exa'ple of a non- 

lethal effect of radiation which is ignored when cell 

survival is measured by counting colonies (Sinclair, 1969). 

Because the colony size distribution depends on 

the dose of radiation (figure 12)1  the time at which 

colonies are fixed and counted might affect the shape 

of the measured survival curve. Figure 13 shows t;let 

with RIBS  cells, after eight days survival was independent 

of the time of scoring. 

In addition to the faAors already discussed, 

temperature, pH, changes of medium, etc., c,n all 

affect the shape of the survival curve (Ancloir 

and this emphasises the need to standardise conditions. In the 

present experiments, oletint; procedures and irradiations 

were -oerformed at room temeereture; at all other times 
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cells were kept at 3700 in an atmosshere of 5  percent 

CO.in air. 

Figure 14 shows survival curves for RIB5  cells 

irradiated four hours after pleting. The 'eoints re ,resent 

the results of six separate experiments. Cells were 

counted in a heemocytometer and enough were dated to 

give about 100 colonies per dish. They were irradiated 

four hours later with the medium removed. After 

irradiation 7 ml. of fresh medium were added and the 

plates returned to the incubator. The two curves of 

figure 14 represent survival data for cells irraeiated 

in aerobic and vpoxic conditions. In order to achieve 

a satisfactory level of hypoxia, "white spot" nitro-en 

(British Oxygen Go.) was passed through three wash 

bottles containing distilled water at 37°C and then into 

the irradiation box at a flow rate of 6 litres per minute 

for 3 minutes prior to irradiation, and at 1 litre per 

minute during irradiation. With these conditions, the 

effluent gas containsed less than 20 parts per million 

of oxygen as measured with an Engelhard Mark 2 liersch 

Cell. The lines of figure 14 are those calculated 

according to the method of Pike and Alper (1964), which 

considers the validity of two curves having a comeon 

extrapolation number. (Unless otherwise stated, all 

survival data to be presented have been treated according 

to this metod). The survival curve parameters are 

shown in table 1. 

Since these experiments were performed, it has been 

shown that polystyrene retri dishes can hold oxygen in 

solution which can be released slowly through the cells 

attached to the surface, maintaining their olcgen tension 

55 
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(Chapmnn et al, 1970), 3ecause of this, the meseered 

oxygen enhanceeent ratio will be an underestimate of the 

true value. This effect is clearly desonztrnted in figure 

15 which ehows survival curves for cells lated from the 

sfe stock culture onto both polyetL-rene and elass eetri 

dishes, and then irradiated. 

A dosimetric problem arises with experim nts using 

glasn petri dishes. The medium and low energy X-reys 

from a 250 rev machine will give rise to a. Significant 

number of photoelectrons when they interact with the glass, 

and. a proportion of these will be scattered backwards 

depositing energy in the cells attached to the 61ass. 

necause of the short ranee of the electrons, their contri-

bution to the dose received by the cells will be difficult 

to measure. In the experiment of figure 15 the irradiation 

time for cells on glass was 0.69 times that for cells 

on polyetyrenee This gave reasonable superposition of 

the aerobic survival curves, 

The growth curves of fieure 10B demonstrate 

phenomenon that has not previously been clearle; described 

in experiments on growth of cell following irradiation. 

The decrease in the value of Na, the maximum cell number,  

with increasin dose of radiation appears to contradict 

ths results of ficure 12, showing thet even efter a dose 

of 1130 rads a significant eroportion of the c lonies 

developiik from single surviving cells reached the sae 

size ae those from unirradieted. cells. These results 

suggest that the behaviour-  of individual cells depends 

on whether or not they are surrounded by other dividinc 

cells. Thie might have some beerinc on the difference 
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nFur. 14  
Survival curves for RIB5  cells irradiated in aerobic (•) 
and hypoxic (x) conditions four hours after plating into 

lastic petri dishes from a population in logarithmic 

growth. The points represent the results of six separate 

experiments. 
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urvival curves for cells irradiated in glass and plastic 

dishes. Cells were plated from the same stock culture 

into both types of dish. The lines were drawn using only 

the results for cells in plastic dishes. 
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Conditions 	n 	Do (air), rads. o.e.r. 

  

Plastic 2.2 166 1.92 
(pooled 
results) 

(1.8-2.7) (157-175) (1.83-2.02) 

Plastic v Glass 

Plastic 3.5 157 1.96 
(2.5-4.8) (147-168 (1.89-2.03) 

Glass 2.3 161 22 
(1.84.3) (147-178) (2.11-2.30) 

Table 1  

Survival curve parameters with their 95% confidence limits 

for RIB5  cells irradiated four hours after plating from a 

population in logarithmic growth. 
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between the response to radiation of a whole tumour and 

that of it individual cells, as assayed in vitro (see 

next °banter) 

00MrP ison of the ro 	s of i°'5 

eaa ttionar phase cells.  

I. £nrouc1on. 

Models designed to explain the results of clinical 

radiotherapy using cells in culture have been based on 

results using cells in lag or early log phase (Elkind, 

1960; Elkind, Withers, and Belli, 1968). However, many 

tumours contain cells in a non—proliferative state, resulting 

in a J:rowth fraction of less than one (Nendeleohn, 1960, 

1962; Demekamp, 1970). As a result, Kahn (1968), and 

Hahn, Stewart, Yang, and Parker (1968) have suggested 

that cultured cells in the stationery phase of their 

growth -ight be a better model of tumour cell behaviour. 

A study has therefore been made of the eroperti,s of 

otationary phase RIB5  cells in vit o. 

.4.2. Theoretical considerations. 

Figure 16A shows Trowth curves for two -*nes of 

population, fed and unfed. Unfed cells were elated in 

3 ml. of medium and counted at intervals; fed cells 

had their mediue, changed daily fr m the third day, 

resultirr in a maximum number of cells per -late three 

times the t for unfed cells, at a stage when no more s:ace 

was available. 

Consider the unfed cells. The maximum population 

number, Ns will de-,end on such lectors as nutrient su ply, 

vccumuletion of toxic eroducte, pH, etc. Consider the 
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case where the maximum cell number is deterTeined by lack 

of nutrients only. Suppose growth continues until the 

concentration C of a given nutrient falls to zero. In 

general, growth will continue at the normal rate until 0 

is almost zero, and is given by:- 

dN aT  = kN 

Let the average consumption rate per cell of the particular 

nutrient be r, then;- 

- dC 
IT rN  

C = Co - riNdt 

Ivhen C = 0, N = Us, the limiting value, so that neglecting 

the value of N at t = 0, we have:- 

Ns = Co.k 
r 

i.e. Ns is directly proportional to the'initial concentration 

Co. This gives a. means of distinguishing cessation of 

growth due to nutrient depletion from that due to 

accumulation of toxic roducts, since a plot of Na against 

Co should give a straight line (figure 17A). Figures 17B 

and 17C show actual plots of Ns against concentrations 

of minimal eseential medium and serum. The normal 

concentrations were 7.7 percent and 10 percent res,ectively, 

and figure 17 chows that unfed RIB5  cells hecane stationary 

partly through lack of nutrients and partly through 

eccumuletion of toxic products. This nhase was reverstble, 

since even after a period of 50 hours in the stationary 

phase, unfed cells were still capable of division at 

the normal rate if the fedium was then chee: ed daily 

they then grew to the se_e level as the fed cells (figure 

16B). 
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3.4.3. Results.  

Dells were irradiated either 30 hours sfter plating 

4 x 10 cells, or after a period of about 50 hours in the 

stationary phase, corresponding to a period of growth of 

either 120 hours (unfed), or 160 hours (fed). They were 

irradiated in the plate, in which they had grown but with 

the medium retoved, and then trypsinised, counted and 

diluted, and plated into new dishes. The resulting survival 

curves are shown in figure 18. It is clear that the only 

survival curve parameter to change was the extrapolation 

number, which was reduced from 4 to unity. As the survival 

curves are drawn, n has a volue less than 1 for the 

stationary phase cells, but in no case did it differ 

significentls  from 1. There was no change in the values 

of the Do or the o.e.r. (table 2). 

When the dose of radiation was given in two equal 

doses separated in time, the log phase cells were able to 

shed their sub-lethal damage (figure 19), Fed stationary 

phase cells showed no sparing effect of fractionation 

(figure 19). Unfed cells showed an apparent sparing effect. 

This was only ap arent because if they were exposed to a 

single dose and then left for a period prior to replating 

into fresh medium, the same increase in survival was seen 

as when the dose was fractionated (figure 19). The cells 

were recovering from potentially lethal rather than sub-

lethal dad age. 

The major difference between the two types of stationary 

phase population was in the distribution of cells through 

the cell cycle. Figure 20A shows the results of an experiment 

to measure the appearance of labelled eitoees in the two 

populations after a brief exposure to the radioactive 
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label. For comperison, thu results for logaritheic colas 

are included. Since the radioactive theelidire had to be 

reeoved after 30 minutes, in order riot to provide the 

unfed cells with fresh medium, this radioactive medium 

was replaced by "conditioned" medium which had been used 

to grow stock cultures, so t at it was in the same nutrient—

depleted state as thu mediu-  it was to re lace. 

These results show that fed cells encountered a 

block in GI. Their growth fraction, as ieasured by 

continuous labelling, was only 8 percent (figure 20B). 

Presumably the reason that any mitotic figures were seen 

at all in the fed population was that as cells died, they 

)ecaee detached from the plate, and adjacent cells could 

ton divide to fill the gap. 

Unfed cells did not encounter a block at a particular 

stage of the cell cycle. The cycle increased due to a 

doubling of all its stages (figure 20A). In spite of 

this, there was no increase in cell number, due to a 

decrease in the growth fraction to 57 percent (figure 2013), 

together with an increase in the occurenco of pyknosis 

and cell degeneration. 

Discussion.  

aahn (1968), and. Hahn, Stewart, Yang, and Parker 

(1968), demonstrated a similar fall in the survival curve 

extrapolation number and a G1 block in fed stationary 

ehase Chinese hamster' cells, and thee suggested that 

the reason for the reduced extrapolation number is that 

fed cells are essentially a synchronised popul tion in 

G1, a phase in which Chinese hamster cells do show 

exponential survival (Hahn, 1970). 
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Phase n, Do (air), rade. o0e,r. 

Log 4.5 134 2.12 
(2.2-9.3) (119-154) (1.97-2.28) 

Stationary 0,9 136 2.07 
fed (0,7-1.1) (128-146) (1,95-2'21) 

Stationary 047 136 2,30 
unfed (044..1.3) (120-157) (2.122.67) 

Table 2 

Survival curve parameters with their 95% confidence limits 

forRIB5  cells irradiated in the logarithmic and stationary 

phases. 
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if synchrony were the exleeetion for tee exeonential 

survival seen when fed. RIB5  cells were irraeieted, then 

One init expect that when cells were trypsinieed and 

replated from the stationary phase into new plates, they 

w uld show soiee evidence of this eynchrony, :owever, this 

was not the case, The change in the mitotic and lebelling 

indices with time after replatine fed stationary phase 

cells was essentially the same as thet for repleted log 

phase oells (figure 21), and there was no evidence of a 

synchronous may sent out of the G1 block, however, the 

trypsinisation procedure may have olescured such a movement 

Unfed RIB
S 

cells in the stationary phase are clearly 

not a synohronised population. Figure 20 shows that there 

was still a turnover of cells, and while those cells that 

did not take up the radioactive label during continuous 

exposure to it (figure 20) may have been in GI, they 

represented less than half the population and could not 

alone account for the occurence of exponential survival 

to radietion, In fact it is unlikely that those cells were 

in a true G1 phase, since Stanners and. Becker (1971) have 

shown that while such cells may have the DILA. content 

characteristic of GI cells, their polysome compleeent is 

quite different, 

while these results on etetionary pheee liIB5  cells 

ce:ree well with those of Hahn (1968), and Hahn et al (196d), 

they differ from the results of other workers, 	 aioc-Jones 

(196k), using cells derived from a benzpyreneeinduc 

sarcoma in CBR 1 rats, found marked changes in both the 

extrfeolation nu i)er end Do. He found that the value of 

n increased from 2 to almost 100 as cells moved from the 

logarithmic to t;',  stationary phase. Little (1969) 
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irraditing Chang liver cells, found s decrease in the 

Do and an increase in the evtrepol tion number. Berry, 

dall, and Cavana0) (1970), irradiating UeLa and Chinese 

hamster cells, found a complex series of changes in Do 

and n deeending on te medium in which the cells were 

grown. Both Henn and Iittle were able to explain their 

results with fed cells in terms of a block in GI, since 

log, phase cells synchronised in G1 showed the s: ::e response 

as stationary phase cells. It may be a general property 

of fed cells that in the stationary phase they behave as 

a G1 population, differences between cell lines reflecting 

differences in radiosensitivity through the cell cycle. 

It has not been possible to obtain a sufficiently well 

synchronised population of RIB5  cells to test whether G1 

cells are killed exponentially, 

It is interesting that two populations which became 

stationary for quite different reasons, lac', of space in 

one cse, lack of nutrient in the other, netOei have 

responded to radiation in the same way. 'tanners and 

Becker (1971) have shown that Syrian hamster cells in 

the stationary phase (unfed) synthesised protein at about 

one third of the rate of those in log phase. This was 

due to a reduction in the number of ribosomes per cell, 

and an increase in the number of free ribosomes, leading 

to a decreased probability of attachment of ribosomes to 

messenger RNA. If these ribosomal changes are of importance 

in determining a cell's ability to absorb radiation-

induced lesions as sub-lethal, the addition to log phase 

cultures, prior to irradietion, of a drug such as Puromycin, 

which releases ribosomes from the eolysomes (Joklik and 

Becker, 1965), might simulate the conditions existing 



73 

in the stationary 1phase, and res. t in oxponential survival* 

The actions of this, and other drugs, are the uhjeet of 

further ,z-,tudy* 



TBE 	FONE OF TUGURS AY TU 

CZLIS, TO #ADIATION 

V 

LWAIA.-119:1122AEst 

The starting point for this work wae the study made 

by Thomlinson (1960)1  and by Thomlinson and Craddock (1967), 

of the gross response of the fibrosarcoma RIB5  to single 

doses of radiation. With their data as a bael:, an attempt 

was then made to measure the survival of RIB
5  oells directly 

The method of Hewitt and. Wilson (1959), in which the 

050 is measured as a function of dose, could not be ' ed. 

when cells were injected, subcutaneously into rats because 

at least 10 cells were needed to produce a tumour. 

However*  when cells were injected into the brains of 

newly weaned rats, the 050  was reduced to less than 20 

cells. It was then possible to construct survival curves 

for cells from tumours irradiated with the animals 

breathing either air at atmo pheric pressure, or oxygen 

at a pressure of 3 atmospheres. Tumours could be rendered 

hypoxic by occluding the blood. supply with a U-shaped 

clamp applied five minutes before irradiation (Thomlinson 

and Craddock, 1967). The irradiation techniques were as 

described in chapter 2. 

After irradiation, tueours were excised and single  

cell suepensione prepared as previously described (section 

2.4,) Known numbers of cells wore then injected into 

rats' brains. Recently weaned rate had sufficiently soft 

skulls to allow a needle to go straight throueb. The 

fornation of a tumour in the brain within 'e0 days was 
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the endpoint scored. Because onlj a small number of 

aiiials was available, the eurviv I values derived from 

this experiment must be ree-;arded as preliminary, and for 

this reason no errors have been quoted. The results, 

expressed as ercent tumour takes versus the logarithm 

of the number of cells injected, were plotted on probability 

paper, and the best straight line drawn by eye. Figure 22 

shows such a plot. The number of cells to give 50 percent 

of the animals a tumour, the TD50, was then read off, and 

the ratio of the It50 for unirradlated cells to that for 

irradiated cells gave the surviving fraction* 

If, instead of inoculating the cells into rate brains,  

they were plated onto a feeder layer of cultured RIB5  

cells, then colonies were formed within 10 days with a 

plating efficiency of 8-45 pereent. This enabled a second 

test of survival to be made. The counts were subject to 

largererrors - tilaaeinconventional experiments because the 

colonies were diffuse* 

The results of these two methods of assay are shown 

in figure 23A Below a surviving fraction of 10 the 

survival curve for irradi,tions in aerobic conditions 

was parallel to that for the olamped tumoure, and extrap-

olation of this line bac% to zero dose indicated an 

hy:.oxic fraction of about 15 percent The lines of fiejure 

23A were drawn using the data for eurvival assayed in vitro 

only. The survival curve DarametorS together with their 

95 percent confidence limits are Liven in table 3. The 

confidence limits only represent errors associated with 

fitting the curves to the experimental points. They do 



a curves•:for cell rpm. un u 

The to ours were irrad .ted 

edict 1y excised and the cel me 

.fated or injected into rats brain's. 

I conditio. C4 3$ 

    

=non, 30 p.s. 
aerobic 
tumour 
c):r a 	xv . a 	p.s. 
tumour clamped 

in vlt o 

hr airs 

Sti .val curvo 	r ce ls from  

RIB, irradiated four hours after  
ass petri dished. 



16-4 

0 
I 	I 	I 

500 	1000 
1  

1500 
1 

2000 
1 
	I 

1 

DOSE RADS 



from tumour fore 

aerobic 

plating into glass potri dishes, 

0 hypoxio 

10° 

0-5 	1.0 	1.5 	2.0 	2.5 

Dose Krads 

233  

103  



Do(oxic) r')do 

145 14,63 
(117-190) I4.0.01*92) 

163 1.98 
(145-184) *48 2,019) 

eonditions 

Irradited in ViVQ  
as*ayed 

IrradiRted 4 hours 	2,2 
after 1atinc.  
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Survival curve parameters for the cells of tumour RIB 

Irradiated in xlm and in vitro and assvod in 211E2* 
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not tr 	into account the possible biological. 4,rrora 

assooir:tod with the ver low plcti 	ficiQ 	for to 

cells. 'owever, the points. from th-: brain inoculation 

experiments f4  the calculated linfn well 	:Ero 2A)11  

so thot while there were large experint1 errors 

asooiated wit: both zwIthods of assay, the eEreement 

boon the 	.ckli -tc5 that tho survival curve paremetere 

of table 3 ere a reasosabi Opproximation to the true 

values, 

A second pair of survival curves for ta cells of 

turlour RIB
5 
are shown in figure 23B. in tU,z experiment 

*ells Were irradiated four hours after plating into alas 

petri dishea from a tumour. The calculated survival 

parameters are shown in table 3 

Perhaps ttet most strikinc feature of these results 

was the low value ot'the canon enhancement ratio. 

This value of lenz than two contrasts with the value of  

p4  oaeure4 fOr C -: 	in tumour .;rowth after irrad. 

istion (Thomlinson and C;raddock, 1967). Themlinson nnd 

Craddock conbtructed theoretical cell curvkval curves 

from their ,6rt!: curves, elld while calcultAtions of call 

Ourvival based on &,r< asvr 	invo] 	ay 
:sumptions (oee sootin 4.43.)*  %:J 	peaulatIons 

to t differolles beteart Vne Xos reoonse and the 

meaoured 	curvec,  642e posibi. 

Most of tt lo difference between tbe. o.e.r.' _tor no 

c 	and measured ';urvival .c.urvos can be attriba#  

to s shift in tbe bypoxic curve. It may he that Mc very 
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low elatinc eflioi ncy of RIBS  cells meat that a highly 

selected, population was beint: tested, but the agreement 

with the results of the brain assay, in spite of their 

errors, would argue against this Also, the o.e.r. for 

cells irradi ted four hours after plating from a tumour 

had the same low value (table 3) 

A second possibility is that the type of damage 

expressed when cells are left in situ, as in growth studies, 

may be qualitatively different to that when they are excised 

and plated in vitro.  Alper (1963, 1969) has proposed a 

model of radiation damage which could be applied to these 

results. Briefly, she envisages at least two types of 

radiation damage that can lead to cell death: type 0 

damage having an intrinsically high o.e.r., and type N 

damage having a low o.e.r. According to this model, we 

suppose that irradiated RIB5  cells when left in situ after 

irradiation, suffer predominantly from type C damage, but 

that when they are plated in vitro  there is a shift 

towards type V damage, resulting in a reduction in the 

o.e.r, This might be a true shift, or might be due to 

preferential reparability of type N damage 	1!g,so 

that while it still occurred, it was less able to express 

itself than when the cells were plated into petri dishes. 

If this were the case, one might ask why the brain assay 

also gave a low o.e.r. 'iornsey (1963) found a similar 

change in hypoxic Do, and hence o.e.r., to a lower value 

when assaying the survival of thrlic'e ascites cells first 

subcutaneously in new-born mice, and then in mouse brains, 

sue stingthat if the model is applicable, the brain is 

also a site where type N damage is preferentially expressed. 



If it is valid to apf.A.g Aloer wodol to theae 

results, they imply that the use of in vitro techniques 

for predicting detailed radiobiological responses in vivo 

may not be valid. If there is no qualitative difference 

between the types of damage expressed when cells are left 

in situ and when they are plated in vitro, these results 

indicate that the relationship between cell killing and 

tumour growth delay in RIB5  at least as regards 

modifications by oxygen, is a more indirect one than has 

previously been thought to be the case. 

4. 2 	The 	 o 	oi U 
	 io 

   

2 oh the 

As was explained in section 2044, RIB5  is not a 

particularly suitable tumour for studying the relationship 

between eel], killing and changes in tumour growth. For 

this reason, the tumour which results when cultured RIB 

cells are injected into rats, tumour RIB5O, has been 

used (see chapter 2). 

RIB
5
G is histologically similar to RIB

5 
except that 

it has a slightly greater degree of differentiation and 

grows more slowly, tho time to grow from 9 rm, to 25 mm. 

in diameter being 12 days compared with 6 days for RIB5. 

The cell kinetic -parameters of RIB 5C were measured 

by the use of standard autoradiographic tee-miques after 

labelling with tritiated tbymidine, the principles involved 

being essentially the same as those for cultured cells. 

The techniques were those described by Denekaxap (1968). 

The procedure was as follows. When tuTaoure had 

82 



reached a diameter of 8 10 mm. the animals were 

injected intraperitoneally with 0.5/4,Ci/gm body weight 

fTdr, specific activity 360 mCi/mM. It is assumed 

that the thymidine was available for incorporation into 

the cells only for a short time, so that a single injection 

represented a true pulse label (Denekamp, 1968). Animals 

were sacrificed at intervals of 1 to 40 hours after 

injection and the tumours excised, cut in half, fixed in 
about 20 ml of five perteent, formal saline for at least 

48 hours, and then processed by standard 44ethods in an 

Elliot.-Shandon automatic tissue processor. After tumour 

had, been blocked in Fibrowax, one tumour half was retained 

as a spare, and from the other, 4 micron sections were 

cut at approxi ately 0,8 mm. intervals through the tumour 

perpendicular to the cut surface. These sections were 

then mounted on slides, dewaxed and stained in acet6- 

orcein. Autoradiographs were prepared in the same way as 

for cultured. cells (chapter 3). The exposure time varied 

from one to six weeks depending on the interval between 

injecting the animal and removal of the tumour. 

Autoradiographs were scored without knowing before-

hand the time interval between labelling and excising a 

tumour. Mitoses wore scored as labelled if they contained 

3 or more grains above background. The background 

varied from one batch of autoradiographs to the next, 

and also to a lesser extent from one side of a section 

to the other, an effect probably due to non-uniformity 

in the emulsion drying process, causing shearing, stresses 

in it. Sections were scored at a magnification of x800, 

and 100 mitoses were counted on each slide. The tumour 
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c sed one hour after injection was used to measure the 

labelling and mitotic indices and to look at the distri 

bution of labelled cello across the tumour, The two 

indices were determined by counting a total of 4000 cells 

across the section, and had values of 19.5 and 0.93 per-

cent respectively. 

Figure. 25 shows the labelled mitoses curve for RIB5 
 C. 

The line has been drawn through the points by eye. The 

cell eycle parameters measured for RIB 0 from this curve 

were 	Ton 22 hours 

Ts B hours 

Tee 2,5 hours 

TG14,11 11.5 hours 

Figure 26 shows the relationship between necrosis and 

the pattern of labelling. It was not possible with 

this tumour to relate the distribution of labeled cells 

to that of the blood capillaries, nevertheless it is 

apparent that the percentage labelled cells was at its 

highest in areas free of necrosis. 

4 2 	 o4tum.urLowth.  

The time for 18 unirradiated tumoura to grow from 

9 to 25 mm. in diameter was 12 ± 0.8 days. This time 

did not alter significantly during the period the tumour 

was studied. A graph of diameter plotted on a logarithmic 

scale against time (figure 24B) shows that growth was 

not exponential. 

Growth curves for tumours irradiated with single 

doses of X.-rays are shown in figure 27. As the dose of. 

radiation increased, the variation in growth amonst 
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Growth of tumour RIB5C after irradiation. Tumours were 

irradiated on day 0 when they had a diameter of 8-10mm. 

A. Animals breathing oxygen at 30 p.s.i 

B. Animals breathing air. 

C. Tumours clamped. 

Control 

500r 

1000r 

1500r 

2000r 

30001' 

4000r 

   

   

0••* 10 

For clarity 95% confidence limits are shown only in one 

typical case, that following a dose of 1500r in oxygen. 
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individual tumours exposed to the same dose increased, and 

this is reflected in the tandard errors for the time to 

grow to 25 mm. (table 4) The standard errors of the 

mean diameters from which the growth curves were constructed 

are shown in a typical case, that for irradiation with 

1500 rads in well oxygenated conditions (figure 27). 

All tumours grew at the normal rate for the first 20-30 

hours after irradiation; there was then a. decrease in 

growth rate, and as the dose increased, tumours shrank, 

the level they Shrank to and the time they atOrted to 

grow again depending on the dose of radiation (figure 27). 

The growth rate after irr diation always remained less 

than that of the controla,* 

A comparison. of the effects of ditf rant treatments 

can be Made by plotting the time taken for tumours to 

grow from 9 to 25 mm. in diameter as a function of dose 

(figure 28). On the assumption that the .parameter "time 

to grow from 9 to 25 mm.* is. a measure of the increase 

in cell number, the biphasie shape of the aerobic curve 

of figure 28 would indicatz the presence of a significant 

proportion of hypoxic cells in the tumour. The dashed 

line in figure 28 is he dose-effect curve for clamped 

tumours displaced upwards; the highest aerobic points 

fit this line well, suggesting that they do reflect the 

response of an hypoxic component, The triangles of 

figure 28 were Obtained by multiplying the dose scale 

for tumours with animals breathing oxygen by 3. That 

they fall on the hypoxic curve implies that oxygen was 

dose-modifying with an o.e,r, of 3. 

Tumours were also exposed to single doses of neutrons 
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Irradiation 
conditions 

Dose 
Krads 

No of 
animals 

Time to,frow from 9 to 25 mm. 
days 	95% c.l. 

Controls 18 12,0 0.8 

X-ray 

HYroxic 2.0 6 19.6 '- 	2,5 
3.0 6 24.8 + 3.3 
4.0 5 34.7 + 7.0 

Aerobic 1.0 5 21,8 + 2,4 
2.0 6 40.0 4- 3.0 
3.0 6 55,0 + 3.2 
4.0 5 62.0 + 8.0 

Oxic 0,5 7 18.4 4, 	1.0 
1.0 6 24.0 4 1.4 

1.5 5 37.1 4- 4.8 

Neu 

Aerobic 0.3 6 20.5 ± 1.6 
0.6 6 31.8 -I- 	2 
0.8 50.0 8.0 

Table 4 

Growth of RIB C after irradiation. 5 



from the Medical Research Council Cyclotron. Growth 

curves after irradiation of nnelamped tumours with 

animals breathing air are shown in figure 29. The 

Pattern of delay followed by regrowth at a slower rate 

was similar to that following X-irradiation. The times 

to grow from 9 to 25 mm. (table 4) are plotted in figure 

30. The lines for Z-irrad.iation are included for 

comparison. There was no obvious break-away in the dose-

effect curve. 

If one could assume that the effect of radiation 

on tumour growth reflected only changes in cell survival 

it would be possible to construct survival curves from 

the growth curves. Consider the curve for tuoours 

exposed to 1500 rads,of X-rays in oxygen. The time to 

grow to 20 mm. was 30 days (figure 27). The time for 

an unirradiated tumour was 8 days (figure 24) . If we ' 

extrapolate the control growth curve back 30 days from 

the 20 mm. point, we obtain a hypothetical untreated 

tumour the ratio of whose size to that of the treated 

tumour at the time of irradiation gives a measure of 

the cells surviving the treatment (Thomlinsom and Craddock, 

1967). By calculating such volumes, urvival curve 

were constructed for the different conditions of irrad- 

iation with X-.rays (figure 31). There are many assump- 

tions involved in the calculations of these curves; not 

all cells in the tumour will be proliferating, nor will 

tumour cells represent the whole of the tumour mass. 

Growth delay, alterations in growth rate after irradiation 

and effects on the vasculatUre: have also been ignored. 
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Time to grow 
from 9 to 25 
mm (days) 

Neutron 
dose (rads) 

X-ray 
dose 	rads 

RBE 

13 40 130 . 	3,25 
14 80 240 3.0 
15 120 340 2.83 
20 300 710 2.36 

25 440 1200 2.73 
30 570 1500 2.63 
35 660 1760 2.67 
40 750 2000 2.67 

50 830 2500 3.10 

Tab  

RBE for growth delay in tumour RIB C. 
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The dotted lines in figure 33 represent the survival 

curves obtained by irradiating cells in vivo and then 

plating them in vitro, end will be discussed later 

(section 4.3.), but it is clear that qualitatively the 

calculated curves are not too different from theses 

If the radiobiologicel equivalent dose of neutrons, 

the Ray is defined as the ratio of the dose of X-rays 

to that of neutrons to produce the came effect then 

comparing the growth curves following irradiation in 

aerobic conditions gives the dependence of RBE on dose 

(table 5). The dotted line in table 5 separates the 

low dose values calculated using the X-ray curves for 

irvadiation in oxygen from those using the curve for 

aerobic irradiation (see figure 28). The RBE initially 

fell with increasing dose. After a dose of about 2000 

reds of X-rays there was an inflection in the dose-effect 

curve suggesting that the response of the tumour was 

now governed by that of hypoxic cells. There was no 

inflection in the neutron curve, with the result that 

the RBB now increased with increasing dose in a manner 

similar to that found by Field, Jones, and Thomlinson 

(1967) for tumour RIB
5 

L. 	 cli survival.  

4. 1 Sine doses. 

The advantages of tumour RIB5C over RIB5 
and the 

methods whereby single cell survival is measured have 

already been discussed in chapter 2. 

Survival curves for cells from tumours irradiated 

with either X-rays  or neutrons, and then immediately 



1 DO 

Hypoxic 

Aerobic 

oxic 

2 	3 
Dose Krads 

r4RPA1 P,  
Caieuiated 0 curves for RIB C (see text) 

5 
The dashed lines are the measured survival curves. 



excised and plated, are sown in figure 32. The curve 

for aerobic irradiations with X-rays had the biphasic 

shape characteristic of a mixed population of well 

oxygenated and hypoxic cells. Because of tais, only 

survival values below io l  were used in calculating the 

,,urvival curve. Cxtrapolation of the curve hack to zero 

dose indicated an hypoxic proportion of 15 - 20 percent, 

The survival curve parameters together with their 95 

percent confidence limits are shown in table 6* 

The neutron RBE's as a funCtion of surviving 

fraction are listed in table 7. As in the case of growth 

delay (table 5),  there was a. decrease in RBE with 

increasing dose, followed, by a subsequent increase due 

to the influence of hypoxic cells, These values of the 

RBE are all greater than 3, in contrast to the ratio of 

the values of the Do for oxic cells wlich was 1.65. 

If, instead, of irradiatio3 the tumours and then 

excising them, a tumour was excised, the cells plated, 

and then irradiated four hours later, the resulting 

survival curve for oxygenated cells agreed well with 

that for irradiations in vivo* However, the points 

for anoxic irradiations were consistently below those 

for 112. 	o irradiations in hypoxic conditions (figure 33). 

In fact the points for irradietions in vitro fit a pair 

of survival curves with a lower extrapolation number than 

that shown; nevertheless, the chief difference between 

the two sets of data was a change in the response of hypoxic 

cells, resulting in a reduced o.e.r. when cells were 

irradiated four hours after plating. 

101 



for 

1.0 	 2.0 

DOS e (Krads) 

of RIB 0 irradia ed 
I animals breathing oxygen at 

thing ate* 0 tumours 
tie, animals breathing air* 

0 
7.3 

3-0 

30 p.s*  
dart..  



-3 
10 
0 

 

1-0 	2.0 

Dose Krads 

lls of RI3C irr 	d four 

ass 	shes« The lines 

are those for irradiations 	( 	re 32 

Aerobic,  X 

Hypoxio 



urviving s z 10-  
fraction 

3.36 

1014. 

Conditions Radiation n Do(air) o.e.r. 

Irradiated X-rays 5.5 153r 2.5 
invivo. (1.4-20.0) (127-195) (2.2-2. 

Irradiated 4 3.8 170r 2.0 
hours after 
plating. 

(2.5.5.8) (154-190) (1.9-2.2 

Irradiated Neutrons 1.8 93r 
in vivo. (0.4-8.2) (61-197) 

Tbe 6 

Jurvival curve parameters for the cells of tumour RIB 0 

irradiated in vivo and in vitro and assayed in vitro. 

.1 10 5 x 10-2 

3.50 

10-2 

3.78 

5 x 10 

3.90 3.10 

Table  

The RBE for cell survival for tumour RIB- 



Fre.  

The survival curves of figure 32 show that tumour 

RIB
5 
 C contains 15-20 percent bypoxic cells as measured 

in terms of the ability of cells to form coloniesin 

v* o. Since in clinical practice tumours are usually 

treated by fractionation, it is iiportant to know whether 

or not these hypoxic cells can shed their sub-lethal 

dame e. 

To test the abiiit of hypoxic cells to shed sub- 

damage, tumours were exosed to two equal doses 

of 1000 rads of X-rays separated in time, while animals 

were breathing air. These doses were sufficient to 

ensure that the )(mu ion being tested had been hypoxic 

at the time of the first dose, since even if the well-

oxygenated cells were cable of shedding all their sub-

lethal damage, but the hypoxic cells shed none, the rstio 

of hypoxic to oxic survivors would be greater than 20 to it. 

after the second dose. The results are shown in figure 

34 (circles). There was a prompt increase in survival, 

characteristic of a population capable of shedding its 

sub-lethal damage (Elkind et al, 1965) The fluctuations 

in survival seen after two hours imply that the first 

dose induced, a partisi synchrony in cells that were in 

cycle (Elkind and Sinclair, 1965), The solid triangles 

of figure 34 refer to tumours that were exposed to a 

single dose of 1000 rads and then left for a period before 

excision, There was no significant change in survival 

with time up to six hours, 

A complication in the interpretation of fractionation 

experiments usin,- tumours containinr;hypoxic cells is the 
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r2ossibility of reoxygenation (van Putten and Xaliman, 

1968; Thoml1nson, 1968; Howes, 1969). It is possible 

that cells that were hypoxic at the time of the first 

dose of radiation became reoyyGenated in the time interval 

before the second dose. Consideration of the shapes 

of survival curves shows that the results shown in 

figure 34 were due to effects on hypoxic cells which 

renamed hypoxic between irradiations, and not to re-

oxygenetion. 

Figure 35 shows hypothetical survival curves for 

oxygenated (AC) and hypoxic 	cells having an extrap 

el tion number n, oxygen enhancement ratio m, and aerobic 

sensitivity 1/Do. Consider the hypoxic curve. After a 

dose D1 the surviving fraction is given by point B (figure 

35). If there is no recovery or reoxygenation, the 

surviving fraction after a second dose will be given by 

the line BO If there is complete reoxygenation and 

shedding of sub-lethal damage, survival will follow line 

BFE with the shoulder, which is curve AC displaced to 

start from B. Clearly if there is reoxygenation out no 

recovery, survival will be below this line. In what 

circumstances will survival be above that given by the 

line BO? If the second dose is less than D2 (eigure )5) 

this can occur if there is reoxygenation and recovery. 

However, for doses greater than D2 this can only occur 

if bypoxic cells shed their sub-lethal damage and remain 

hypoxic between doses. The value of D2 can be calculated 

by considering the similar triangles HBK and EJF (figure 

From these we have:- 



Now 
	

log n 	atural logs 

BE = Do log n 

IIB + BJ = log n D2 0 

D2 

Substituting in 1 
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_ 	( log n + 2 
ricm- rcn Dn ( 

Solving this for D2 gives 

D2 

and this is independent of the initial dose Dl. For the 

survival curves of figure 32 the value of D2 was 430 rads 

Since the second dose in the fractionation experiment 

was more than twice this, we must conclude that the hypoxic 

cells of this tw,our shed their sub-lethal damage and 

remained hypoxic for the period during which this process 

took place. 

This is confirmed by the results illustrated in 

figure 36, which shows a survival curve for cells from 

tumours exposed to a first dose of 1000 rads in air and 

a series of second doses five hours later. The exp-

erimental points agree well with the calculated curve 

for full shedding of sub-lethal damage by hypoxic cells,  

the dashed curve of figure 36. 

This shedding of sub-lethal dace by hypoxic cells  

was reflected in the decreased time for tumours to :row 

from 9 to 25 mm. following two doses of 1000 rads 5 hours 

apart, as car ared. with that following a single dose of 

2000 r,:As. For the single dose tle time as 0 ± 3 days 
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Practionated survival curve for irradiatiofl of RIy tumours 

with an initial dose of 1000 rads, and graded second doses 

five hours later. The solid line is the hypoxic tail of 

the single dose survival curve for cells from tumours 

irradiated in air, and the dashed line is the calculated 

curve for full shedding of sub-lethal dam 	by hypoxic cells. 



For the fractionated dose, with the second dose given 

to unclamped or clamped tumours, the times were :52.6 $ 2.5 

days, and 29.1 t 2.7 days respectively, implying that 

there was shedding of sub-lethal damage between the doses 

by an hypoxic population. 

Diecuzsion.  
It is possible to compare the survival curves 

actually measured for the cells of tumour RIB5C irrad-

iated in vivo tixi assayed it vitro with those calculated 

on the basis of the gross response of the tumour. This 

comparison is made in figure 31, in which the dotted 

lines represent the actual survival curves and the 

shaded areas the calculated ones. 

The difference between the o.e.r. for cell survival 

and that for changes in tumour growth is reflected in 

the difference between the measured and calculated 

survival curves. The differ nce in the o.e.r.'s could 

be attributed to a difference in the response of hypoxic 

rather than oxic cells (figure 31). In section .1.3. 

a similar difference between the calculated and measured 

survival curves for the hypoxic cells of tumour RIB5  

was described. The discussion on the types of damage 

expressed in vivo and in vitro following irradiation of 

cells in vivo as outlined in thet section applies equally 

to the results following irradiation of RIB5C, and will 

not be repeated here. 

Table 8 lists the survival curve 2ereeeters together 

with their errors for the three conditions in which the 
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Conditions xi 	 Do(oxic) 	0,e.r• 

RIB5 cultured 
cells. 

5,5 153r 2.5 
4-20,0) (127-195) (2,2-2.9) 

3,8 WOr 2.0 
(2.5-5.8) (154-190) (1.9-2.2) 

2,8 161r 2,2 
8 IL (147-178) (2,1-2.3) 

RIB5  C tumour 
growth delay. 0  

 

3,0 

  

Tab 

curve parameters for cultured RIB5  cells 

and cells from tumour RIB 0* 
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cells of RIB50 were irradiated:- 1) irradiated iii VIVO 

and, then plated; 2) grown as a tumour 	vivo, plated 

and then irradiated; 3) grown in vitro and irradiated as 

a monolayer culture. The decreasing o.e.r e  with the 

time the cells were in culture was due to changes in 

the response of hypoxio rather than oxic cells; there 

was also possibly a decrease in the survival curve extrap-

olation number, although the confidence limits do overlap 

(table 8). 

Barendsen and Broerse (1969), irradiating rhabdo-

myosarooma cells*  have obtained the opposite result. 

When the survival of cells irradiated and assayed in 

was compared with that of cells irradiated in vivo 

and then plated, there was no difference in the survival 

curves for hypoxie cells, but the o.e.r, was decreased 

from 2.14. t 0,2 for cultured cells to about 1.9 for cells 

irradiated in vivo and assayed in vitro. They did not 

irradigia tumours while animals breathed oxygen*  so that 

the o.e.r. following irradiation in vivo was measured 

from the low dose part of the survival curve for cells 

irradiated in air-breathing animals. It La possible 

that even at low doses the cells being assayed were not 

radiobiologically well oxygenated*  but the biphasic 

shape of the survival curve, and the observation that 

the slope of the terminal ortion of this curve was 

parallel to that for survival of tumour cells irrad-

iated in dead animals, would suggest that they were. 

It is not known to what extent the oxygen concentration 

duced in radiobiologically hypexic cells which am 

still viable, since radioeensitivity may be ;:uch reduced 
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at oxygen concentrations which are high compared with 

those at which respir3tion rates are reduced (Alper and 

Howard-Flanders, 1956; Froese, 1962; Dewey, 1963)* The 

fractionation experiment illustrated in figure 34 provides 

some information as to the lower limit of tne p02  of 

these viable hypoxic tumour cells Revosz and Littbrand 

(1964) reported that when the p02  ws 3 pip.m. damage 

was no longer accumulated in Chinese hamster cells in 

sub-lethal form* Other authors have found oxygen to be 

fully dose-modifying, 50 that proportionately the same 

amount of damage was acoumulated in sub-lethal form in 

hypoxic as in well oxygenated cells (Elkind et al, 1965; 

Dewey, 1963; Howard, 1968; Bryant, 1970), and lkind et al 

found that Chinese hamster cells were able to shed sub-

lethal damage when the p02  between doses was 15 p.p.m, 

The ability of hypoxic RIB50 tumour cells to shed their 

sub-lethal damage (figure 34) suggests that hypoxic 

conditions such as those in which Chinese hamster cells 

show no sparing effect of fractionation (Revesz and 

Littbrand, 1967) are unlikely to be of clinical importance, 

and that the oxygen concentration of these hypoxic 

clonogenic cells is probably greater than 3 pip*m* 



Chapter  

DISCUSSIO 

on in vivo and in vitro, 

The volume doubling time of tumour RIB5C was twice 

that of RIB5, 48 hours compared with 24 hours for Rae  

One might have expected thet durine: the period of adaptation 

of RIB5  cells to their in vitro culture conditions there 

would have been selection for cells with short cell 

cycle times, which in turn, would have been reflected in 

faster growth of the tumour after roimplantation into 

rats. In fact the cell cycle was longer for cells in 

vitro than for those in the original tumour, and this 

was increased further when they were inoculated into 

rats (table 9 

The difference in growth of the two tumours can be 

better understood if a specific model of tumour growth is 

considered. The model is one developed by Steel (1968), 

according to which there are two main processes which can 

Give rise to a difference between the cell cycle time 

and the population doubling time, such as is observed 

with both tumour ICIBe  and RIB
5 
 C. One process is a decrease 

in the growth fle-ction due to the movement of cells into 

a non—proliferative state (Mendelsohn 1962). The other 

is the continuous loss of cells from the whole population 

(Steel, 1968). On the basis of this moell  a potential 

doublin:, time, T, is defined., which is the expected pop- 

ulation doubling time in the absence of cell loss. T may 

be calculeted from th freeuency in the por>ultion of 

cells tn any reeeenisable phase of the cell cycle, and 
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the duration of that phase.  For instance, for a steady 

state population 

where 	is the duration of the DNA-synthetic phase, and 

LI is the labelling index, tuefraction of cells in that 

phase, 

In an expandin, population t'As relation hat to be 

modified to take account of the non-uniform distribution 

of cells in the phases of the cell cycle 

Ts 

 

XT 
77-  

Steel (1968) has shown that this correction factor, 

given by the equation 
T ( 1n2(T„,-, 

( exP 	%.1.  

and. TG2  can be measured from a labeled mitoses curve, 

and using equations 2 and 3, T and,\ can be calculated 
by a series of ouccesive approximations. 

T will be greater than T0, the cell cycle time, in 

a population with a growth fraction of less than one, and 

steel has shown that the growth fraction, f, is given by 

the eqation 

ln(1 	2 	4. 

Steel has interpreted any difference between T and the 

actual doubling time, T0, in terms of loss of cells 

from the tumour volume. This cell loss TAay be duo to 

removal of dead cells, or migration of viable cells 

away from the tumour to other sites in the body. 

Assuming that the exponential model of cell growth is 
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valid, anq that there is no change in mean cell volume,  

the cell loss can be described in terms of a factor, >P, 

which 1s the fraction of additional cells formed at each 

division. which are lost from the tumour, and which is 

given by 

T 

These growth parameters have been calculated for 

RIB5C to compare with the values obtained by Denekamp 

(1970) for RIB, and are shown in table 9. The increased 

cell cycle for the cells of RISC compared with those of 

RIB
5 
 was due mainly to a large increase in the G1 phase, 

from 2.4 hours to 11.7 hours. This, in part, explains 

the decreased growth rate of RIB
5
C. The other main 

difference between the two tumours was the considerable 

amount of cell loss occurring in RIB501  35 percent compared 

with none in RIB5. Why there should be these large 

differences between two such closely related tumours is 

not clear. Denekamp (1970) has reviewed the available 

data on a number of tumours, and the values of the kinetic 

parameters for RIB5O fall within the general range she 

found. 

onar base 	 s in vitro a 	nable 

fl 	 ro 	s i  

About 36 percent of the cells in tumour RIB5C are 

not engaged in active proliferation (table 9). While 

a proportion of these cells may no longer be able to 

divide, those that still can, probably represent a 

significant proportion of the clonogenic population. 

The question arises do they resoond to radiation in the 
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Tumour 
d parameters Symbol Units RIB5  

Volume doubling time 

Labelling index 

Cell-cycle time 

Pre-synthetic time 

DIA-synthetic time 

Post-synthetic time 

fiitotic index 

Derived araineters 

Potential doubling 
time 

Proportionality 
constant 

Growth fraction 

Cell loss factor 

C 

GI 	Hours 2.4 

T 	Hours 9.0 S 
TG2 	Hours 2.0 

M.I. 	0.010 

Hours 24.2 

0.83 

0.45 

0.0 

Hours 24 

0.30 

T 	Hours 13.8 
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Cultured 
cells 

Tumour 
RIB

5
C 

17 48 

0.53 0.19 

16.5 22 

4.0 11.7 

9.0 7.5 
3.5 2,8 

0.018 0.009 

Table 9  

Population kinetics parameters for tumours RIB5  and. 

RIB5C, and for cultured. RIB5  cells. 
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same way as the actively proliferating cells? In coter 

3 the properties of a non-proliferating, but still clonogenic 

population were described, o_ad the relevance of this 

stationary phase population in 	0 as a model of the 

non-proliferating cells in a tumour will now be considered. 

It is unlikely that cells in a tumour would stop 

dividing because of a lack of space, whereas nutrient 

depletion due to failure of the vascular supply, for 

instance, may be a common occurrence (Thomlinson, personal 

communication). For this reason, unfed rather than fed 

cells should be considered as the possible model system. 

Unfed cultured. RIB
5 
cells in the stationary phase 

are characterised by a decreased growth fraction and an 

increase in all stages of the cell cycle (figure 20).  

How well does this behaviour mimic that of nonAvproliferating 

tumour cells? Denekamp (1968) and Tannock (1968) observed 

that non-dividing tumour cells were often located furthest 

from the blood supply. Considerations of the diffusion 

of metabolites through tissues lead Thomlinson and Gray 

(1955) to suggest that cells may remain dormant through 

lack of nutrients for a considerable time without losing 

their capacity for proliferation, and Tannock's work 

supports this hypothesis, However, results of labelled 

mitoses experiments in vivo have yielded conflicting 

results. Hermens and Barendsen (1969), using an exp-

erimental rhabdomyosarcoma in rats, demonstrated an 

increased cell cycle and possibly a decreased growth 

fraction in the central region compared with the outer 

region. Tannock (1968) studied tumour cells in relation 

to their distance from capillaries, and showed that as 

this distance increased, the c.-2owth fraction fell but 



there was no change in the cell cycle 

With ascites tumour cells, a number of workers hove 

found the cell cycle time to increase with tumour age 

in a manner qualitatively similar to that observed for 

unfed RIB5  cells in vitro (table 10). This miht suggest 

that cells in vitro which have become stationary because 

of nutrient depletion are a better model of ascites than 

of solid tumours. In that case one might expect the 

extrapolation number of the survival curve for ascites 

tumour cells to decrease with increasing tumour age. 

Belli, Dicus, and Bonte (1967) irradiating P..388 lymphoma 

cells in DBA/2 mice, found just such a decrease. One 

day after inoculation of 106 cells the extrapolation 

number was 8,5 and the Do value was 1,31 rads. After six 

days the tumour had become hypoxic and the values were 

1.6 and 458 rads. I have done similar experiments using 

diploid. Ehrlich ascites tumour cells, Figure 37A shows 

a growth curve for these cells growing in TO mice. 

Tumours were irradiated 11 and 10 days after injecting 

4,5 x 106 cells. In order to overcome problems of hypoxia 

in the older tumours, all tumours were irradiated 5 

minutes after sacrificing the animals, a time long enough 

to render the tumour cells hypoxic regardless of tumour 

age (Hornsey, personal communication). Immediately 

after irradiation, cells were removed from the peritoneal 

cavity, counted, diluted and plated in vitro, and then 

assayed for their colony forming ability 10 days later. 

There was the same fall in extrapolation number with no 

change in Do as was found for stationary phase RIB5  

cells (figure 37B). If tumours were exposed to a single 
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Fimre  

B. Survival curves -for acites tuilur cells 

irradiated. in mice 13 days (closed 3, '010 and 

10 days Cope n - symbols) after injecting 

4.5 x 106 cells 1.p. 

C. Recovery from potentially lethal dare 

in 10 day old tumours. Tumours were exposed 

to a. sinGle dose of 1500 rads, and cells 

plated at various times thereafter. 
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99 
8 
56 

2 	82 
4 	53 

System 	To 	To  TGI TG2 Ga. 
hours hours hours hours  

RIB5 	
log. 	17 

n vitro stat, fed 
stat. unfed 33 

9 /4. 3.5 
9 7,2 3 
18 8 7 

E.A.O. 	1 day 
	8 	6 

Lela, 1968 7 days 	22 	18 

12 days 

E.A.C. 	5 d. 
Wiebel & Baserga 
1963 	1 day 

N.O.T.O. 	4 days 
Frindel et al, 
1969 

21 16 0.5 4 

6.4 1.6 74-86 17 9 1 

40 21 15 4.5 75 

able, 10 

Cell cycle parameters for cultured RIB5  cells 

and ascites tumours of different ai;:;es. 



dose of 1500 rads and then left for a period before 

removing cells, there was a sirflilar recovery from 

potentially letal damae as occured with RIB5  cells 

in vitro (figure 7 
 

) 
It has yet to be demonstrated whether stationary 

phase cells in vitro are a reasonable model of non-

proliferating cells in solid tumours, These results 

together with the results using cultured. RIB
5 
cell 

(derived from a solid tumour), suggest that in the 

stationary phase, cultured cells behave in a similar 

manner to cells from large aseites. tumours. However,  

results of Berry, Hall and Cavanagh (1970) with. HeLa 

cells show that the reponse can depend not only on the 

state of the culture, but also on the nature of the 

medium in which the cells are growing, so that the 

general validity, of the model, even for ascites tumours, 

must be in doubt. 

well urviva and tumour .. owth de la . 

1.ents of tumour growth delay following single 

doses of radiation, and its modification by oxygen and 

hip;h LET radiation, suggest that to a first approximation 

the response of the whole tumour can be described in 

terms of that of single cells. Oxygen was found 

dose modifying for growth delay with an o.e.r. of 3 

(figure 28). ,2he biphasic nature of the growth delay 

curve for irradiations with animals breathing air (figure 

23) can be understood in terms of the existence of two 

populations of cells, one well oxygenated and the other 
hypoxic. The fall in RBE with increasing dose for well 
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exomted tur ours was si.11ar to that for cell survJvc,l, 

-voh of tese obsrvat-ions would 4-a,est a cor;%-eJJAion 

between cell killing and tuoour rrowtb delay, 

ilowever, the di foronce in t 	o.e.r, for urowth 

delay and tl-mt for cell survival found for both t3;o 

',at ours studied ipli c  hot the relationon4p betw,aen 

the two endpoints Le not a direct one, lhe techniques 

for mes.surinc cell survival were indirect insofar as it 

was not T>ossible to measure tho foration of clones of 

i)rolifemting cells 	situ AO can be done with togut 

(A.,thers and lakind, 970; ,:ornee;), 1970), skin (Withers, 

1967; k:mory, enaap a gall, 1970), cartilage (1,ezabor, 

1965), and with haernepoletic tissue (McCullocb and Till, 

1962; llornsey, 1971). Nevertheless, the 4.17reent betwcon 

the bruin assay and the in vitro platin technique used 

with R1135
, and the correlation between the dose needed 

to ;reduce a 90 percent cure rate in an experimental 

tumour, and that calculated from cell survival data 

(Barendsen and Broerse, 1969), would suggest that cellular 

radiosonaitivit,7 as exoreeed in terns of t,le ability 

of individual cells to regrow a ttvour, can be ='20)711.210,0a 

by the cIonine technique. 

Possible reasons for the different o.e.r.is or the  

two end;')cints were discussed in chapter 4 in terms of 

the way *ells expres their dawn() in different growth 

conditions.‘411 addition, factors sucb as raltotic delay, 

alterotions in proliferation kinetics of survivir *ells 

Oarendz;en and Broat'se, 1969), d. 	to stroma Rnd 

blood vef;sals, will all ootrjbute to the pttrn of 

regrowth of a tumour, and will have their own inherent 

25 
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radiosensitiviti and o.e.r. 	Siracka Littbrand, and 

Revesz (1969) irradiating Chinese hamster cells, found 

a higher o.c.r. for formation of small colonies than for 

cell survival Thomlinson and Craddock (1967) have 

discussed the possible importance of small colony formation 

in the regrowth of a tumour, and if alterations in the 

g:rowth properties of surviving cells have a higher o.c.r. 

than cell ,:survival, this could contribute to the higher 

o.e.r. for growth delay. 

e correlation between tumour growth delay and cell 

survival can be tested by niotting one parameter as a 

function of the other for various conditions of irrad-

iation. Such a plot is shown in figure 38. It may be 

seen that the delay induced for a given level of survival 

was greater when tumours were irradiated in well oxygen-

ated conditions than when they were clamped, reflecting 

the smaller o.e.r. for cel killing than for growth delay. 

Another feature of interest is the difference between 

tin') curve for aerobic irradiation (unclanped tumours) 

and, those for tumours irradiated when either hypoxic or 

well oxyconated. The curve for X-irradiation of undamped 

tumours follows the o-nic curve down to a surviving 

fraction of 10-1 and then diverges. Below a surviving 

fraction of 10-1 the surviving cells were those that had 

been hypoxic at the time of irradiation (figure 52)$  so 

that this displacement may have reflected the creator 

delay in repopulating the tumour by cells that were 

initially hypoxic as compared with those that were well 

oxync,-nted. A similar explanation could apply to the 

curve following neutron irradiation (figure 38); in 

this case the displacement from the oxic curve occurred 
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40 -- Symbol Radiation  Conditions  
• X-rays Hypoxic 
X X-rays Aerobic 
A 	X- rays 	Oxic 
0 Neutrons Aerobic 

0 ' 	 ioo 

   

Id' 162 103 

Surviving fraction 

7504, 30 
induced in tumour RIB5C 

the surviving fraction as assayed 

r different conditions of irradiation 
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at a lower level of survival due to the 0,-reater cell 

sensitivity and lower o.e.r. following neutron irradiation, 

The increased time to repopulate a tumour for a given 

of survival (as measured in vitro) by cells that 

were hypoxic rather than well oxygenated may have been 

because the "effective" hypoxic fraction was less for 

cells left in situ than that measured by plating them 

vitro,  which "rescued" cells that would otherwise have 

died due to the hypoxia. 

If death due to hypoxia were the only cause of the 

greater growth d3day following irradiation in air (figure 

38), then for a surviving fraction of 10..2  as assayed 

in vitro the greater delay induced for irradiation in 

aerobic conditions over that in oxygenated conditions 

corresponds to a decrease in surviving fraction to about 

104.3  (figure 38), so that 90 percent of the cells that 

survived the radiation must have died because of the 

hypoxia. If this were the case, one might expect that 

there would be a fall in the surviving fraction of cells 

as assayed in vitro, with time after irradiation that 

the tumour was excised. There was no such change with 

time up to six hours after exposure of RIB50 to 1000 rads 

(figure 34). However, this dose may not have been 

sufficient to ensure that all survivors hud been hypoxic 

at the time of irradiation and the time interval may 

not have been long enough. The effects of larger doses 

and time intervals are at present being studied. Herans 

and Barendsen (1969) exposed the R-1 rhabdomyoLarcoma to 

2000 rads, a. dose sufficient to ensure that all the 
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surviving cells had been hypoxic at the time of irrad-

iation. They eeasured survival at daily intervals 

thereafter; the fraction of cionoLonic cells reeeined 

constant for four days and then increased due to re. 

population of the tumour by surviving cells. It would 

therefore appear that death of hyTIoxic cells cannot 

alone explain the increased dela,y in growth following 

irradiation in aerobic conditions. There must also 

be differences between the repopulation kinetics of 

surviving cells that were initially hypoxic and of those 

that were oxygenated. 

Fractionation experiments such as that described 

in section 4,3.2. provide information on the shedding 

of sub-lethal daieage by hypoxic cells, but also demonstrate 

the complexity of the tumour response to radiation. 

Figuro 39 shows the dose-effect curves for tumour re-

growth following irradiation in aerobic and hypoxic 

conditions redrawn from figure 28. The experimental 

points represent the delay induced by two doses of 1000 

rads five hours apart; in one case the second dose was 

delivered to clamped tumours, and in the other to 

unclamped tumours. There was no significant difference 

between these points, indicating that the second dose 

was bein: delivered to an hypoxic opuletion. Since 

reoxygenation was not occurring in this time interval 

(section 4.3.2.), the expected amount of delay should 

be given by the hypoxic dose-effect curve displaced 

to start from the 1000 rads point on the aerobic curve 

if there was a direct correlation between cell killing 
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and hrowth delay. In fact the points fit the aerobic 

curve redrawn from this point rather that the hypoxic 

curve. This could be accounted for if cells were 

dying because of hypoxia in the time interval before 

the second dose. :iowever, 	34 shows that this 

did not occur, at least up to six hours after the first 

dose. 

Th RB 	survival d 7rowth ' la . 

From the curves of figures 28, 30, and 31 a 
comparison can be made between the effects of neutrons 

and X-rays on cell survival and tumour growth delay. 

Figure 40A shows a plot of the RBIs for these two 

endpoints as a function of neutron dose, for irrad-

iations with animals breathing air. Above a dose of 

250 rads the RBE for cell survival was consistently 

above that for growth delay. The components of these 

curves can be separated more clearly by plotting the 

RBE as a function of the inverse of the neutron dose 

(Alpe 
	

972). Such a plot is shown in figure 40B. 
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curves having a shoulder followed 

region, the RBE depends on the neutron 

the relationship 

1 

For cell survival 

by an exponential 

dose according to 

RBE = DN 	
D4 D - Rs 

once the exponential region of survival has been reached. 

Rs is the ratio of the slopes of the exponential regions 

of the two survival curves, and is the RBE at infinite 

dose. D and ND1  are the quasi-threshold doses for 
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the low LET and neutron curves Alper, 1972) and DN  is 

the neutron dose. At low doses the Aes.1; depends on the 

shapes of the shoulder regions. For a mixed population 

of oxyceneted and hypoxic cells there will be a sharp 

increase in the RBE in the region where the response 

is controlled by the hypoxic cells, i.e. when effectively 

all the oric dells have been killed. Figure 4©B shows 

that this occurred at a much lower dose for cell survival 

than for tumour growth delay. The curve for tumour RIB5  

calculated from the results of Field, Jones, and Thomlinson, 

(1967), is shown for comparison. The main difference 

between the two tumours was the larger slope of the,  

straight portion of the curve for RIB5, and the smaller 

value of Rs, 1.2 for RIB5, and 2•7 for RIB5O. A value 

of Rs close to unity implies that differences tn the 

shoulder regions of the dose-effect curves are of prime 

importance in determining the RBE. Alper (1972) has 

shown that a number of different tissues have values of 

Rs close to unity, and in this respect RIB5C is except-

ional. 

An alternative method for visualisinE; the comparative 

effects of X-rays and neutrons is to compare the crowth 

delay induced by doses of the two radiations which give 

the same level of survival. Fip;ure 41 shows a plot of 

the ratio of the delay induced by X-rays to that induced 

by neutrons as a function of the surviving fraction. 

As the surviving fraction decreased from 1 to 10-1 

the X-rays became proressively more effective in delaying 

growth. For lower levels of survival the ratio decreased, 



133 

although not untill the surviving fraction was less 

than 10 did neutrons become more effective than X-rays 

Barendson and Broerse (1969), irradiating the R-1 

tumour in rats, found that for a given level of survival 

assayed in the same way as for RIB5C, 15 Zev neutrons 

caused a greater amount of dela in tumour growth than 

did 300 Kv X-rays. Their data has been replotted in 

figure 41 for comparison. Below a surviving fraction 

of 10 X-rays always caused less growth delay than 

neutrons. They were able to show that the time interval 

between irradiation and the onset of rapid proliferation 

by surviving cells repopulating the tumour was greater 

for neutrons than for X-rays. A similar explanation 

may also apply in the case of RIB5C, although in that 

case X-rays would have to cause a greater delay than 

neutrons, the opposite effect to that found by arendsen 

and Broerse. 

The peak in the curve for RIB5C in figure 41 (and 

that for R-1) can be understood by relating it to the 

cell survival curves of figure 32. Below a surviving 

fraction of 10 , with X-rays the response of hypoxic 

cells was being measured. With neutrons, the hypoxic 

cells did not become important until the surviving fraction 

was below about 5 x 10
.A3 

Below a surviving fraction of 

10 hypoxic cells alone were the determining factor 

with both types of radiation. Thus the increase in 

delay induced by X-rays relative to neutrons for surviving 

fractions between 10-1 and 10 2 reflects the different 

oxygen status of the survivors immediately after irradiation, 

hypoxic for X-rays and oxic for neutrons. Below a 
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surviving fraction of about 5 x 10.-3  hypoxic survivors 

predominated for both types of radiation, 

Schneider and. Whitmore (1963) have compared the 

effects of X-rays and neutrons on cell survival and the 

induction of mitotic delay in cultured Chinese haAster 

cells, and their results have been replotted in figure 

41 for comparison with the tumour data. For a given 
-1 

level of survival below 10 , neutrons were only slightly 

more effective than X-roys in causing mitotic delay, 

5.5. Conclusions,  

The results presented in this thesis have demonstrated 

that the relationship between the gross res onse of a 

tumour and that of its cells to radiation is neither a 

direct one nor a unique one. It depends on the type of 

radiation used as well as on the level of cell survival 

obtained; it also depends on the type of tumour under 

investigation (figure 40). The difference in the o.e.r.'s 

for growth delay and cell survival for tumour RIB5  and 

RIB5C also demonstrates the complex nature of the relat-

ionshil) between the two endpoints. These differences,  

together with the change in the o.e.e, for survival of 

the cells of kIBcC de ending on whether they were irrad-

leted in vivo or in vitro  before assaying in vitro  (table 8) 

sugEest that deductions based on observations made in vitro 

may not be valid for predicting the detailed radiobiological 

response of cells in vivo, As was discussed in chapter 4, 

this might be due to qualitative differences in the types  

of damage expressed in vivo and in vitro. 

6 
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