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ADSTRACT

A comperison has been nade between the gross response
of a fibrosarcoms growing in rats to radiation, =znd that
of its cellss A permanent cell line hag been established
from this tumour and the radiobliological properiies of
these cultured cells, and of the tumours that resulted
when they were reinjected into rats, have bheen studied.

The modifying effects of oxygen, the linear energy
trensfer of the radiabion, and dose fractionation on btumour
growth delay and cell survival have been studied, The
properties of an in yitro model system of the non-
proliferating cells in a tumour have been investijated.

The results indicate that studles in vitro may notb
be valid as a gulde to the detailed radiobiological
behaviour of cells in yivoy and that there may be
gualitative differences between the types of cellular
danage expressed following irradiabions im vive and in

viktro,
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Chapter 1
IRTRODUCTION

The main characteristics of neoplasms have been
described through detailed clinical observations over
many centuriess Broadly, pathologists have dlvided
necplasms into benign or innocent tﬁmours, and malignant
tumours. Benign tumours are circumscribed and ususlly
encapsulated lumps growing at a very slow rate, which do
not tend to invade or destroy surrounding tissues. They
ere often curable by local excision and do not usually
endanger life. In contrast, mﬁlignant tumours grow more
quickly and more extensively. They invade and destroy
neighbouring tissues and often recur alter local excision.
Probably their most dangerous characteristic is their
ability to metastasise, to give rise to secondary growths
éf a similar kind in distant parts of the body due to
discontinuous transport of cells from the original
tunour to the appropriate site via the blobd or lymphatic
systemse

There are three basic methods available for the
treatment of cancer: surgery, radiotherapy, and chemo=
therapys At the present time many treatments fail to
produce a cure, and the reasons for this are poorly
understoods Unfortunately many patients present themselvs
with the disease at a fairly advanced stage, by which time
metastases may have developed. It is poscible that if
more effort were put into ensuring early disgnosis in
patients, the beneéfit in terms of cures produced would be
greater than that due to the bulk of the research that hes

been carried out into the causes and treatment of cancer
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(Bagony 1967)s dven mo, there would be failures. oult (1969)
~ has estimated that regrowth of the rimsry lesion following
rediotherapy was a significont part of the terminal phase

of the disease in about 36 percsnt of the patients dying

of cancer in the United ftetes inm 1968, It is in part the
concern of the tumour rnﬂioblalogiat to explain these

failuree and Yo polnt to better methods of treatnent by

radictherepy and, or chemotherany.

The first report of successful treatuent of cancer
with radiation came from the United States in 1899, less
than four years after Roéntgem published his first papers
The early radiotherspists attenmpted to administer the
largest dose in the shortest time. In practice this
meant submitiing petients to single trestments lasting
several hourss An alternstive method consisted of single
or short courses of treatuent at intervals of s fow weeks,
for overall pericds of several monthss The cumulative
chapacter of the effects of radiation had gquickly been
noted, and the only rationale for this second approach
wos that it was nmore tolerable for the patisnt than that
of a single aassivi dose, Fevertheless, ¢linically observed
reactions in normal tlssues were still severe.

In 1922 C.Regaud demonstrated that a single large
dose, capable of producing necrosis of the serotum, was
unable to produce permanent sterilisstion of the testis
of & rad, yheress the radiation delivered ss four fractions
within ten days did so without producing peramsnent skin
necrosise Regaud soon applied these results te radium
treatmonts extending over periods of seven to ten duys.
He Coutard extonded Regaud's idess to give dsily doses

S —— i



over periocds of several weeks and demonstrated a considerable
improvenent in the results of treatment of cancer of the
larynxz and pharyax (Coutard, 1934)e Susequent developments
in rediotherapy were esgentlally quantitative in nsture.
Ralston Paterson in 1952 maintained a statistical ap;roach
to the problem of optiswm dossge in radiotherayy, to

quote him "few radiotherapists will be able to Justify
their choice of dosaga'aud troatment on really solid
grounds®” (Paterson, 1952)s. Fletcher (1969) has reviswed
the progress of clinical rescarch until the present time

as it hes been applied to considerstions of the relationship
between time and dose in rediotheraspy. This research,
though essentielly empirical, has provided the framework
for vresent radiothorapcuti&'praotiee. Developments in
radiobiology mey have seemed, in meny instauces, tec be
unrelated to this practice, and it is not yet possible to
propose eny rational optimum treatuent regimes, however,
these developments have made it possible %o suggest reasons
for suecess or failure in rediotherapy (Bawvendeen, 1969;
Sheline et al, 1971), and it iz to be hoped that current
research will soon begin to have an impact on the planning
of trestment regimes,

In general rediotherapists limit their treatnment

not go wmueh to that whieh will Just destroy 2 tumour,

but to that which will induce a reaction in th: scurrounding
norznal tissue which will Just be teolerated. J.3. Stevart,
studying the relation of doge to results in rediotherapy

in two e¢linical trials, one for cancer of the mouth, and
one for early cavcinoms of the laryn:, concluded that the

optimum dose in both cases was the highest dose coupatible
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with acceptable necrosis risk (Stewart, 1964), This
concern for the normal tissue has led to the concept of
the therapeutic retio as an aid in determining optimum
dosage (figure 1). For a "radiosensitive" tumour having
a high therapeutic ratio, complications incresse slowly
with increasing dose (figure 1A). For a "radioresistant”
tumour, the dose-ecffect curves for normal and malignant
tiscues will be close together so that complications will
increase quickly with increasing dose (figure 1B), Figure
1C shows actual curves plotted by Fletcher (1969) from
data on skin cancer obtained by Strandqviste The effect-
iveness of radiotherapy could be improved if the therapeutic
ratio could be suitably manipulated, and it is one of the
aimg of rédiobiology to provide information as to how

this can be dones

In 1956 Puck and Marcus published the first directly
measured mammalian cell survival curve. They used an
in vitro cloning technigue with cells derived from the
lung of a Chinese hamster (Puck and Marecus, 1956)s Soon
afterwards lewitt and Wilson (1959) showed that mouse
leukaemia cells irradiated in vivo or in vitro but assayed
in yivo had essentially the same relutionship between dose
and surviving fraction of cells as that measured by Puck
and Marcuss Subsequent studies both in vive 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 is a logarithmic one of
surviving fraction, the dose scale is linear. OSurvival
in this context refers to the specific ability of cells

to undergo unlimited proliferation so as to form cclonies
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on & petri dish, for example, or to csuse a tunour,

The survival curve of figure 2 consists of an initial
shoulder followed by a straisht line corresponding to
en exponential relation bheltween dosge and gurviving
fraction. (In przctice, some cell lines have survivel
curves which continue to bend down at higher doses (Barendsen
et al, 1960)). A survival curve of this form is charactere
ised by any two of three parameters: Do, the ewbrapolation
nusber o, and D . (ﬁéqiﬁ a measure of the slope of bhe

exponential region oi the survival curve, wheze Do ¥5 thet &

which reduces the surviving fraction by a factor e~1 on |

the exponentisl port of the curve., It is sometimes called
the mean lethal dose per semsitive ﬁiﬁ& (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 sl, 1960)., The
point at which this extrapolated line intersects the 100
percent survival level is defined as the quasi-threshold
doge, Dq (Alper et al, 1962). These threc parameters are

related sccording %o the expression Dq_n Do log.n.

1.5, Tumour radiosensitivity,

Celluler radiosensitivity can be detervined 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/Bo (Zimumer, 1961;
Lea, 1962). According bto this definition, a population
with e upiform radiosensitivity will give rise Yo &
survival curve with an ax?onential reglion, snd changes
in sensitivity will be reflected in changes in the slope
of this exponential region. This definition of cellular

radlosensitivity is precise snd has units (&ase)"q.



4

In contrast, clinical radiosensitivity as applied,
for instance, to tumours, is not so well defined. As
used in discussing the therapeutic ratio sensitivity
refers to local curability, 2 sensitive tumour being
one with a high therapeutic ratios IHowever, the term
"radiosensitive” has alsc been applied to tumours which
show rapid regression following a dose of radiation,
Tumour radiosensitivity in this sense depends on other
factors besides the radiosensitivity of the individual
tunour cells, It will depend on their turnover rate and
the rate of repopulation by surviving 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 would be misleadings Unfortunately
- radiotherapists are not agreed about the meaning of the
term "radiosensitive" as aprlied to tumours., Paterson
uses the term to mean local curability without defining
what is a cure (Paterson, 1948), while Easson describes
a tumour as radiosensitive "if it is resolved rapidly
in response to modest doses of x-rays" (Eassom, 1967),
and makes a distinction between sensitivity and curability.
Such a definition depends in a complex way on the properties
of the tumour, whereas that of Paterson is more directly
associated with the survival of individual cells.
146s_ The Oxypen Effects )

The sensitivity of almost all types of cell to

ionizing 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

socon as radiation was used in the treatment of malignant
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disease, although the reascns were not at that time
understcod,

The relationship between oxygen concentration and
cell sensitivity was first accurately described for
bacteria by Alper and Howard-Flanders (1956), and
Deschner and @ray (1959) showed that the same relationship
held for the induction of chromosome aberrations in

mammalian cellss This relationship can be represented

where SN and S are the sensitivities of the test system

by the equation

in the absence of oxygen and in the presence of a conc=
entration [0] of oxygen, and k is the concentration of
oxygen which brings the sensitivity to half its meximum
value m, the oxygen enhancement ratio (0.e.rs)s The oxygen
is said to be dose modifying, that is, if an effect is
prdduced by a dose D of iadiation in aerobic conditions,
then the same effect is produced by a dose mD in the
.absence of oxygens

There 1s now evidence to show that experimental
tumours contain hypoxic cells (Gray et al, 1953; Powers
and Tolmach, 1964; Thémlineon, 1965), and that these cells,
which are protected from radiastion injury, can repopulate
the tumours (Powers and Tolmach, 1964; Thomlinson, 1968).
As yet there is only indirect evidence to suggest thaet
human tumours contain hypoxic cells (Churchill-Davidson,
1964). Cne would expect thzt this hypoxic component of
the tumour cell population would determine the response
of a tumour to large single doses, and this grotection

may be the reason that some tumours are nol eradicated
by such doses.
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There are sevaersl possible methods of dealing
with the problem of hypoxic cells in tumours (Fowler, 1966).
In the present context only the use of radiations of high
iohization density, of high linear energy transfer (LET)
will be considereds The potential advantage of high LET
radiation lies in the fact that the ose.r, for damage by
such radiation for most test sysbems is considerably
lower thah that for radiations of low LET. The ratio of
the oeesrs for low LET radiations to that forufast neutrons
from the Medical Research Council eyclotron is in the
range 1.5 to 1.7 for damage to mammalian cells (Hornsey
and Silini, 1961; Berry, Bewley, and Parnell, 1965;
Barendsen et al, 1966; lMcNally and Bewley, 19€9). This
factor represents the increase in effective dose to the
hypoxic cells for high LET radiation over that for x-rays,

and represents the chief reason for considering the sossible

use of neutrons in radiotherapy.

The existance of a shoulder to the survival curve
for irradiated cells (figure 2) implies that radiation
damage has to be sccumulated before it can express itself
as lethal, in other words that cells can absorb some
demeage as sublethal, Elkind and Sutton (1959) showed
that cells could recover from, or shed this sublethal
damages They showed that if cells in vitro were exposed
to a dose of radiation and some time later were expeséd
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 reseived no radiation,
they had shed their sublethal damage. The time course

for this recovery process has been studied both in vitro
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(Elkind and Sinclair, 1965, for instance), and in vive
when the response of tissues was being measured (Hornsey
and Vatistas, 196%; Powler et al, 1965; withers, 1967b;
Withers and Elkind, 1969). Typically, for mammalisn cells
in vibro, as the time between the douses increases, bthere
iz an initial rapid recovery occuring within the first
two to four hours, followed by a trough and subsequent
increage in survival with time, reflecting Chanpes in
senslibtivity due to the induction of partiasl synchrony by
the first dose (Elkind and Sinclalr, 1965).

The ability of cells to shed their sublefthal damage
is of great importence for radiotherapy. Fowler (1966)
haes discussed in some detsill the relationship between
what one might pect of a simple fractionation regime
in terms of cell survival and the effects that sre found in
clinical practice. Again, the relative response of the
narma; to the btumcur tissue ig the crucial factor, and
the gize of the therapeutic ratio will depend not only
on the different cellulsr radiosensitivities (if any) of
thé two tissues, but also on their repopulatlon kinetics,

and their relative abilities to shed sublethal damage.

18 Alms of the study.

The developments in cellular radiobiology have been
the principal stimulus %o discussions of the scientific
basis of radiotherapy (Fowler, 1966; A1§er§’ﬁ9é7; Kanlan,
1970). The principal endpoints at present available to
the radiotherapist are patient survival rates, abd tumour
growth and regression messurements. Nevertheless, in the
final anelysis it is probably radiabtion's abllity to kill
individual cells that will determine whether or not =z

tumour will be eradicabed following radiotherary. For
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this reason cell cloning experiments are potentimlly of
congiderable importance. llowgver, their possible relevance
to the in vivo situation must be considered with some care.
gg vitro experiments allow one to study the rroperties
of clonogenic cells, both proliferating and non-proliferating,
directly. The non-prolifer:ting bub clonogenic cells
may vbe of parviculsr importance since sany tumours contain
non-proliferating cells (Mendelsohn, 1960), 4 study has
been made of the properties of a non-proliferating pop-
ulation ln vitro both in terms of its respomse to radiation
and in terms of its growbh kinetics, and the relevance
of such & model to btumour radiobiology will be discussed.
It is important to measure the radiobiological
prﬁpertiés of alsnagenic tumour cells directly, since the
environment within a Pumour will affect their response to
radistion. One can do this using the type of assay first
developed by Hewitt and Wilson (1959), or by the lung
colony sssay of Hill and Bruce (1969), or by measuring
tumour cure rates (Suit, Shalek, and Wette, 1965).
However, all ﬁhese methods regquire large numbers of animals
?é@d fhe assay period can be several monthe. A method which could
meagure tbé formation of colonies directly would he a
considerable advintage. One way would be to culture the
cells of the tumour of interest and bo measure their
properties in vitro. However, the characteristics of
interesgt will alwmost certeinly alter, sinaé it can btake
many enersbtions for cells to adapt to thelir in vitro
environment (see chapter 3). ﬁ second method is bo
irrvadiate tumour cellﬁvig vivo and then Lo weasure their
ability to form colonies imnmediately upon transfer fronm

the snimal to the retri dish. With such & system, the

environnent of the cell at the time of irradiation is
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she "true" environment, whils the assay in vitre allows

i

quick evalustion ol resulbts without the use of laree
nuwbers of animals, Ideally, a suitable system would be
one which allowed movement from the in vivo to the in vitro
state and vica versa. Such a syster has been developed
by Barendsen's group (Barendsen and Broerge, 1969), and I
have developed a similer gystem using the trancuvlantable
fibrogarconsa RIB5 ag the starting point. 5Shis systen
will be described in detail in chapbter two.

Studies of cells in viltrg have shown the importance
of three factors in condidering the reponse of aélls
to radiation, the LET of the radiation, the sensitizing
effect of oxymen, and the ability of cells te shed their
sublethal damage. Bach of these factors has been studied
in terms of its effects on cell survival and on the
gross response of a tumour to radistion. In addition,
gvidence will be presented to question the wvalidity of
studies in vitro as a guide to the detalled radiobiological

response of cells and tissues in vivo.
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Chapter 2

TECHNIQUES FOR 8
IN VIVO AND IN VITRQ

281 lNethods for measuring the gross respcnse of a

tumour to radiation,
In any biological experimental system the effects of

biclogical veriability 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 animels, since spontaneous tumours,
for instance the spontaneofs mammary carcinoma in 053
mice, tend to have a wide range of histological types and
growth rates (Denekamp, 1968)« The system I heve used 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 RIBS, a benzo=-
pyrene induced fibrosarcoms or a modification of its

The traznsplantatiom procedure is one that was developed
to zive approximately spheriecal tumours and more important,
to reduce the tendency of the tumours to metastasise
and cause the death of the animall® before the effect of
treatment on the primaries could be assesseds Tumours
could be maintained by subcutaneous graft in animel
flanks. Experimental tumours were obtained as follows,
A tumour-bearing animal was killed by neck luxation and

healthy tumour excised and finely minced with scissors in
a gavity blocks A measured quantity, free of lumps, was

drawn into a syringe and transferred to a second block
where it was mired with a 4 percent solution of sodium
alginate in the proportions three parts tumour tc one of

alginate, This tumour-~alginate mixture was then drawn
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into another syringe and dropped from a fine needle into {
a solution of 1 percent calcium chloride at room tsmperature. |
The tumour pellet so formed was removed to 2 bezker of
normal saline after sbout 2C=30 sesconds, 3 tine long
enough for the calcium alginate gel to form a firm capsule
around the tumour material, Meanwhile, & ssusagc skin
was prepared by inverting the small intestize of a 3a5 [
week old rat and cleaning off the mucosa with a sterile 1
gauze swab, The tumour pellet wes then placed in this S
skin end tied off, producing an approximafely spherical p
tumour sausage about 5 um. in diemeter., This was
implonted subeuteneously into the left flank of a rats
In some experiments the szusage skin was omitted.
Depending on the type of tumour being studled,
tumours reached measuradle sizes one to Iour weeks'aftor
implantation, and could be measured along threo dicmeters
using vernier'callipers. Growth curves were constructed

by plotting the arithmetic mean cf these diameterz against

tines Zerc time was taken as the day of treatment whiech

was when tumours had reached a standard size of 3-10 mme

in diameter, Tumours were measured f{ive times a week

uctil they had reached a mean diamebter of about 30 mm.,

or until the animals could no loager tolerate thelr

presence. AL this time the animals were sacrificed and

an autopsy performed. |
The endpeint used was the time to grow from ireatment

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

compared with that for unirradiated tumours (Thomlinson,

1960)
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2eca Bstablishment of a permanent cell line from
tumour tissue

2s2s1e Introduction,

There ere nany techniques available for culturing

tunmour tissue both as organ cultures and as single

cell cultures (see Paul, 1965): In the present context,
only those methods that have been employed for the
paticular tumours awailable will be deseribed, The
basic problem was to obtaln a permanent single cell
culture from a tumour vhose groés response to radiation
was being studieds The particular tumour of interest
was RIBs. Initially twe other bpmours were also used,

a butter yellow-induced liver tumour, and & spontaneous
sarcoma of the orbits The methods employed were the same
for all tumours, but 3135 was the only one to be studied
in any debtail,

2:2.2. o T

. A tumour-~bearing esnimal was sacrificed by neck
luxation and healthy tumour tissue excised under aseptic
conditions, This was placed in a 5 emy sterile plastic
petri dish and finely minced with sharp pointed scissors.
Some of the chunks from this mince were then placed in
small Carrel flasks and attached fo their inner surfaces
by gently werming the flask bottomss Appropriate amounts
oi complete medium were then pipetted into the flasks
and, after exchanging the air with 5 éercent G0y in air,
the flasks were sealed and placed in a warm room at 37°G.
Within a few days monolayer outgrowths could be seche
In practice these were not used further, their chief
use being to check that the particular medium being used

wvas satisfactory., The best medium was Eagle's minimum
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esgential, slthoush BEagle's basal medium was also quite
gsatisfactory. The complete nedium used wasiw

41 ml Esgle's minimum essential medium (x10)

40 ml ﬁaﬁcﬂﬁ, 2e8 percent solution in distilled water

50 ml foetal calf serum (Plow Laboratories)

Streptonmycin, 0.5 mg/ml

Penicillin, 500 units/ml

Mycostatin, 100 units/ml

Glasg distilled water bto make up $o 500 cc.

It was often an advanbage 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-seline was sdded. 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
ploced on a wrist-acticen shaker znd shaken for 30 to 120
minutes in the warm room (37°C), and left to stand for
% minutes to let the larger tumour chunks settle to the
bottoms The supernatant was ploced in a 10 ml centrifuge
tube and centrifuged for 10 ninutes at 800 repems in an
MeSeEBe centrifuge, and the trypsin was discarded., The
cell pellet was washed once with whole medium, resuspendsd
im medium and inoculated into 100 ml "medical flat®
bottles containing 10 ml of medium in an atmosphere of
5 percent ¢o, in air.s During the whole procedure the pl
was maintained just acid (648 - 7.0), At this stage each
bottle contained single cells, clunps of cells and tumour
FTragments.

Tnere now followed a long adeptive rhase during which
the btumour cells gradually adapted themselves to thelr

envircnment until finally a firmly atitached monolayer



culture of clonogenic gingle cells wae obtoined. In
practice this sdasbive phase loated for & to 12 noniths,
and could be divided inbto a namber of distinct periods.

Initially, during the first two weeks, nasny of the
cells failed bto atbach to the gloss surfzce sad died.s
With the first change of medium this debris was removed
leaving behind firmly attsched cells and a few tumour
fragments. Dividing cells could be ssen, albthough not
2ll of their daughbters remained attached.

Unless within the fourth weelk, a reasonably healthy
culture consisting of many lightly attached c¢ells was
obtained, the culture would never grow further. By
the fourth week it was usually possible to make the first
subcultures Unattached cells were transferred to a new
bottle containing fresh medium, and the abttached cells
resuspended by gentle trypsinisation, and washed off in
a few ml of medium. This suspension was then transw
ferred to new bottles each containing 10 ml of medium,
varying numbers of cells,y never less than 105, being
placed in each bottle. If, within twe days, nmany healthy
atbtached cells were seen, then a sucecessful culture could
usnally be established, From this sbage on cells becane
progressively better adapted to thelr environment,
until within four to six months a healthy monolayer
culture was established.

It is difficult to define exactly what was required
b0 ensure success. This method only worked with tumours
that gave large numbers of single cells during the initial
trypsinisation, and in general, the higher the ilnitlel
concentration of cells in the bottle, the greater was the

probability of success.
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Once a perménent monolayer culture had been established
it was necessary to test the celis' ability to form colonies,
or clones. A clone is a population of cells derived from
e single pavent, and cells capable of forming clones are
said to be clonogenices

Puck and his c¢olleagues were the first to demonstrate
the ability of mammalian cells to form clones in vitro
(Puck and Marcus, 1955)« They devsloped the technique
of using a feeder layer of radiatione~killed cells., Test
cells were plated ontop of these feeder cells which though
unable to divide more than once or twice, were still
metabolically active, and "conditioned"™ the medium %o allow
single cells to divide and form macroscopically observable
colonies, ©OSubsequent work has shown that not all cell
lines require a feeder layer, for instance thé V=79
Chinese hamster cell line.

As a source of feeder‘layor cells one can use the
line being tested, or an already established cell line.

The number of feeder cells needed will depend on the cell
line being tested. After four months in culture RIBg
cells had a plating efficiency of 15 percent when plated
onto a feeder layer of 4 x 10° Ehrlich sscites cells in

a 5 cn petri dish. The plating efficieney is the fraction
of single cells plated which are viable., A viable cell

is arbitrarily defined as one which gives rise ¥o a

colony of at least 50 cells after ten dayse

The highest value of the plating efficiency after
six months in culture was 0s19, with 2 x 107 RIBg cells
as o 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 hasg beon the normel value sver
&iﬁeé‘ As the plating efficlency ilncreased, so the "guality”
of the colonies luproved. Initinlly they were very diffuse,
with cells spresd over & wide ares, but by the time the
culture was well established, colonies were rounded and
compscle

Durding the period of adaptation of the cells %o their
culture conditione thelir characteristics changed. This
could be most clearly &amcngtfata@ when cells were
reincculated into rats. The resulting btuwmour h&@ a volume

doubling btime twice that of the original Riﬁﬁ tunour (see

chapter 4),

r cells irradiated

2e5e1e  Methods available,

The first method developed for asgaying the survival
of cells in vive was the cell titration technique of Hewitt
and Wilson (1959). A sibzle cell suspension was obtained
from the tumour of interest and the number of these cells
required to cause a given number of animals to develop
tumours wos determined, The surviving fraction of cells
was then the ratio of this number for untresated tumours
to that for irradisted vnes. The technigue has been
used by a'nu&bex of workerg to determine cell survival
curves (Reinhold, 196%; van Putben and Kallman, 1968; for
instence). Its chief disadventages are that a large
number of animals are needed, and it can take many months
to be sure whether or not & tumour will develop. Also,.
there is 2 sirnificant immune response from the host

animal bto many of the bunours that are used in laborstory



experiments, so that a large number of cells is. nazeded

to induce s tumoury with HIB5 at least 405 cells have

to be injected to ensure that a tumour will develop,
Barendsen and Broerse (1969) have described a aystem

which allows the characteristics of bumour cells irradi&t@&

in yive to be assayed in vitro, and I bhave devslopsd a

similar system using cultured 31%5 cells and the tumours

that result when they are injected into rats. These

tunours have been callsd RIBSQ, to distinguish them from

the original RIB§ tunours.

ZaZezs Technioues with R;ggg&

Tumours were obtained in the following way. RIB5
cells in culture were grown almost to conflusnce in three
500 nl medical flat bottles. They were then trypsinised,
suspended in medium, and centrifuged at 900 r.p.m. in
an M.S.8s centrifuge for 10 minutes. 7The supernatant
was discarded and the btumour cell pellet miwed with
sodium alginate, and btumour saussges formed and implanted
into rate as described in section 2.1. In experiments
when tumours were to be excised immedisbely after ilrrad-
iation, a suspension of 5 -« 12 x 465 cells in 0.0% ml
of medium was injected subcutanecusly into a2 rat's left
flenks Growth of the resulting témours (Rlﬁ5cj could
be meagured in the normel way. €Cell survivel was measured
as follows, Immedistely after irradiation, a tumoure
bearing animel was sacrificed, and its bumour excised
aseptically snd placed in a sterile petri dish. The
tumour was finely minced with seis:ors and transferred
to a 25 ml “vortem~beaker®. 12 ml of czleiunm free

Timmle ey o : F e : ~
tenk's medium (Henk and wWallace, 1949), containing
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05 mg/ml trypsin ab a pH of €48 = 7.0, was added and the
tusour further minced for 15 minubes in an M.8.EF,
homogeniser, Thls suspension was then filtered through
a number 2 sterile hospital dressing (12 »ly) into a
centrifuge tube and cenbtrifuged for 10 minutes at 900 T.pede
The supernatant was discorded and the cells resuspended
in 3 ml of medium and filltered once more. They were then
counted in a Havksley blood haemocytometer using phase
contrast microscony, and after appropriste dilutions
were plated into petri dishes vontaining feeder layver
celley, and incubabted for 10 days at 57“@ in an atwmosphere
of 5 percent CO, in air. Colonies were formed with a
plating efficiency similar bto that for the cultured cells
from which the tumours had grownes
This particular bumour was used rather ﬁﬁaﬁ the
original RIB§ tumour because not only 4id it yield a
single cell suspension with ease, but these cells had
a high plating efficiency when plated in vitro, unlike
those of Rxﬂsa
Probably the most critical step in the assay procedure
was the gell counting,. Cells were counted if
1) they had a well defined shape (approximately
circular)
2) they were not granuler in appearance
%) they had a sharp halo surroundiny the cell
4) they showed no sign of wvacuolatlon or pyknosis.
dpgregates of cells were virtually never seen.
The chief dissdvantare of enc:sing pellets of
cultured cells in pieces of small intestine was the low

yield of tumours, 20 -« 40 rperecenty this could be increased



to 40 -~ U percent by omitting the smell intestine, but
then the tumours tended to be ssusepe-shazed which
rendered themn unsatisfuctory for growbth neasurwments.

The high yield of tuwmoursg (70 - 100 percent) following
direet subcutaneous injection of cells wse to a cerbain
extent offset by the occurence of broken-up tumours,
probably due to seeding of cells along the needle track,
and LY non-~uniformities in tumour shupes, Thus the high
pleting efficiency using RIﬁgc has in vart becn offset
by the low yield of suitable tumours. Nevertheless, the
advantage of a guick and easy method for asszaying cell

gurvival is considerable.

4"? F St £

The apperatus and the techniques used to irradizte
the tumours were those deseribed by Thomlinoon and
Craddoeek (1967). A tuvour besring animal was anaesthebiszed
with an intra-peritoneal injection of scdium amylobarbitone,
znd then ploced on its side on s perspex couch in a
siyecial radiation vessel containing gas Inlets and outlets,
a pressure geuge, and s temperature control capsble of
maintaining the temperature at 26-30°C, The rat's
position was arransed so that the bumour was located ab
the center of a one inch field defined by a thick ring
of lead (fipure 3). To reduce bthe incidence of disrrhoea,
ag little of the abdomen as posslible was included in the
field, The distance of the wnidpoint of the bumour to a
fixed peoint of the vessel determined the exposure time
necaggary ¥ deliver the narticulasr dose of radiation.

A hemispherical perspex 1id was then wplaced over the rab



(figure 4) and the whole Jjig located in a standard
position under the I-ray set head by means of a lead
collimatior fixed Yo the head. The vessel could then be
flushed with the appropriate pas prior bto and during
irradiation, For serobic irvradistions, air was nassed
through the chamber at a flow rate of about 1 litre per
minute. To render a tumour hypoxic, & U-shaped perspex
clamp was applied 5 minutes before irrvadistion to
occlude the blood supply to it. When lrradistions were
given with an animal breathing oxygen at high pressure,
it was ansesthebised and placed in the vessel in the
normel way. The 1lid was then bolted tc the basse and
oxygen flughed through at 10 1/min. for 10 minutes. The

internal pressure was then raised slowly to 10 1lbs/sg. inch,

te avoid any trauma to ths rat, snd in particulsr, to

engure that bthere was no movement, The pressure was then

increased to a final value of %0 lbs/sq¢. inch and maintained

for 30 minutes prior to irradistion. During all stages
the respiration rate was moniftored. Immediabely before
and after irradisting an unclamped tumour, X-ray films
were exposed %o check the position of the tuwmour in the
beam, After irradistion, animsls were given an intra-
peritoneal injection of megamide, and retursned to thelr

CEECDB.

Sette2s Heubrons,

The technique used was that deseribed by Field,
Jones ond Thomlinson (1967), The neubrons were produced
in the Medicnl Ressarch Council Cyclotren by bhombarding
a beryllium tavget with 17 Mev deuterons. This zmave a

neutron beam with an energy spectrum of from O bto 21 Mev
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with a modal wvalue of 6 Mev. The neutron facility and
dogimetry heve been described by Bewley (1963 )and by
Bewley and Parnell (1969). The neutron dose rabte was
about 50 rads per minute and comitamination due to X-rays
was less than 5 percent.

The arrengement for tumour irradistions is illustrated
in figure 5, snd consists of a collimator designed to
produce two divergent beams so that two tumours could
be irradisted at the same time. The collimotor was
constructed of borated polythene contsining btwo steel
tubes having 2 half inch wall thiclkness and one inch
internal dismeter. The two rats were placed one sbove
the other in front of the collimator at a didbance of 75
cm, from the beryllium target. The bumours were aligmed
prior to treatment by placing the anaesthetized ralts 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 9.V, camers,

2e5e Dosimetry.

2541« Tumour irradiations.

A detailed demcription of the dosimetric techniques

will not bhe given, as they have been dscribed slseuhare.
They can be considered in two parts, for Z-rays and for
neutrons.

Lo X-rays. All tumour irradiations were performed using
the arrengewent described by Thomlinson (1960) and by
Thomlinson and Craddock (1967). The source of vadistion
was a Marconi Industrisl Model 250 Kv X-ray set, operated
at 250 Kv and 15 ma., with filters of 0.5 um. copper and

1 mr. of aluminium. The midevpoint of the tumour was



TUMOUR i .

Q

MOULDED COQUCH
S o

RADIATION ROOM

' _ CONCRETE

} Il

» a 7 ' o

b

~

TUMOUR
RAT

MOULDED COUCH

DOWEL
DETACHABLE  JIG FOR
ALIGNING TUMOUR ON EEEC A ST
THE MOCK COLLIMATOR

%%

CABLE T

Figure 5

= Y,
/f' -
T

(S5 BORATED  POLYTHENE -

=|

BERYLLIUM
TARGET

DEUTRON BEAM
—-——
FROM CYCLOTRON

MONITOR CHAMBER

STEEL INSERTS

Vertical section through neutron target and collimabor

showing esrrangement for irradiation of tumours with

neutrons (from Field et al, 1967).



52

approximately 21 em. from the X-ray tube btarget. The
dose was monitored during irrediation by a parallel plate
ionization chamber in front of the shutier, cormecbed to
an integrated current neter. The current was corvelated
with the dose recelved at thoe mid-point of the tumour

as measured with a BD2 chamber calibrated apaninet a sub-
gtondard Baldwin Farver Jonlzation ¢hamber. The gbabllity
of the X-ray set output and the monitor were checked atb
repular intervals of not mors than three wonths. The
divisions per minute recorded by the monitor gave a dayw
to=day check on the tube oubpub.

B, Ueubtrons., The neubron dosimetry was determined by

the Cyeclotron operabors and the itechnigues have been
described by RBewley (1963), rarnell, Bswley, and Field
(1967), and Bewley eand Fammell (1969). Briefly, ionization
chambers were used in pairs, one sensitive to both neuvtrons
and A=-rays by virtug of the presence of hydrogen in its
well, and the other with no hydrogen in its wall and a
reduced sensitivity to neutrons. The X-ray contaunination
could be assesged more accurately using & smsll field and
CaFf, powder, or thin photographic sheets (Bewley and

Papnell, 1969).

2aDecs Irrsdiastions in vitro.

411 irrasdistions were with & Fhillips Therapy Machine

operated at 250 Ev and 15 ma., h.v.,1ls 0% mm. Cu, Irrad-
iations were performed with petri dishes on trays ab

each oi three levels in a specisl perspex box. This hox
had outer dimensions 18.5 z 18.5 x 19 ¢n. and was placed
with its top surfoce 20 ¢m. frowm the filter housiny of the

X-ray set (figure 6). The dose wag monibtored by a parallel
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plate lonization chamber in the basge of the perspex bhoX,
connected Lo a ratemeter. The dose to the cells and

the dose distribution across the field were determined
waing lithium fluwide c@pﬁﬁlaﬁ and BDZ chambers. The
dose rate veried from £50 rads/min, on the bop shelf, to

150 rads/unin. on the bottom shelf.



58

Chanter 3
THE CHARACTERISTICS OF CULTURED RIR. TUMOUR
-’

i

CELIS AND THEIH RESPONCE 10 RADIATION

%3.1s The cell eycle,.
va'f '%‘Q

Introduction,.

On the basis of light microscope observations, prior
to the use of redloactive precursors, the mammalian cell
eyele was described as consisting of two main merphologically
distinet phases, interphsese, in which the cell spent most
of its time and during which the cell nuclsus was visible,
and mitosis, a short phase during which the chromosones
were visible and cell division oceured. wWith the developnment
of the Feulgen dye staining technigue, Walker and Yates
(1952) were able to show that DNA synthesis occured
during interphasse. In 1953, Howard and Pelc, using FBE-
labelled precursors and aubtoradiography, suggested that
he cell cycle could be represented in terms of progression
around a c¢lock face, the phases of the cyecle being represented
as sectors on that face, This cycle is illustrated in
figure 7¢ M and 3 represent the nltotic phase and the
period of DHA synthesis, while &1 and G2 are gaps during

which no DHA synthesis ocecurs.

3ede2s  The lsbelied mitosig curve.

The cell eyele can convenlently be studied by
exposing cells to a brisef pulse of tritisted thymidine
(5K@dr) and measuring the appearance of labelled nitoses
at various times after the pulse. If thoe period of labelling
is brief, only those cells in the S-phase will incorporate

the label into their DA, As the culture grows, the
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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 8A)., This technigue is the basis

for most measurments of the cell cycle both in vivo and

;gvtrg.

The techniques employed with cultured cells were as
follows. Between 2 and 4 x 10° cells from a culture in
logarithmic growth were inoculated into each of a number
of 5 em. plastic petri dishes (Nunclon) containing
previously cleaned and sterilized glass cover-slips.
After an appropriaste period of growth in an atmosphere
of 5 percent 002 in air at 5?°0,‘pre~varmed medium
containing HIdr, specific activity 5000 mCi/M, was added
to give a final concentration of 0.1 MCi/ml per dish.
After 30 minutes incubation, this medium was removed,
the plates were rinsed once with werm medium, 3 ml. of
fresh medium was added, and they were returned to the
incubators The time of removal of the radiocactive label
was taken as time zeros At hourly intervals thereafter
plates were removed from the incubator and the cover-
8lips placed in a solution of 3 parts methanol to 1 of
glacial acetiec acid for 15 minutes to fix the cells,

The cover-slips were then attached to slides with D,P.X.
mounting medium with the cells uppermost. When the slides
were quite dry, the cells were stained with aceto orcein
for 45 minutes at 37°C, ringed in 45 percent acetic acid

and allowed to dry. They were then ready for autoradiographye.
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The eell eycles The arrow indicates
the direction cells W through the

eycles
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The aubtoradiogruphlc procedure, perforzed in the
dark room using Wratbten number 1 aznd 2 filters, was as
fﬁll%ﬁﬁ;w

1 A& water bath was set at 50°C and an appronriate
ampunt of muclear emiisfon gel (Ilford E5, grazin size 0.2m)
placed in a 50 ml. besker in it. Afber about 15 minutes,
when the gel had -mglted, an equal volume of distilled
water was added. The sclution was stirred to ensure an
aven consistency and a clean slide dipred in, to test for
the presence of alr bubbles.

2+ 31lides were then dipped in and out of emulsion
which had been poured into & special box big enough to
adnit & single slide, placed on a drying rock, and
subseguently in a drying box containing a fan at one end.

%, When dry, the slides were placed in a lighte
tizht box containing a small apount of silica gel to
renove residusl moisture, asnd stored alb 4% for s period
of one to bthree weeks.

4o Afbter the appropriste exposure time, the auto-
radiopraphs were developed in Kodak D19B developer at
16°¢ fow %5 minuteg, rinsed in tap water, and fixed in a
1 in 5 solution of Johnson's Fix-8cl in distilled wabter
for a further % minubtes, sllowed to dry cver-night, and
then cover-slips were mounted on top with Buperal.

The Zodak DI9B develoner was made from the powder
according o the manufacturer's directlons and [iltered
hafore use. It wag not kent longer than < days, and was

discarded if any discolouration occured.

The radicactive decay of Yritiun in lsbelled thymidine
con cause similar effects to those caused by external

radiation, ranging from division delay to cell killing
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(sec whitmore and Gulyas, 1966, for examrle). The radistion
gffect dersends cuantivatively on the nuwber of ﬁﬂ@ér
molecules incorporsted into the DHA, snd this will be
determined by the s ecific activity, the totsl amount of

thymidine present, and the time of avsi

o

ability of the
radiocsctive label. When short labelling periocds are

used, only those cells syntheslicing DHA will be affzcted.

For instance, Drew and Peinter (11962) found that a %0

minute pulse of EIWGi/m.. EﬁTﬁr, sopecific activity 1.9 Ci/mM,
reduced the survival of Hela cells by only asboub 1.2 percent.
The specific sctivity used in the present studles was az
factor 400 times less than this, and has been assunmed to

have hsd no effect on the cells.

ﬁlqiﬁg R%Sﬁl%ﬁq

Figure 8B shows the results of an experiment in
which c¢ells in logerithnic growth were exposed to a 20
minute pulse of gﬁﬁﬂr, and the appearance of lzbelled
mitoses wes followed theresfter. Each point represents
z count of at least 100 mitoses. The duration of the

rhases of the c¢ell cycle were measured at the 50 percent

Fois
b

toses level from this curve, and yiclded valuesie
TO = 17 hours

TS = %ﬁﬁ "

Tazegn = 300 "
Toqeam =2 "

The growth fruction, that froctlon of the population
that was progrsessing through the cell cycle, was messured
by exposing eells conbtinuously be the radiosctive lsbel

for pericds up to 1Y hours. AV the appropriate times

cells were reomoved from the lsbel, rinsed and immedlubely
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fixed. Auvtoradiographs were prepsred and the fraction of

cells labelled measured as a funetion of time exposed to

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

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

game cell c¢ycle bime, the fraction of cells labelled

should reach 100 percent in a time equal to T, - Tg.

From fipure 8B this should be 8 - 10 hours; in fact it

was nearer 16 hours sugpesting that there was a significant

gpread in the cell cycle times of the individusl cells.
Referring again to figure 8B, measurements abt the 50

percent labelled mitoses level yield median values for

the cell cycle parameters, snd if the distribution of phase:

durctions is not symetrical, bthese 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 lasbelled mitoses (figure 80), The frequency

disbtribution relating thé number of cells with a given

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

gives a most probable vealue of 3.5 hours (Stanners and

Ti1l, 1960). The difference in the widths of the first

two peaks, showlng that the initial rise in the labelled

mitoses curve is faster than the subseguent fall, iz a

neasure of the variation in the duration of the‘gwphase,

The difference in the glopes of the labelled mitoses curve

for the first fall and second rise, the difference in

the g@ghﬁs of the second two peaks in figure £C, can be

interpreted as due to variations in G1 as well as G2.

All these variations contribubte to the departure of the

experimental labelled mitoses curve shape from that of

the theoreticsl one, and confirm the spread in cell cycle

times.
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A.2s  The crowbh curve,.

Perhaps the easiest parameter of growbth to neasure
iz the vopulation doubling time TB‘ It is most easily
determined by measuring the growih curve of the population.
A group of pletes is inocculsted with identicel 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 & function of time. For routine counting a
haemocytometer 1s a convenient instrument to use, hovever,
for the mutiple counts required when measuring growth
curves, a FModel F Coulter Counter with a 1004 aperture
wag used, The results of a Typicsl experiment are shoun
in figure 10A. This curve is qualitatively similar to
thoge obbtained with many cell lines, and can be divided
into three partsi=

1. The lag vhage. This cen be thought of as a period of

adaptation of the cells to their environment, and the extent
of the lap often depends on the number of cells plated per
unit area. With ﬁlﬁg cells, if less than ﬂ04 cells were
inoculated into a 5 cm. petri dish, they had considersble
difficulty in growing at all,

2s. Ghe period of lognrithmic growth, Assuning the growth

past the lsg phase, the

fraction remains constant, once
population will grow exponentially according to the

a1

eguation N = Ho.e

vhere k=1n2
b
The population doubling time, TD, is not necesanrily the

seme as the cell cycle time, Tg. The two poraseters will

only heve the same value when the growth fraction is one
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and there is no cell logs or desth.

From figure 10A we obtain a2 valus for T,y of 18 hours,
which 1s about the same as the value of ?G measured from
the labelled mitoses curve. One would exp@o% the two
varameters to be the cawe since the growth fraction as
one (figure 9), and the absence of unattached cells in the
culbure medium indicoted that there was little or no cell
deabth.

3s. . The sbabionary phase. When the number of ®lls per

dish exceeded 106 the growth raote decreased and the

growth curve plateaved. This part of the curve is known
an the stationary phase, snd can result either through
depletion of nutrients or a lack of svace. The propertiss
of cellg in this phase will be discused in more detail
later (section 3.4.), however, it should be emphasised
that in this context the term "stationary” only means

that the overall population number does not increase, and
perhaps a better term operationslly would be "plateau

vhoge®,

S22s The resvwonse of log and logarithmic phase cells %o
radlation,

Ss5e%s Introductions

In this secticn we ghsll be concerned primarily with
the lethal effects of radiation orn cells. The killing of
a ¢ell by radiation 1g & complex process inveolving first
the sbsorption of ernergy and then the conversion of this
energy into a molecular lesion which can express itself
bioclogicallys. The basic theory which has beon developed
te explain the observed dependsnce of gurvival on doge

sends on the conce; ¥ one or wore discrete argets
depends on the concent of » wore discrete "targets®
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which have fto be "hit" one or more times in order that a
cell shall be inactivated. This target theory, firet
described by Dessauer, Crowthsr 2nd others, hag been
developed in some det2il by Lea (1962) and by Zinmer (1961),
Briefly, iy we define the dosme of radistion delivered (D)
i terms of the number of inasctiveting events, or hits, per
unit volume, and the sensibtive volume (bLorget size) as V,
then the average number of hits per target is VD, On the
assunption that the hits are distrivubted at random through
the medium, the frzebion of tergets with exactly m hits is
given by the Polisson formula, and is

mi
If Do is the dose which on averasge gives one hit per lLarget,
VDo = 1 and equation 1 becomes
e/ P0(p/pe)®

m}

If m hits are required in each of n targets tc inactivate
the cell, then the probability of survival is
‘ ““n e e e ww
Sm,n = ) »Agf - B) 2.
\ m

m!

where

Mz=o
This is the most general form of the gguation for cell

survival. The two most comwpon simplifications are m=n=1,

ot

whieh gives the exponential relation, and m=1, n=n, the

single~nit, nulti~target form, giving
A pvlot of 1n® against dose gives a straight line of

glope 1/Do at high doses. This straight line extrapolates
back to lan at zero dose.

The wvarious models based on eluabion £ have bheen
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discussed by seversl necple (Powler, 1964; Kellerer, 19663
Ziwmer, 1961). In practice it is probably not meaningful
to try snd distinsuish between these models. Kevertheless,
barget theory provides s formal framework for handling

the bioclogicul data.

Ba%aZe Radistion and the srowbth curve,

The effect of single doses of radiation on the growth
of 3185 cells is shown in fipgure 10B, Cells were grown
as described in section 5.2+, and about 24 hours after
plating were exposed to the radiaticen, and growth measured
thereafter, The data bave been normalised to unity at the
time of lrradiation. Hsch point 1s the mean of the total
population count for two plates.

There are three basic features of these curves, After
relatively small doses of radiation there wes & delsy in
cell division, bubt once this was overcome, cells continued
to grow at the normal rate. As the dose increasged, the
division delay increased, the growth rate decreased, and
the final plateau level of the population rlso decreased.
A dose of 500 rads will kill about 95 percent of the popw-
ulation, mo that the presence a£ dead cells might sffect
the growth of survivors. However, this was not the case,
since the addition of 2 x 10° radietion killed cells to
the growing populabion 24 hours after plating had no effect
on the growth curve (figure 11)

Alberations in growth affer irradiation, such as
those illustrated in figure 10B, will affect the ability
of cells %o form coloniesm, and this will be discussed in

the next section
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243s3. Radiastion and cell survival,

In this section we shall be concerned with logarithmie
celleg, or cells plated from a logarithmic posulation,
and treated soon after. 7The experimental technicues were
outlined in chapter 2. The standsrd adopted for cell
viability was that a cell gove rise to 2 colony conbaining
50 or more cells ten days after plating., The reguirenment
for 50 or more cells is arbitrsry, since the number of
cells per colony after irradistion will depend on the
time at which the colonies are exemined as well as on
the dose of radistion. Figure 12 shows measurements of
the diameters of colonies as a function of the dose, for
cells fixed ten days after irrasdiastion. As the dose of
radistion incressed, the colony size distribution broadened
and the median diameter decreased, an effect to be expected
on the basis of the effect of radistion on growth (figure 10).
This induction of small colonies is an exa:xple of a none-
lethal effect of radiation which is ignored when cell
survival is measured by counting colonies (Binclair, 1969).

Becauge the colony size distribution depends on
the dose of radistion (figure 12), the time ot which
colonies are fixed and counted mipht affect the shape
of the nmessured survival curve. Figure 13 shows thatb
with RIBES cells, after eight days survival vas indspendent
of the time of scoring.

In addition to the factors aslready discussed,
tenperature, pH, changes of medium, etc., con all
affect the shape of the survival curve (Jinelair, 1966),

éné gﬁiswéﬁphasises the need to standardise conditlons. In the

present experiments, plating procedures and irradiastions
were performed abt room temperature; ot all other times
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cells were kept at 37°C in an atmosphere of 5 percent
Co, in air,

Figure 14 shows survival curves for RIB5 cells
irradiated four hours after plating. The points represent
the results of six separate experiments. Cells were
counted in a haemocytometer and enough were plated to
give about 100 colonies per dish. They were irradiated
four hours later with the medium removed. After
irrediation 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 irradiated
in aerobic and RBRypoxic conditions: In order to achieve
a satisfactory level of hypoxia, "white spot" nitrogen
(British Oxygen Co.) 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 8 minutes prior to irradiation, and-at 1 litre per
minute during irradiation, With these conditions, the
effluent gas containdd less than 20 parts per million
of oxygen as measured with an Engelhard Mark 2 Hersch
Cellg The lines of figure 14 are thoaa.calculated
sccording to the method of Pike and Alper (1964), which
considers the validity of two curves having a comnon
extrapolation number. (Unless otherwise stated, all
survival data to be presented have been treated according
to this method)e. The survival curve parameters are
shown in table 1. |

S8ince these experiments were performed, it has been
ghown that polystyrene petrl dishes can hold oxygen in
aolutioﬁ.which can be releaéed slowly through the cells

attached to the surface, maintaining their oxygen tension
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(Chapman et al, 1970). Because of this, the measured
oxygen enhancenent ratio will be an underestimate of the
true velue, This effect is clesrly demonstrated in figure
15 which shows survival curves for cells ;lated froum the
same stoek culture onto both polyetyrene and zlass petrl
dishes, and then lrradiated.

A dosimetric problem arises with experiments using
glass petri dishes. The medium and low ensrgy X-rays
from a 250 Ev machine will give rise to a @ignificant
number of photoelectrons when they interset with the glass,
end a proportion of these will be scattered backwards
depositing energy in the cells attachud te the glass.
Because of the short range of the electrons, their contri-
bution to the dose recéfved by the cells will be difficult
to measures In the experiment of figure 1% the irradiation
time for cells on zlass was 0.69 times that for cells
on polystyrene. This gaves reasoncble superposition of
the serobic survival curves. :

The growth curves of figure 108 demonstrate a
phenomenon that has not previously been clearly described
in sxperiments on growth of cell following irrediation.
The decrease in the value of Ns, the maximum cell number,
with increasing dose of radistion appears to contradict
the results of figure 12, showing that even after a dose
of 150 réds a significant propordion of the colonies
developing from single surviving cells reached the saue
eize as those from unirrediated cells. These results
sugzest that thabﬁhgyiour: of 1n§1vidua1 cells depends
on whethaer or not they sre surrn;adod by other dividing

cells, This might heve some bearing on the difference
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Conditions n Do (air), rads. CaBaT,
Plastic 2,2 166 1.92

(pooled (1a8B=2,7) (157=17%) (1.8%-2,02)
results)

Flastic v, Glass

Flastic %65 157 1.96
(24.5=4,8) (147-168) (1.89-2,03)

Glass 2.8 161 2e22
(1:8=4,3) (147-178) (2.11-2.%0)

Table 1
Survival curve psrameters with their 95% confidence limits
for RIB‘j cells irradiated four hours after plating from a

populstion in logarithmic growth.
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between the response to radistion of a whole tumour and

thet of its individual cells, as assayed in vitro (see

next chapter).

Models designed to explein the results of clinical
raediotherapy using c¢ells in culbure have been based on
results using cells in lag or early log phase (Elkind,
19603 Elkind, Withers, and Belli, 1968). However, many
tumours contain cells in a non-proliferative state, resulting
in a growth fraction of less than one (Mendelsohn, 1960,
1962; Demekamp, 1970)« As a result, Hahn (1968), and
Hahn, Stewart, Yang, and Parker (1968) have sugpested
that cultured cells in the stationary phase of their
growth might be a better model of tumour cell behaviour.
A study has therefore been made of the propertics of

stationary phase RIBs cells in vitro.

Figure 16A shows growth curves for two types of
population; fed and unfeds Unfed cells were plated in
3 ml. of medium and counted a2t intervals; fed cells
had their medium changed daily from the third day,
resulting in a maxinum number of cells per nlate three
times thot for unfed cells, at a stage when no more space
wag available.

Consider the unfed cells. The maximum population
number, Ns, will depend on such factore as nutrient supply,

accumulation of toxie products, pH, etec. Consider the



61

cagse where the meximum cell number is determined by lack
of nutrients only. Suppose growth continues until the
concentration ¢ of a given nutrient fslls to zero, 1In
general, growth will continue at the normal rate until C
is elmost zero, and is given by:-~

Let the average consumption rate per cell of the perticular
nutrient be r, thenmi~ B LA

.t %‘ﬁ%.ﬁgﬁ!, )

¢ = Co - r[mat
[
When ¢ = Oy N = Hs, the limiting value, so that neglecting

the value of W at ¢t = Oy we have:~

fis = Qo.k

T
i.es Ns is directly proportional to thelinitial concentration
Co. This gives a means of distinguishing cessation of
growth due to nutrient depletion from that dus to
accumulation of toxic products, since a plot of Ns against
Co should give a straight line (figure 17A). Figures 17B
and 17C show actual plots of Ns ageainst concentrations
of minimal essential medium and serum. The normal
concentrations were 7.7 percent and 10 percent respectively,
and figure 17 shows that unfed 2185 cells became stationary
partly through lack of nutrients and partly through
accumulation of toxie products. This phase was revers&ble,
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 medium was then changed daily;
they then grew to the same level as the fed cells (figure
16B) .
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sle? Results.

Cells were irradiated either 30 hours after plating
4 x 105 cells, or after a period of about 50 hours in the
gtationary phase, corresponding to & period of growth of
either 120 hours (unfed), or 160 hours (fed). They were
irradi@ted in the plates in which they had grown but with
the medium removed, and then trypsinised, counted and
diluted, and plated into new d@ishés. The resulting survival
curves are shown in figure 18. It is c¢lear 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 value less than 1 for the
stationary phase cells, but in no cese did it differ
significantly from 1. There was no change in the values
of the Do or the o.e.r. (table 2).

W¥hen the dose of radistion was given in two egual
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 arfod@ of fractionation
(figure 19)., Unfed cells showed an apparent spapPing effect.
This was only aprarent because if they were exposed to a
single dose and then left for a period prior to replating
into fresh &edium, 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 damage.

The major difference between the two types of stationary
phage population was in the distribution of cells through
the cell cycle. Figure 20A shows the results of an experiment
to measure the appearance of lsbelled mitoses in the two

‘populations after a brief exposure to the radicactlive
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label. For comparison, the results for logarithmic cells
are included., ©Since the radiocactive thymidine had to be
removed after 30 minutes, in order not to provide the

unfed cells with fresh medium, this radiosctive medium

was replaced by "conditioned" medium which had been used

to grow stoek cultures, so that it was in the same nutrient-
depleted state as the medium it was to replace,

These results show that fed cells encountered a
block im G, Their gréi%h'}égétion, as, maasured by
continuous labelling, was only 8 Rggqen# (;}ggre 20B).
Presunably the reason thﬁt,gﬁx»mitotic.x;gﬁﬁéé were seen
at all in the fed populatien was that as cells died, they
becane detached from the plata, and adjacant cells could
then divide to fill the gaps = . . ..

Unfed cells did not encountsr a block at a particular
stage of the cell cycle. The cycle increased due to a .
doubling of all ite stages (figure 20A): In spite of
this, there was no increase in cell number, die to a
decrease in the growth fraction to 57 percent (figure 20B),

together with an increase in the sccurence of pyknosis

and cell degenerations

i igcus
Hahn (1968), and Hahn, Stewart, Yang, and Parker
(1968), demonstrated a similar fall in the survival curve
extrapoclation nuwber and a G1 block in fed stationary
phase Chinese hamster cells, and they suggested that
the reason for the reduced extrapolation number is that
fed cells are essentially a synechronised population in

G1, = phase in which Chinese hamster cells do show

exponential survival (Hahn, 1970).



i
i

~,iwmy ﬁh&ﬂ@ wzm, f%&g



A
EXp. 28/69 o e
18/70 A A

EX

S4

C

o

P-S3AA

Dose Krads

0"
c
Q
)
O
O
&
g IF
; A
| S
-
7
10° | L l | 1 1 J
0O 05 0 I'5 20 o5 [0 I'5 20 05 I0 '



Bhedding of subwlethal and potentially
lethel demage.

A, Iogarithmic cells, 500r + 500r., FHean
of three experiments,

B. Fed snd unfed stoblonary phase cells.
Experiments 8512, 816, 827, 500 + 500r,
Experiment £26, 500r and held pyior to

replating.



surviving fraction

Relative

67

B Unfed Fed
EXp Sl20  S274

Si6 @
- S26 X
= | PS g °
X Q& |
» y o
o 3 o A
| A
—a 'y A—A J

Time between fractions (hours)



Phage
Log 445
(242=94%)
Stationary 0.9
f@& (007““1.‘1)
Stationary 047
unfed (O&#*ﬂu%)

134
(119<154)

136
(128-146)

126
(120-157)

Table 2

Do (air), rads.

[ Y

2412
(1.97-2.28)

2,07
(1495=2421)

24350
(241222.67)

Survival curve perameters with their 95% confidence limits

for RIB5 ¢cells irradisted in the logarithmic end stationary

phases.,
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If synchrony wers the explansblon for the exponentisl
survival seen when fed 3135 cells were ivracinted, then
one might expect that when cells were trypsinised cnd
replated from the stationary phase into new plabves, they
would show sone evidence of this synchrony. Towever, bthis
wag not the cases The chapge in the mitotlc and labelling
indices with time after replating fed staltlonary phase
cells vas essentially the same as that for replated log
phase cells (figure 21), snd there was no evidence of a
synchrenous novement out of the (1 bloeck, However, the
trypsinisation procedure may have obscured such & movemenb.

Unfed EIES cells in the stationary phase are clearly
not a synchronised population. Figure 20 shows that there
was still s turnover of c¢ells, and while those cells that
did not take up the radicactive label during continuous
exposure %o it (figure 20) may have been in G1, they
represented less than half the population and could not
alone account for the occurence of exponential survival
to radistion, 1In fact it is unlikely thalt thecse cells were
in & true G¢1 phase, since Stanners and Becker (1971) have
shown that while such cells may have the DUA content
characteristic of ¢1 cells, their polysome complesent is
guite different,

While these results on otaticonary phsse ﬁ135 cells
arres well with those of Hahn (1968), and Habn et al (1968),
they differ from the results of other workers. redoc-dones
(1964), using cells derived from s benzpyrene-~induced
sarcoma in UBR 1 rats, found marked changes in both the
extrasolation nusber end Do. e feound that the value of
n incressed from 2 to alwmost 100 as cells moved Irom the

logarithmic to the gtationary phose. Little (19895,
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irradiating Chang liver cells, found a decrease in the

Do and an inecrease in the extrapolntion number, Berry,
Hall, and Cavanagh (1970), irradiating Hela and Chinese
hamster cells, found a complex series of changes in Do

and n depending on the medium in which the cells were
grown. Both Hahn and Little were able to explain their
results with fed cells in terms of a block in G1, since
log phase cells synchronised in G171 showed the sane response
as stationary phsase 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 réflegting
differences in radiosensitivity through the cell cyele.

It has not been possible to obtain a sufficiently well
synchronised population of H135 cells to test whether G1
cells are killed expénentially;

It is interesting that two populations which became
stationary for qﬁiti different rezsons, lack of space in
one case, lack of mutwient ia the other, should have
responded to radiation in the same way. Stanners and
Becker (1971) have shown that Syrian hamster cells in
the stationary phase (unfed) synthesised protein at sbout
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 impertance
in determining a cell's ability to absorb radiation=
induced lesions as sub~lethal, the addition to log phase
cultures, prior to irradiation, of a drug such as Puromgein,
which releases ribosomes from the polysomes (Joklik and

Becker, 1965), might simulate the conditions existing
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in the gtationary phase, snd result in cxponentizal survival.
The actions of this, and other drugs, are the subject of

"l

further study.
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Chapter 4
THE RESPONSE OF TUMOURS AND TUNOUR

CELLS TO RADIATION

4o, A cell survival curve for tum@mr,ﬁlgﬁ.
B4%0s  lebhodss

The starting point for this work was the study nade

by Thomlingon (1960), and by Thomlinson asnd Craddock (1967),
of the gross response of the {ibrosarcoma Rzﬁﬁ to single
doses of radiation. With their dabts as a base, an atteupt
was bthen made to measure the survival of RIE5 cells directly.

The method of Hewitt and Wilson (1959), in which the
TB§O iz measured as & function of dose, could not be used
when cells were injected subcutaneougly inbo rats, bacauge
at least 463 cells were needed to produce a turmour,
However, when cells were injected into the brains of
newly weaned rats, the TDBO was reduced to less bthan 20
cellas. It was then possidble to construct survival curves
for cells from tumours irradisted with the aniwals
breathing either air at atmospheric pressure, or oxygen
abt & pressure of 3 atmospheres. Tumours could be rendered
hypoxic by occluding the blood supply with a U-shaped
clamp applied five minutes before irradistion (Thomlinson
and Craddock, 1967). The irradiation techniques were as
described in chapter 2,

After irradiation, btumours were excised and single
cell suspensions prepared as proviously deseribed (section
2e%,)e EKEnown nunmbers of cells wore then injecbted into
rats' brains. Recently weaned rats had sufficiently soft
skulls %o allow a needles to go straight througb. The

forsation of a tumour in the brain within Y0 deys was
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the endpoint scored. DBecause only & small number of

e

>

nimals was available, the survivel velucs derived from
this experinent must be reparded as prolininsry, and for
this resson no errors have been gquobed. 7The results,
expressed as percent tumour "takes® wversus the logarithnm
of the number of cells injected, were plotted on probabllity
raper, and the best straisght line drawn by eye. Figure 22
shows smah‘a plot. The number of cells to pive 50 percent
of the snimals a tumour, the ?ﬁge, was then read offi, and
the ratio of the Tﬁ50 for unirradisted cells to that for
irpadiasted cells gave the surviving fraction,

If, instead of inoculating the cells into rats! brains,
they were plated onto & feeder layer of cultured 3135
cells, then colonies were formed within 10 days with a
plating afficienéysaf B~45 perssnt. This enabled s second
tegt of survival to be made. The counbte were subject %o
larga?errmrs‘%ﬁaﬁn&nfgonventimnal exyarim@ﬁts because the

colonies were diffuse,

431s2e Results,
The results of these two methods of assay are shown

in figure 23%A., Below a surviving fraction of 10" the
survival curve for irradicstions in aerobic conditions

wos parallel to that for the clamped tumours, and extrap-
olation of this line ba&k to zerc dose indicated an

hyvoxic fractign of about 15 percent, The lines of fijure
234 were drawn using the data for survival assoyed 1ln vitro
onlye. ‘The survival curve parameters together with theilr

95 percent confidence limits are given in btable 3. The
confidence limits only represent errors associabted with

fitbing the curves to the experimental points. They do
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r

g0 it while there wers large exporimental sprors
axopocinted with both methods of assay, the noysement
between them sugoests that the survivael curve raranebare
of bteble 3 are a ressonsbls @uyprovimaeiion to the tipe
valuesy

4 second pair of survivel curves for the cells of
bunour Rxﬁg are shown in figure 2%B. In this experiment
cells wWore irradisted four hours after plating into zlnse
patrl dishes from o tumour. The esiculated surviwval

perecebers are shown in table 3.

Perheps the nost striking festure of thess rooulds
was the low value of the oxyuen enhapnceument ratlo,
Tois value of lasy than twe contrasite with the velue of
o8 mossured Lor ch-onges in bunour growih sfter lrrade
iation (Thomlinson ond Uraddosk, 1967)s Thomlinson and
Craddoek condtruoted theoretical ocell curvival curves
frow thely growth curves, snd whils caleuletions ef cell
survival bassed on growth seasursents involve zeuy
aasunptions (pee %@mﬁiéﬁ ba2,%,), some poeneral speculations
oo Bo the differeses bebwean ¥he orosg resronse and i1he
monsured soreivel curves are possibls.

Bost of the differenco betwesn the c.o.».'s for the

5,

selonlabed and seasured survivel curvesn can boe athrivtated

o & ghift in the hypoxic curve. It may be that the vewy
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low plating afficiency of RKBg cells meant that a highly
selected pepulation was being tosted, but the sgreenent
with the results of bthe brain aaséy, in epite of their
errors, would asrgue against thiss Also, the o.g.vr. for
cells irradisted four hours after plating from a tumour
had the same low value (table 3).

A second possibility is that the type of danmspge
expressed when cells are left in situ, as in growih studies,
may be qualitatively different to that when they are excised
and, plated in vitro. Alper (1965, 1969) has proposed a
model of radistion damege which eould be applied Yo these
results. Briefly, she envisages at least btwo types of
radiztion demage that can lead to cell death: type O
damage heving an intrinsically high o.e.r., and type N
damage having a low o.e.r. According to this model, we
suppose that irradiated RIE5 cells when Jeft{ in sgitu after
irradistion, suffer predominantly from type ¢ damage, bub
that when they are plated in vitro there is a ghift
towards type N damage, resulting in a reduction in the
0s€eTy This might be a true shift, or might be due to
preferential reparability of type N damage in vive, so
that while it still occurred, it was less able to express
itself than when bhe cells were plated into petri dishes.
If this were the case, one might ask why the brain assay
also gave & low c.e.r. Horusey (1963%) found a similar
chunge in hypoxie Do, and hence o.e.r., Lo & lower value
when assgying the survival of Ehrlleh ascites cells first
subcubaneously in new-born mice, and then in mouss brains,
suggesting that if the model is applicable, the braln is

also a site whers type K damage 1o preferentislly expreszsed.



If it is valié to apply Alper's wodel to these
results, they imply that the use of in vitro techniques
for predicting detailed radiobiological resvponses in vive
may not be valid., If there ls no gualitative difference
between the types of damege expressed when cells are left
in gitu and when they are plated in vitro, these results
indicate that the relationship between c¢sll kiliing and
tumour growth delay in REB5, at least as regards
modifications by oxygen, is a more indirect one than has

previocusly been thought to be the czse.

4.2, The gross response of tumour RIB.C to radiation,
w

A4e2e1s General characteristics of the tumour.

As was explained in gsection 2.4., RIB5 is not a
particularly sultable tumour for studying the relationship
between cell killing and changes in tumour growbth. For
thls resson, the tumour which results when cultured RI35
cells are injected into rats, tumour RIBBG, has been
used (see chapter 2).

RIBga is histologically similar to RIE5 excent that
it has a slightly grester degree of differentistion and
grows more slowly, the ¥vime bte grow from 9 mm. to 25 wm.
in diameter belng 12 days compared with & days for EIEB.

The cell kinetic parameters of RIﬁSC were measured
by the use of standard sutorsdiogreaphic bechnigues after
labelling with tritiated thymidine, the principlss invelved
being ecsentielly the same ag Thoss for cultured cells,
The technigues were those described by Denskamp (1968),

The procedure was as follows. When tumours had
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reached a diameter of 8 -« 10 mm. $he animals were
injected intraperitoneally with 0.5 pCi/fgm body welght
Hrar, specific activity 360 mCi/mM. It is assumed
thet the thymidine was avallsble for incorporation into
the cells only for a short time, so that 2z single injection
represented a true pulse lsbel (Denekanmp, 1968). Animals
were sacrificed at intervals of 1 to 40 hours after
injection and the tumours exclised, cub in hzlf, fixed in
about 20 ml of five perwent formol saline for at least
48 hours, snd then processed by sbandard methods in an
Elliot-Shandon automatic tissue processor, After bumours
had been blocked in Fibrowax, one tumour half was retained
a8 2 gpare, anﬁ_fram the other, 4 micron sectlons were
cut st approximately 0.8 mm. inbervals through the tumour
perpendicular to the cut surface. These sections were
then mounted on slides, dewaxed and stained in aceto-
orcein. Aubtoradiographs 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 end removal of the tumour,
Autoradiographs were scored without knowing before-
hand the time intervael between labelling and excising &
tumour,., HMitoses were scored as labelled if they contained
% or more grains sbove background. The background
varied from one bateh of autoradiographs to the nexb,
and alsc to a lesser extent from one side of a section
to the other, an effect probably due Yo non~uniformity
in the emulsion drying process, causing shearing stresses
in it. Sections were scored at a magpification of %300,

and 100 miteses were counted on each slide. The btumour
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Figure 26

The relationship between necrosis and the

| pattern of labelling in Rmﬁu The lofb-

hand ordinabte is the number of inbtect cells

per unit avea (#), snd the right-hand

ordinate is the percent labelled cells

per unit avea (X), The unit area is 100mx *'%Gf:}pn.,
and the btumour was scaned ascross the diamebter
indicated. It was excised one hour after
injecting the JHTAr.
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excised one hour after lnjsction wes used Yo measure the
lebelling and mitotic indices and to look at the distri-
bution of lsbelled cells across the tumour. The two
indices were deternined by counting a totel of 4000 cells
across the section, and had values of 19.5 and 0.9% perw
cent respectively.,
Figure 2% showse the labelled mitoses curve for Rlﬁﬁﬁ.

The line has been drawn through the points by eye. The
cell aycle parameters measured for stﬁc from this curve
weret= ?Ow 22 hours

Tsm 8 hours

Tao= 245 hours

Taqe® 1145 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 lis
apparent that the percentage labelled cells was at its

highest in areas free of necrosis,

he2e2, Effects of radiation on tumour growbh,
The btime for 18 unirradisted bumours to grow from

9 to 25 mm. in diameter was 12 £ 0.8 days. This time
4id not alter significently during the period the btumour
was studied. A graph of diameter plotted on a logarithmic
scale against time (figure 24B) shows that growth was
not exponential.

Growbth curves for tumours irradiated with single
doses of X-rays are shown in figure 27. As the dose of .

radistion increased, the variation in growth anongst



Pigure 27
Growth of tumour RIB5G after lrradistion. Tumours were
irradiated on day O when they had a diameter of 8~10mm.
A. Animals breathing oxygen at 30 pessls
B. Animals breathing air.

C. Tumours clamped.

Control

500 SR
1000 seasnnn
1500 - ot
2000r s v
3000r o 3 Y
4000 »[-}«}“

For clarity 9% confidence limits sre shown only in one
typical case, that following a dese of 1500r in oxygen.
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individual tumours exposed to the same dose incressed, and
this is reflected in the standsrd errore for the btime to
grow te 25 mm. (bzble 4), The standard errors of the

mesn dismebers from which the growth curves were constructed
are shown in a typical case, that for irradiation with
1500 rads in well oxygzensted conditions (figure 27).

A1) tumounrs grew ab the normal rate for the first 2030
hours after irradiation; thewe was then s decrease in
growth rate, and as the dose increased, tumours shrank,
the level they shrank to and the time they stsrted to

grow again depending on the dose of rediation (figure 27).
The growbh rate after irradiation always remasined less
than that of the contrels.:

A comparison of the effects of differsmt treatments
can be made by plotting the bime taken for tumours to
grow from 9 to 2% mm. in diameber as & functlen of dose
{figure 28), On the assumption that the parameber "tinme
to grow from © to 25 mm.® is a neasure of the increase
in cell number, the biphasie shape of the aerobic curve
of figure 28 would indicate the presence of a significant
proportion of hypoxic cells in the tumour. The dashed
line in figure 28 is the dose-effect curve for clamped
tumours displaced upwsrds; the higbest aerobic points
£it this line well, suggesting that they do reflect the
response of an hypoxic components The triangles of
figure 28 vwere obbtained by multiplying the dose scale
for tumours with animals breathing oxygen by 3. Thab
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 dosesz of neulbrons
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Irradistion  Dose Ho of Time to yrow from 9 to 25 mm.

conditions Krads animals days O5% Cela

Controls 18 1240 + 0.8

L=roys

Hypoxic 240 o 19.6 ¥ 245
5.0 & 24,8 + 53
0 5 B4e7 £ 740

Aerobic 1.0 5 21.8 + 2ol
240 & 40,0 + 540
540 6 55«0 + 5e2
4.0 § 62«0 '-i‘_ 40

Oxic Cu5 7 1864 + 1.0
1,0 &6 24,0 + T4
1.5 5 3741 + HeB

Heutrons

berobic 0.3 ) 205 + 146
0.6 6 1.8 + 4.2
Ce8 5 5010 i 8.0

Table 4

Growth of RXng after irradistion.
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from the Medicsl Resesrch Coupclil Cyclotrons Growth
curves after irradiantion of mnclamped tumours with
animels breathing air are shown in fisure 29, The
pattern of delay followed by regrowbh at a slower rate
was similar to that following I-irradistion. The times
to grow from 9 to 25 mm. (table 4) are plotted in figure
%30, The lines for X-irradiation are included for
comparison. There was no obvious breask-away in the gostw~

aeffect curve.

If one could assume that the effect of radiation
on tumour growth reflected only changes in cell survival
it would he possible to construct survivel curves from
the growth curves. Consider the curve for tumours
exposed to 1500 rads of X-rgys in oxygen. The time to
grow to 20 mm., was 30 days (figure 27). The time for
an unirrsdiated bumour was 8 days (fisure 24). If we
extrapolate the control growth curve back 30 days from
the 20 mm. poinb, we obtein a hypothetical untreated
tumour the ratic of whose sizge to that of the treated
tumour at the time of irradiation gives a measure of
the cells surviving the treatment (Thomlinson and Craddock,
1967). By calculating such volumes, survival curves
were consbructed for the different conditions of irrade
iation with X-rays (figure 31). There are many sssump-
tions involved in the calceulablons of these curvesy not
8ll cells in the tumour will be proliferating, nor will
tumour cells represent the whole of the tumour mass.

Growth delsay, slterations in growth rate after irradiestion

and effects on the vasculature: have also been ignored.
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Time to grow

from 9 to 25 Neutron Xwray RBE

mon (Gays) dose (rads) dose (rads)
13 40 130 B eeh
14 80 240 B
15 120 BHO 2483
20 300 710 2436
25 440 1200 247%
%0 570 1500 2463
35 660 1760 2.67
40 750 2000 207
50 830 2500 %10

Table 5

RBE for growth delay in tumour 313509
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The dotted lines in figure 33 represent the survival
curves obtained by irradleting cells in vivo and then
plating them ip vitro, =nd will be discussed later
(section #4,3.), but it is clesr thet gualitatively the
caleulated curves are not too diftverent from these.

If the radiobioclogical equivalent dose of neubrons,
the RBE, is defined as the ratio of the dose of X-rays
to that of neubtrons to produce the same effiect, bthen
compating the growth curves following irradiation in
aerobic conditions gives the dependence of EBE on dose
(teble %), The dotted line in table 5 separates the
low dose values calculated using the X-rzy curves for
ircadiation in oxygen from those using the curve for
aerobic irradiastion (see figure 28), The RBE initially
fell with incressing dose. After a dose of about 2000
rads of Y-rays there was an inflection in the dose-effect
curve suggesting that the response of ths tumocur was
now governed by that of hypoxic cells., There was no
inflection in the neutron curve, with the result that
the BRE now increased with increasing dose inm a manner
sinllar bto that found by Pield, Jones, and Thomlinson
(1967) for tumour RIB§

4.5. RIB.C tumour cell survival.
-

4.%3.1., Single doges,.

The advantapges of tumour 31350 over RIB5 and the
methods whereby single cell survival is messured have
slready been discussed in chapter 2.

Survival curves for cells from btumours lrradisted

with either ¥~raye or neutrons, and then lmmediately
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excised snd plaved, are shown in fipure %2. The curve
for serobic irrsdistions with X-rays had the biphasic
shape charsacteristic of 2 mived population of well
oxygenated and hypowmic cells. Because of this, only

survival values below 10™ |

were used in calculating the
survival curve., ELxtrapoclation of the curve bhack to zero
dose indicated an hypoxic proportion of 15 ~ 20 percent.
The survival curve parameters bogether with their 95
percent confidence limits are shown in btable 6,

“he neutron EBE's as a fundtion 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 & subseguent incresase due
to the influence of hypoexic cells., These values of the
RBE aré all grester than 3, in contrast to the ratio of
the values of the Do for oxic cells which was 1.65.

1f, instead of irraﬁiaﬁigg the tumours and then
excising them, a bumour was excised, the cells plated,
and then irradiated four hours later, the resulting
survival curve for oxygenated cells agreed well with
that for irradiatiomns in wilvoe. However, the points
for ancxic irradiations were consistently below those
for in vive irradiations in hypoxic conditions (figure 33).
In fact the points for irradistions in witro fit a pair
of survival curves with a lower extrapolation number than
that shown; nevertheless, the chief difference hetueen
the two sets of data was a change in the response of hypoxic
cells, resulting in a reduced o.e.r. when cells were

irrediabed four hours after plating.
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i Conditions

Radiation n Do(air) Ge€aDy
Irradisted X-rays 545 153> 2.5
in vivo. (1a84=20:0) (127-195) (2.2=2.9)
Irradiated &4 “ 5.8 170> 2.0
plating.
Irradiated Neutrons ﬂ.s- 93r
Table 6

Survival curve parameters for the cells of tumour RIB5G

irradiated in vive and in vitro and assayed in vitro.

surviving | 5 x 10”17 10" 5x 10°° 107° 5% 107
fraction o
RBE 3&56 - 73{79 550 5.78 %«90
~ Table

The RBE for cell survival for tumour RIB5G.




4e5.24 Fractionated doses,

The survival curves o¢f figure %2 show that tumour
Rlﬁﬁﬁ contains 15-20 percent hypoxic cells as measured
in Terma of the ability of cells to form colonies in
vitro. Since in clinical practice tumours are usually
treated by fractionation, it is imporbtant to know whether
or not these hypoxic cells can shed thelr sub-lethal
damage . |

To btest the ability of hypoxic cells to shed sube
lethal damage, tumours were exposed bo two equal doses
of 1000 rads of X~rays separabed in time, while animals
were breabthing alr. These doses were sufficilent to
ensure bhat the sopulation being tested had been hypoxic
at the time of the first dose, since even if the well-
oxygenated cells were capable of shedding all their sube

lethal damege, but the hypoxic cells shed none, the ratioc
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of hypoxiec to oxie survivors would be greaber thsan 20 %o 4.

after the second dose. 7The results are shown in figure

34 (ecircles). There was a prompt increase in survival,
characteristie of a population capable of shedding ite
sub~lethal damage (Flkind et al, 1965). The fluctuations
in survival seen after two hours imply that the first

dose induced a partirl synchrony in cells that were in
cycle (Elkind and Sinclair, 1965). The solid triangles
of figure 34 refer to tumours that were exposed Yo &
single dose of 1000 rads and then left for a pericd before
excigion, There was no slgnificent change in survival

with time up Lo six hours.
A complicstion in the interpretation of f{ractlionation

experiments using tumours conbteining hypoxie cells is the
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possibility of reowxygenation (van Pubten and Xallman,
19683 Thomlinson, 1968; Howes, 1969). It is possible

that cells that were hypoxic at the time of the first
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dose of radiation became reoxypenated in the time lnterval

vefore the second dose. Considerabtion of the shapes
of survival curves shows that the results shown in
figure 34 were due to effects on hypoxic cells which
reczained hypoxic between irradistions, and not to re-
oxygenastione

Figure %5 shows hypothetieal survival curves for
oxygenated (AC) and hypoxic (4B) cells having an extrap=-
olation number n, oxygen enhancenent ratic m, and aerobic

gensitivity 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 BG. If there is complete reoxygenation and
shedding of sub-lethal damsge, survival will follow line
BPE with the shoulder, which is curve A0 displaced to
start from B. Clearly if there is reoxygenation bub no
recovery, survival will be below this line. In what
circumsbtonces will survival be sbove that given by the
1ine BG? If the second dose is less than D2 (Iigure 3%)
this can occur if there is reoxygenabtion and recovery.
liowever, for doses greater than D2 this can only oceur
if hypoxic cells shed their sub-lethel damage and remnzin
hypoxic between doses, The value of D2 csn be calenlated
by considering the similar trisngles HBK and HJF (figure

%5}, From these we havei~
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HB = HJ

KK#W sk G b e e e s mmq
Now HB = logn (natural logarithms)
BE = Dolognm

HI = HB + BJ = logn+ g%Q
JF = D2
Substituting in 1

%:Qﬁgm”%?glﬁgn*‘%&'g

Solving this for D2 gives

nio n
b2 = -

and this is independent of the initisl dose D1 For the
survival curves of figure %2 the wvalue of D2 wag 430 rads.
Since the second dose in the frectionation experiment

was more than twice this, we must conclude that the hypoxic
cells of this btusour shed thelr sub~lethal dawage and
remained hypoxic for the period during which this process
took place.

This is confirmed by the regulits illustrated in
figure %6, which shows a survival curve for cells from
tunmours exposed bto a first dose of 1000 rads in air and
a serles cof second doses five houre later. The expw
erimental points agree well with the calculated curve
for full shedding of sub-letnal damage by hypoxic cells,
the daghed curve of figure %6.

This shedding of sub-lethal damage by hypoxic cells
was reflected in the decressed time for tumcurs to grow
from 9 to 2% mm. following two doses of 1000 rads 5 hours
apart, a3 compared with that following u single dose of

2000 rsds. For the single dose the tlme was 40 ¥ 5 days.
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Log surviving fraction

ste is the selurel leparitin of



110

surviving fraction

S,
N

Icrs i. l , | l | i |
O 500 10000 1500 2000 2500
| Dose (rads)

Fractionated survivel curve for irradiation of RIB.C tumours
with an initial dose of 1000 reda, and graded second doses
five bours later. 7The so0lid line is the hypoxic Hail of

the single dose survival curve for cells from tumours
irradiated in sir, and the dashed line is the calculated
curve for full shedding of sub~lethel damage by bypoxie‘aellﬁﬁ
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For the fractlonated dose, with the second dose given

to unclamped or clasmped tumours, the times were 52.6 %25
days, apd 29.1 % 2.7 days respectively, implying that
there was shedding of sub-lsthal damage between the doses

by an hypexic population,

Discugsion.

1t is possible to compare the survival curves
actually measured for the cells of tumour 31356 irrade
iated in vivo and assayed in vitro with those calculated
on the basis of the gross response of the tumour. This
comparison is made in figure 34, in which the dotbted
lines represent the ameltual survival curves and the
shaded sreas the calculated ones.

The difference between the o,e.r., for cell survival
and that for changes in tumour growth iz reflected in
the diIference between the measured and calculated
survival curves. The difference in the oc.e.r.'s could
be attribubed o a difference in the response of hypoxic
rother than oxic cells (figure 31)., In section 4.1.3.

a similar diffevence bebtween the calculated =znd measured
survival curves for the hypoxic cells of tumour RIEB

was described. The discussion on the types of danmsge
expressed in vivo and in vitro following irradiabtion of
cells in vive as outlined im’th&t section applies sguelly
to the results following irradisbtion of Rlﬁﬁa, and will
not be repeated hers.

Table 8 lists the survival curve paranmeters togstherw

with thelry errors for the three conditions in which the
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Do{oxic)

| Conditions

n

| RIB.C irrediated
. in vivo, assayed
% iﬁ 7itro.

Rlﬂﬁﬁ irradisted
4 hours after
nlating.

RIBE cultured
cells.

Rlﬂﬁc tunour
srowbth delay.

- 55
(144~20,0)

3.8
(2.5=58)

2,8
('2 .%-5¥~.§)

Table 8

153
(127-195)

170
(154~190)

161
(147-478)

(201=243) |

O»Cally
2e5

(2’2‘”249)

240

(129=2.2)

242

540

Survivel curve parameters for cultured HIB5 cells

and cells from tumour 31350.
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cells of RIB.C were irradiated:- 1) irradiated in vivo
and then plated; 2) grown zg a tumour in vivo, plated

end then irradisted; 3) zrown in vitro and irradisted as
a mopolayer culture. 'The ﬂeér&&ﬁing D.8.Ts wWith %the

time ¥the cells were in culture wes due to changes in

the response of hypoxic rather than oxic cells; there

wags also possibly a decrease in the survival curve extrap-—
clation number, althcugh the confidence limits do overlap
{table B).

Barendsen end Broerse (1969), irradiating rhabdoe
myosarcoma cells, have obtained the opposite result,
wWhen the survival of cells irradiated and assayed in
vitro was compared with that of cells irradiated in vivo
and then plated, there was no difference in the survival
curves for hypoxic cells, bubt the o.e.r. was decreased
from 2.4 % 0,2 for cultured cells to about 1.9 for cells
irradiated in vivo and essayed in vitro. They did not
irredidbé tumours while animals breathed oxygen, 8o that
the o.e.r. faiAawing irradiztion in vivo was measured
from the low dose part of bthe survival curve for cells
irradisted in air-brea ning snimels, It is pessible
that even at low doses the cells being assayed were nob
radiobiolegically well oxygensted, but the biphasic
shape of the survival curve, and the observation that
the slope of the terninal rortion of this curve wes
parallel to that for survival of tumour cells irrad-

isted in dead animals, would suggest thal they were.

It is not known o whalt extent the oxyzen concentration
is reduced in radiobiologically hypoxic cells which aze

still visble, since radiosensitivity may be :uch reduced
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at oxygen concentrations which are high compared with
thoge at which respiration rates sre reduced (Alper and
Howard-¥landers, 19563 Froege, 1962; Dewey, 1963)s The
fractionation experinent illustrated in figure %4 provides
some information gs to the lower limi¥t of the PO, of

these viable hypoxic btumour cells. HRevesz and Littbrand
(1964) reported that when the pl0, was 3 p.p.m. danage

was no longer accumulated in Chinese hamster cells in
gsub-lethel form. Other authors have found oxygen to be
fully dose-modifying, so that proportionately the same
smount of damage was sccumulated in sub-lethael form - in
hypoxic as in well oxygenated cells (Elkind et al, 19653
Dewey, 196%; Howard, 1968; Bryant, 1970), and Elkind et al
found that Chinese hamster cells were able to shed sub=
lethal damage when the pO, between doses was 15 DDl

The ability ¢f hypoxic RIEEG tumour cells to shed their
sub-lethal damage (figure 34) suggests that hypoxic
cendi@ians such as those in which Chinese hamster cells
show no sparing effect of fractionation (Revesz and
Littbrand, 1967) are unlikely to be of climical importance,
and that the oxygen concentration of these hypoxic
clonogenic cells is probably greater Than 3 Depeba



Chagter 2
GENERAL DISCUSSION

220s Cell proliferation in vivo and in vitro.

The volume doubling time of tumour RIB5O was twice
that of RIBE, 48 hours compared with 24 hours for 3185.
One might have expected that during the period of adaptstion
of RIB5 cells to thelr in vitre culture conditions there
would have been gelectlon for cells with short cell-
cycle times, which in turn would have been reflected in
faster growth of the tumour after reimpleontetion inte
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 inoculanted into
rats (table 9).

The difference in growth of the two tunours can be
betbter understood if a specific model of tumour growth is
congidered. The model is one developed by Steel (1968),
according to which there ave two main procegses which can
give rise to a difference bebtween the cell cyels time
and the population doubling time, such as is observed
with both tunour RIBﬁ and 31356. Une process lg a decrease
in the growth fraction due to the movement of cells intbo
a non-proliferative state (Mendelsochn, 1962). The othay
is the continuous loss of cells from the whole posulation

Steel, 1968). On the basis of this model, a potentisal
doubling time, T, is defined, which is the expected pop-
ulation doubling btime in the absence of cell logs. T may
be caleulsted from thoe frequency in the population of

cells in any recocnloable phass of the cell cycle, and
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the duration of that phase. Tor instance, for a steady
astate populatlion
T

g mmm-’-uwm"‘

I

where ?S is the durestion of the DHA-gynthetic phase, and

T o

LI is the labelling index, the fraction ¢f cells in that
phaﬁe;

In an expanding population thuis relstion haa to be
modified to take adeount of the non~uniform distribution
of cells in the phases of the cell cycle

T w)\Ts - - - 2,
T
steel (1968) has shown that this currection fackor, \, is

given by the eguation
T ( 1n2(Tan + Ta) . 4 nz ., g ,
A = ™ ( °FP g G2 ] “ exp i@pw.@GB - - - 3,

&3

Tg and Tyo con be measured from & labeled mitoses curve,
and using equations 2 and 3, T and A can be calculuted
by & series of guccesive approximations.

T will be greater than TG, the cell cycle time, in
a population with a growth fraction of less than one, and
Bteel has ghown that the growth frection, f, is given by
the egation

16(1 + £) = 5¢ 1n2 = = = = = = 4,
Ed

Steel has intervreted any difference between T and the
actual doubling time, Tﬁ, in terms of loss of cells
from the tumour volume., This cell loss may be due To
renoval of dead cells, or mlgration of viaeble cells
away from the tumour to other sites in the body.

Assuning thabt the cxpeonentisl model of cell growth is
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valid, and that there is no change in mean cell volune,
the cell loss can be deseribed in terms of s factor, W*
wnich is the fraction of additional cells formed abt each
divigion which are lost from the bumour, and which is
given by

fg T 5
poe-§ ’3 - ' B T . »

These growbth parameters have been calculated for
Hlﬁsﬂ to compare with the values obtained by Denekamp
(1970) for RIB5. and are shown in table 9. The increased
cell cycle for the cells of RIB5Q conpared with those of
RIB§ was due mainly to a large increase in the &1 phase,
from 2.4 hours to 11.7 hours. This, in part, explains
the decreased growth rate of RIBss¢ The other main
difference betweon the two tumours was the considerable
amount of cell loss cccurring in RIESQ, 35 percent compared
with none in 8135. Way there should be these large
differences between two such closely related bumours is
not clesr. Denekamp (1970) has reviewed the available
data on a number of tumours, and the values of the kinetic
paraneters for 31350 fall within the general range she

found.

5s2s Are sbationary phase cells in vitro a veasonable

model of the non-~proliferatine cells in a tumour?

About 36 percent of the cells in tunour RIB5C are
not engaged in asctive proliferstion (table 9). While
a proportion of these cells may no longer be able to
divide, those thalt still cam, probably represent a
significant proportion of the clonogenic population.

The question arises do they respond bHo rediation in the



Measured parameters 'Symbol Units
Volume doubling time | Ty Hours
Labelling index é La.I.
Cell-cycle time é TC Hours
Fre-gynthetic time ?Gq Hours
Piid-synthetie time T Hours
Yogt-gsynthetic time TGE Hours
féiﬁ@tic index F’?.E "

Derived parameters
Potential doubling T Hours
tine
Froportionality N\
constant
Growth fraction £
Cell loss factor ! ¥

Zable 9

Population kinetics

RIBSG, and for cultured RIB

paraneters for tumours RIE5 and

Tumour
RIE§
24
030
1%.8
2elh
9.0
2.0

Gs 010

2442
0.8%

0,45

C.0

5 calls.
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Cultured Tumour

cells Rlﬁﬁﬁ
17 48
0653 019
1645 e2
4.0 11.7
9.0 75
505 2,8
CeN8 0,009
160 31
0,98 0«81
099 O« 64

0.02
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" same way as the actively proliferating cells? In chnpber
% the properties of a non-proliferating but still clonogenic
population were described, =nd the relevance of this
stationary phase population in vitro as s wodel of the
nou-proliferating cells in a tumour will now be considsred.
It is unlikely that cells in a tumour would stop
dividing because of a lack of spsce, wherezs nutriend
depletion due to failure of the vascular supply, for
instance, may be a common occurrence (Thomlinson, personal
comnpunicetion). For this resson, unfed rather than fed
celle should be considered as the possible model system.
Unfed cultured %IB5 cells in the stetionary phase
are characterised by a decreased growth fraction and an
increase in all stages of the cell cyele (figure 20).
How well does this beshaviour mimic that of nonwprolifersiting
tunour cells? Denekawmp (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 @ray
(1955) Yo suggest that cells may remain dormant through
- lack of nubrients for a comnsiderable btime 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 snd Barendsen (1969), using an exp-
erimental rhabdomyogarcoma in rats, demonstrated an
increased céll cycle and possibly a decreased growih
fraction in the central region compared with the ouber
region, Tannock (1968) studied tumour cells in relation

to their distance from capillaries, and sghowed thet as

this distance increased, bthe growth fraction ferl, but
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there was no change in the cell eycle,

With ascites btumour cells, & number of workers have
found the cell cycle time to increase with tumour age
in a nenner gualitatively sgimilsr to thalt observed for
unfed RIB5 calls in vitro (bable 10)., This misht sugzesd
that cells in vitro which have become stationary because
of nutrient depletion are a better model of ascites than
of o0lid bumours. In that casge one might exoect the
extrapolation number of the survival curve for ascites
tumour ¢ells to decrease with increasing tumour age.
Belli, Dicus, and Bonbte (1967) irradiating P-388 lymphoma
cells in DBA/2 mice, found Jjust such a decrease. One
day after inoculation of ¢06 cells the extrapolstion
nurber was 8.5 and the Do value was 151 reds. After six
days the tumour had become hypoxic and the values were
1.6 and 458 rads. 1 have done similsr exveriments using
diploid Ehrlich sscites tumour cells. Figure 374 shows
a growth curve for these cells growing in B0 mice,
Tumours were irradisted 13 and 10 days after injecting
4.5 % ﬁ06 cells. In order to overcome problems of hypoxia
in the older tumours, all tumours wers irradisted &
minutes afbter sacrificing the animals, a time long encugh
to render the tumour cells hypoxie regardless of tumour
age (Hornsey, personal compunicabtion). Immediastely
after irrediation, cells were removed from the peritoneal
cavity, counted, diluted and plated in wvitro, and then
assayed for their c¢olony forming ability 10 dsys later.
There was the same fall in extrapolation nmﬁbér with no
change in Do as was found for stationary phase RIE5

cells (figure %7B). If tumours were exposed to a single
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Figure
B. Survival curves for ascites tumour cells
irradiated in nice 14 days {closed symbols) and
10 days (opend symbols) after injecting
4.5 % 196 cells l.p.
C. Hecovery from potentially lethsl damapge
in 10 day old tumours. Tumours were exposed
to a single dose of 1500 rads, and cells

plated al various times theresiter.
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Cell cycle parameters for cultured EIE§ cells

and ascites tumours of different ages.

L3y gn 1 . 1:
- pours hours hours hours % :
RIE5 log. . G n %05 G9
in vitro stat. fed - 9 7«2 3 8

sbat. unfed 33 18 8 7 56
E QA &C » 1 d’-ay 8 6 — :‘.}. %2
Lala, 1968 7 days | 22 18 - 4 5%
BehoCo 5 days 47 26 14 . 55
viiebel & Baserga
1965 1 day 21 10 0.5 4
HeGuTalu 4 days 17 ] Colk 1.6 F4-86
frindel et al, |
1969 12days k0 21 5 A5 75
Table 10
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dose of 1500 rads and then left for s pexriod before
removing cells, there was a siwvilar recovery i{ron
rotentially lethal demsge as occcured with 3135 cells
in vitro (figure 37C).

It has yet to be denonstrated whether statbtionzry
phase cells in vibtro sre a reasonable model of non-
proliferating cells in solid tumcurs. These results
together with the results using cultured ﬁ1§5 cells
(derived from a solid tumour), suggest that in the
stationary vhasse, cultured cells behave 1In a similar
menner to cells from large ascltes 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 zlso on the nature of the
mediun in which the cells are growing, so that the
genersl validity of the model, even for ascites tunmours,

mast be in doubt.

5¢3» Cell survival and tumour growth delay.

Measurenents of tunmour growth delay following single
doses of radiation, and its mddification by oxygen and
high LET radiabion, suggest that to a first approximation
the response of the whole tumour can be described in
terme of that of singple cells. Oxymen was found to be
dose modifying for growth delay with an o.e.r, of 3
{figure 28). ihe biphasic natbure of the growth delay
aurva‘far irradistions with animels breathing =zir (figure
28) can be understood in bterms of the existernce of twe
populations of cells, one well oxygenated and the other

hypoxic. The fall in RBE with incressing dose for well
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oxyrennbad tunourg wa& sizilar to tuadb for cell suvrvival.
Lach of thewse observations would sugsest s copreliztion
bebween vell killing end tumour growth delay.

fiowever, the differente in Yho 0.¢.2s for growth
delay and that for cell sgurvival found for both tho
wunours studlied inplies that $he relationship botusen
the two endpolnts 1s not g direct one, The Gechnigues
for pesguring cell survivel were indiract insofer asg 1t
was not pogsible to measure the foxmatlon of clones of
proliferating cells In sibu s can be done with the gub
{«ithers and Eluind, 1970; lornsey, 1970), skin (Withevs,
1967y Bmery, benskanp, and Ball, 1970), certilapge (lember,
1965 ), and with haemopoistic tissuve (MeCulloch and T411,
19624 Hornsey, 1971). Feverthelesg, the agresnent bebweon
the brein assay and the in vitro plating technigue used
with ﬁlﬁﬁﬁ and the correlatlion between the dose needed
to produce 3 90 percent cure raete in an experinental
tumour, and that celevlsted from cell survivel data
(Barendsen and sdroerse, 1969}, would sugmest that cellular
radiosonsitivity as expreseed in terms of the ability
of ivdiwvidual cells Ho regrow s tusmcur, ¢an b neasured
by bhe clomning techuniqus.

Possible ressons {or the differant o.e.7.'s f{or the
two endrointe were diszecussed in chopter & in terms of
the wey cells sxpress theiy damasge in diffevent growlh
conditions. In addition, facbors such as nibotic delay,
slteraiions in prelifsration kivetlcs of surviving cells
{Berendcen and Brosrse, 1969), dowage to strome and
bilcood vessels, will 211 conbribute Bo the pattern of

§

repgrovih of s tusour, and will have {helir ouwn inherent
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rediogensitivities and ve.e.r.'s., Sirackea, Iittbrand, and
Revesz (1969), irradisting Chinesc hanater c@lls; found

a higher oc.e.r. for formation of small colonies than for
cell survival., Thomlinson and Craddock (1967) have

'3

discussed the vossible imvportance of small eolony formation

fote
ot

n the regrowth of & tumour, and if alterstions in the
crowbh properties of surviving cells have a higher 0.e2.r.
than cell gurvivel, this could contribute to the higher
o.e.Te for crovth delsy.

The correlation bebween tumour growbth delsy end cell
survival can be tested by plotting one parsmeter as a
function of the other for variocus conditions of irred-
iagbion. Such a plot is ghewn‘in figure 38. It may be
seen that the delay induced for a given level of survivsl
vwag greater when bumours were irradiated in well oxypen-
ated conditions than when they were clawmped, réflﬁcting
the smaller os.e.r. for cell kil;iag than for growth delxy.
Another fenture of interest is the difference between
the curve for serobic irradiation (unclamped tumours)
and those for tumours irradisted when either bhypoxic or
well oxysenated. The curve for X-irradistion of unclamped
tumcuys follows the oxic curve down To a surviving
fraction of 40“1 and then diverges. Below a surviving
frection of 107 the surviving cells were those that had
been hypoxic at the time of irrasdiation (figure 32), so
that this displacement may have reflected the grester
delay in repopulating the tumour by cells that were
initially hypoxic as compared with those thal were well
oxyrensted. A similar explanation could apply to the
curve following neubtron irradiation (figure %8); in

this case the displacement from the oxie curve occurred
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40 Symbol Radiation Conditions
®  X-rays  Hypoxic Ny
- X X-rays  Aerobic
A X-rays Oxic
30 © Neutrons  Aerobic

)]
O
T

1O -

Surviving fraction

LAy, » fL, 5
. Growth delay induced in tumour RIB.C as a
funotion of the surviving frection as assayed
in wvitro, for different conditioms of irradiation.
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2t 8 lower level of survival due to the greaber cell
sensitivity and lower oc.e.r. following neutron irradistion,

The increased time bto repopulate a bumour for a given
level of survival (as meesured gﬂkggggg) by cells that
were hypoxic rabher than well oxygmenated may hsve been
because the "effective® hypoxic fraction was less for
cells left In situ than Chalt measured by plating them in
vitro, which "rescued" cells that would otherwise have
died due bo the hypoxia.

If death due to hypoxia were the only cause of the
greater growth delsy following irradistion in sir (figure
38), then for s surviving fraction of 40“2 as assayed
in vitro the greater delay induced for irradiation in
serobic conditions over that in oxygenated conditions
corresponds to a decrease in surviving fraction to about
10™2 (figure 38), so that 90 percent of the cells that
survived the radiation must have disd becsuse of the
hypoxia. If this were the casge, one might expect that
there would be a fall in the surviving {raction of cells
as assayed in vitro. with time after irradiztion that
the tunmour was excised. There was no such change with
time up to six hours afber exposure of ﬁIB5C to 1000 rads
(figure %4). However, this dose may not have been
sufficient tc ensure that all survivors had 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 pregent beling studied., Herszens
and Barendsen (1969) exposed the R-1 rhabdomyosarcoma to

2000 rads, = dose sufficient to ensure that all the
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surviving ¢ells had been hypoxic at the time of irrade-
istion. They neasured survival st daily intervals
thereafter; the fraction of clonogenic cells renzined
constant for four days znd then increased due to re~
population of the tumour by surviving cells. It would
therefore appear that death of hypoxic cells cannob
alone explein the lpncreased delesy in grovih following
irradistion in aecrobiec conditions. There must also

be differences bebtween the repopulation kinetics of
surviving cells that were initislly hypoxic and of those
that were oxygenated.

Fractionation experiments such as that deseribed
in section 4.%.2. provide information o the shedding
of sub-lethal damage by hypoxic cells, but also demonstrate
the complexity of the tumour response bte radiation,
Pigure %9 shows the dose-effect curves for tumour re-
growth following irradistion in amerobic and hypoxic
conditions redrawn from figure 28, The experimentel
points represent the delsy induced by two doses of 1000
rads five hours apard; in one case the second dose was
delivered to clamped tumours, sand in the other to
unclemped tumours. There was no significant difference
between these points, inﬁicatiag that the second dose
wag bein: delivered to an hypoxic populstion. Since
reoxygenation was not occurring in this time interval
(section 4.%.2.), the exnpested amount of delay should
be given by the hypoxic dose-effect curve displaced
to start from the 1000 rads point on the serobic curve

if there was a direct correlablon bebween cell killing
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apart, on growth of m§$, Esch dose was given
with snimals breathing air. In one group the
tumours were clamped for the second dose (@), and
(X). %he single-
dose growth-delsy curves for irradiation in aerobic
and mm:-m conditions ave included for comparison.



134

and growbh delaye In fact the points £it the serobie
curve redrawn from tﬁia point rether thaf the hypoxic
curvé. This could be accounted for 1f cells were

dying becausne of hypoxia in the time interval bhefore
the second deose. However, firure 34 ghows that this
did not occur, abt least up bo gix hours after the first

doses

Sa8. The RBE's for eell survival and growth delsy.

From the curves of f{igures 28, 30, and 51 a
conparison can be made between the effects of neutrons
and X-rays on cell survival and tumour growbth delay.
Figure 40A shows & plot of the EBE's for these two
endpoints ag a function of neutron dose, for irrad-
iations with animals breathing sir, Above a dose of
250 rads the RBE for cell survival was congsistently
above that for growbth delay. The components of these
eufvea con be separated more clearly by plotting the
RBE as a function of the inverse of the neutron dose
(alper, 1972). Such a plot is shown in figure 40B.
For cell survival curves having a shoulder followed
by an exponential region, the RBE derends on the neutron
dose according to the relationship

. 4 A
RBE = 'ﬁg ( I}}q -—-Raﬁﬁqj + Rg

once the esxponential reglon of survival has been reached.
Rs is the ratio of the slopes of the exponentisl regions
of the two survival curves, end is the BEBE at infinite

dose. Lﬁq and KBQ are the quasi~-threshold doses for
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the low LET and neubron curves (4lper, 1972) and D, is
the nsutron dose. At low doses the HBE depends on the

shapes of the shoulder Pegione. For a mived populatlion
of oxyrenated and bypoxic c@lls,‘thera will be g sherp
increase in the RBE in the reglon where the response

is controlled by the hypoxic cells, i.e. when effectively
all the sxiec dells have been killed., Figure 40B shows
that this occurred at a much lower dose for cell survival
than for tumour growbth delay. The curve for tumour Rlﬁﬁ
calculated from the results of Field, Jones, and Thonmlinson,
(1967), is shown for comparison, The main difference
between the two tumours was the larger slope of the.
straight portion of the curve for 3135, and the snmaller
value of Rs, 1.2 for RIBB, and 2.7 for RIBﬁﬁ. A value

of Rs cloge to unity iwplies that differences in the
shoulder regions of the dose-effect curves sre 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 RiEBG igs excepbtw~
ional.

An alternative method for visualising the cémparative
effects of X-rays and neubrons is to compare the growth
delsy induced by doses of the two radiations which give
the same level of surviwval., Fipure 41 shows a plobt of
the patio of the delay induced by Z-rays to that induced
by neutrons as a function of the surviving fraction.

As the surviving fraction decreased from 1 to 401
the Z-rays became progressively more effective in delaying

growth, Por lower levels of survival the ratio decresmsed,
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albthough not untill the surviving fraction was less
than ﬂﬁ“ﬁ did peutrons become more effective than L-rays.
Barendsen and Broerse (1969), irradiszting the R-1
tumour in rats, found that for a given level of survival
agsayed in the same way asg for ﬁIBsc, 15 Mev neutrons
caused a grester amount of delay in tumcur growbh than
did 300 Kv X-rays. Their daba 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 bto show that the time interval
between irradistion and the onset of rapid prolifersbion
by surviving cells repopulating the btumour was greater
for neutrons than for f-rays. 4 similar explanation
nay also apply in the case of RIBBG, although in that
case XI-rays would heve to cause & greater delay than
neutrons, the opposite effect to that found by Barendsen
and Broerse.
The peak in the eurve for Rlﬁﬁc in figure 41 (and
that for B-1) can be understood by relating it to the
cell survival curves cf‘figure 2. Relow a surviving

fraction of 10™1

y With X-rays the response of hypoxic

cells was being measured, With neutrons, the hypoxic

cells 4id not become importent until the surviving fraction
was below aboub 5 x 10™0, Below & surviving fraction of
10™2 hypoxic cells slone were the determining factor

with both types of radiastion. Thus the increase in

delay induced by X-rays relative to neutrons for surviving

fractions between 10~ and 40™% peflecte the different

oxygen status of the survivors inmmediately after irradiation,

hypoxic for Z-rays and oxic for neubrons. Below a
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Figure 41
The relative delay induced by Z-rays and
neutrons ag & function of the surviving
fraction.
X Tamour RIESG
0 Tumour R~1 (redrawn from Barendsen and
Broerse, 1969),
& Mitotic delay induced in Chinese
hamster cells {(redrawn from Schnelder

and Whibtmore, 1963).
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surviving fraction of sbout % x 1072 hypoxic survivors
predominated for both types of radistioun,

Schnelder and wWhitmore (1963) have conmpared the
gffects of X-rays and neubtrons on cell survival and the
induction of mitotic delay in culbured Chinese hamster
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-rays in causing mitotie delay.

525« Conclusiong.

The results presented in this thesls have demonstrated
that the relationship bebtween the gross resnonse of a
tumour and that of its cells to radiation is neither a
direct one nor a unique one. I% depends on the type of
radiation used as well as on the level of cell survival
obtained; it also derends on the type of tumour under
investigation (figure 40). The difference in the o.e.r.'s
for growth delsy and cell survival for tumour RIB5 and
RIB50 also demonstrates the complex nature of the relat-
ionship between the two endpoints. These differences,
together with the change in the c.e.r. for survival of
the cells of RIBgﬁ devending on whether they were irrade
isted in vivo or in vitro before assaying in vitro (table 8),
suggest that deductions based on observations maede in vibro
may not be valid for predicting the detailed radiocbiological
response of cells in vivo. As was discussed in chapter &,
this might be due to gualitative differences in the types

of damage ewpressed ip vivo and in vitro.



Studles of tunour call

%

the axishenue of noneprolifercting cells in funoura.

Foy instanes, the growih fractic Lo 80 vavcent.
14012 Lo kpown obout the oroperiies of thoas none
peolifeceting collse Sbuldies Jn vilyre (section 5.4
hawve shown $het son-prolifersiing culiursd ﬁﬁﬁﬁ cells
diifer fronm prolifersting cves in thelr response to
rodintion, lowever, it hap yet te be dewonstroted thnt
guch cells ape o ressonable nodel of non-dividing cells
in solild tunourwe.

In o fractionanted couvse of raedlothorany, PO D=
wlation by survivin: celise bebtwe:n dones may boe an
importont factowrs Tublana (1971), ualny dats of Darendsen
el Sroerse (1970), hes shown that during & course of
trestnent of the =1 phabdonyosercons thers weg a gradunl
decrense i the doubling vime of the curviving cells
fvom 4 days before itreatnent bo ¢ days after tho end
of trestment., These ¢alouvlations wore possible only
beoause the eclonopsnie fragtion eould be detersined by
cluting cells ip vites. Ybis emphasises the value of
o Pumpur sysbton in whieh o estinete of cell survlval
csn e wede divectly, oven 1f such an estimnte ey not
soovrately reflect the Lp ¥

25
s

rediosensitivity. OGinilar

studieg of reporuladion hinetics wildh %Eﬁﬁﬁ should help
te explein ths difforences in growih delmy for & given
lavel of survivsl followlny levedistlon in difforent
sonditionn (Liguwe 383, ag well as thy dlifervence in the

HET's for coll supvival and growibh delsy (flgure 405



Y
S
4}

References.

ALFER, TIKVAH, 1963, FPhysics in FMed. Biol., 8, 365,

S s 1967. 1todern Trends in Radiotherapy,
ed. PDeeley, T.J., and Wood, C.A.P., p1, pub.
Buttervorths.

E — 1969. Proc. 2nd Symposium on Hicrodosimetry,
Stresa, pb.

———————" 49720 3Xit. J. Raﬁi@l-, in ?B@S&»

A GILLIES, NtEQf and ELKIKDQ ﬁbﬁo, ﬂgGO.
Fature, 186, 1062.

i EOWLER, J-th ﬁGRGAE, R.LQ’ VOﬁBERG’ Duatg
BLLIS, F.y and OLIVER, R., 1962. Brit. J. Radiol.,

2

35, 722,

BARENDSEN, GW., 1969. In Time and Dose Relationships
in Radistion Biology as applied to Radiotherapy,
Carmel, p339, pub. Brockhaven Nationazl Laboratories.

— BEASKER, T., VERGRCSEN, A.J., and
BUDK* ﬁ;, q9600 Radi&t. RSSQ, jﬁ, 106.
— KOOT, C.J., VAN KERSEN, G.R., BEWLEY, D.K.,

FIELﬁg SwBt, and FﬁRﬁELL; Ctgp; 1966. Int. J,
Radiat. ﬁi&lo, ZQ, 31?*

U 5, 375 and BROERSE, J.J., 1969. Burop. J. Cancer,
y .
———— gg it 49709 Eufep. Ju @&ﬂcer,
6, 89.

BELLI, J.A., DICUS, G.J., and BONTE, ¥F.J., 1967. J. Nat.
Cancer Inst., 38, 673.

BERRY, R.J., BEWLEY, D.4., and PARNELL, C.J., 1965.
Brit,. J. Raﬁicl., é@; 6135,

s HALL, E.J., and CAVANAGH, J., 11970, Brit.
J. Radiol., 4%, 81.

gﬁﬁLEY, QiKﬁg q965e Brit. J. Ra&i@l., éﬁ, 1.

S aﬂd ?ﬁﬁﬁELL’ G.Ju, ﬁ?@?. Eritm 50 Raﬁicl;,
42, 281,

BRYANT, P., 1970. Int. J. Radiat. Biel., 17, 533.



129

CEAPMAN, J.D., STURROCK, J., BOAG, J.W., and CROOKALL, J.0.,
1970. Int. J. Rediat. Bicl., 17, 305.

CHURCHILL=~DAVIDSON, I., 1964, Proc. koy. Soc. Med., 57, 635,

ULEAVER, J.8., 1967. Tﬁymi&in@ Metabolism and Cell ¥ineties,
pub. Horth-Holland,

COUTARD, H., 193%. Lancet, 227, 1.
DENEXAME, d., 1968, Pb.D. Theslis, Univ, of Iondon.

P 1970, Cancer Res., 30, 393,
DESCHNER, B.E., and GRAY, L.H., 1959. Rediat. Res., 11, 115,
DEWEY, D., 1963. Radiab. Res., 19, 64.
DREW, R.l., and PAINTER, R.B., 1962. Radiat. Res., 16, 203,
EASSON, E.C., 1967. Current Topics im Radiat. Res., 5, 175,
EIXIND, M.Me, 1960, Radiology, 74, 951.

et and SINCLAIR, W.K., 1965, Current Topics
in Radiat. Res., 1, 167.

— and SUTTON, H., 1959. Hature, 18%, 1293,

— SWAIN, R.W., ALESCIO, T., SUTTON, H., and

MOSES, W,B,, 1965. In Cellular Radiat, Biology,
ph4é2, pub. Williams and Wilkins, Baltinore.

——e————— WITIIERS, E-Ru; M& EELIJI:, Jﬁéﬂt; 419{;}5.
Frontiers of Radiat, Ther. Onec., 32, 55.

EMERY, BeW., DENEKAMP, J., and BALL, M.H., 1970. Hadiat.
Res., 41, 450.

FIELD, S.B., JONES, T,, and THOMLINSON, R.H., 1967.. Brit.
. J. Radiol., 40, &34,

FLETCHER, G.H., 1969, In Time and Dose Relationships in
Radiabtion Biclogy ss applied to Radlotherapy,
Carmel, p260C, pub., Brogkhaven HWabional Laboratories.
FOWLER, J.F,, 1964. Physics in Med. Biol., 9, 177.

——— . i{EiAGT, KOQE&I&, Q*E'? &Iz‘;ﬂ@.{j‘ E}Q’ gnd .
BERRY, R.d., 1965, Int. J. kadiat, Biol., 9, 241.

J— - 1966, Current Topics in Radiat. Res., 3, 303.

PRINDEL, E., VALLERON, A.J., VASSORT, F., and TUBIANA, M.,
1‘96@. Cell Tissue »{{iﬁ@'tig é);; &5‘10



140

FROESE, G., 1962. Biochim. et Biophy. Acta, 57, 509.

GRAY, L.H., CONGER, A.D., EBERT, M., HCRNSEY, S., and
SCOTT, 0uCehe, 1953, Brit. J. Radiol., 26, 638,

HAHN, G.M., 1968. Nature, 217, 741.

1970, 4th Internat. Congress of Radiat. Res.,
abstroct 3&“& "

eenap—— 1&55{3 “!",gﬁﬁf 4 Jfﬁ", Yé@»f&', %:«’tJO, &11(3. Pﬁﬁiﬁuﬁ Vl‘ 4@@8:
Expbt. Cell Res., 49, 285.

HANK, J.H., and WALLACE, R.E., 1949. FProc. Soc. Expt.

H}:}i@lﬁ?ﬁ s ApFi ¥ amé ﬁﬁ@iﬁﬁﬂiﬁgk s G‘-Wn ¢ 1969; Eﬂl‘ﬂ@. Jp
Cancer, 5, 173

HEWITT, H.B., 1958. Brit. J. Cancer, 12, 378.
D and WILGON, C.W., 1959, Brit. J. Cancer, 13, 69.

HILL, R.P., and BUSH, R.S., 1969. Int. J. Radiat. Biol.,
15, 435.

HORNSEY, S., 1963. In Radiet. Sffects in I‘hysics, Chemistry,
and Biology, froc. 2nd Internat. Congregs of
Radist. Res., p£58, pub. North-iHolland.

ey 1970. Brit. J. Radlol., 43, 802.
- 1971. Brit. J. Radiol., 44, 357.
——— and SILIRYI, G., 1961. Int. J. Radiat. Biol.,
&, 1335,
o and VATISTAS, 8., 1963. Brit. J. Radiol., 36, #4351,

HOWARD, A., 1968, Int. J. Radiat. Biol., 14, 341.

R —— and PELC, S.R., 1953. Heredity (suppl), 6, 261.
HOWES, EJ.4., 1969, Brit. J. Radiocl., 42, 441.
JOKLIE, W.K., and BECKER, Y., 1965. J. Mol. Biol., 13, 496.
KAPLAR, H., 1970. Radist. Res., 43, 460,

KEEILERER, A., 1966, Proc. IL.A.E.A. Panel on Biophysical
Aspects of Radiation Quality.

KEMBER, H.F., 1965, lature, 207, 501.

LATA, P.K., 1%68. In sffects of Raﬁxab&cn on Proliferation
and Differentiation, p463, I1.A.E.A., Vienna,



184

LEA, D.Es, 1962, Actione of Radiations on Living Cells,
2ol a8d., CellePe

LITTLE, J.R.,1969, Kature, 224, 804,
MeCULLOCH, E.As, and TILL, J.E., 1962, Radiat. Res., 16, 822,

eNALLY, N.J., and BREWLEY, D.K., 1969. Brit. J. Badiol.,
42, 289.

MENDELSOHN, M.M., 1960, J. Nat. Cancer Inst., 25, 485,
e 1962. J. Hat, Cancor Inst., 28, 1015.

FARNELL, C.J., BEWLEY, D.XK., and FIZLD, 8.B., 1967.
Proc, 11th Int. Congress of Radiology, Rome, p907.

FPATERSON, R., 1948. The Treatnent of Malignant Diseases
by Radium and X-rays, pH, pub. Edward Arnocld.

—e—e——-“- ‘1952i Briti J. Hadio.lv’ 2 ] 5050

PAUL, J.4 1965, Cell and Tissue Culture, pub. E. and
A, Livingston.

PIKE, 11.C., snd ALPER, T., 1964, Brit. J. Radiol., 37, 458.

FUCK, T.T., and MARCUS, P.I., 1955. Proc. Nabt. Acad, SC.,
41, 432,

REVESZ, L., end LITTFBRAND, B., 1964, Nature, 203, 742.

e 1967, Iroc. Internst.
Conf. on Rediat. Blology and Cancer, Kyobto, p&7.

REINEOLD, H., 4965. Europ. J. Cancer, 2, 33.

SCHNEIDER, D.O., and WHITHORE, G.F., 1963, Radiat. Res.,
18, 286.

SHELINE, G., PHILLIFS, T.L., FIELD, S5.5,, BRENHAR, J.T.,
and RAVENTOS, A., 1971, Axn. §. Roent. Radiat.
Ther., 111, 31.

SINCLAIR, W.K., 1964, Radlet, Res., 24, 584,

 mm 1966, Proc I.4.2.A. Papel on Biophysical
Aspects of Hadietion uality, pet.

SIRACKA, E., LITTBRAND, B., and REVESZ, L., 1969. Expb.
Cell Res., 58, 191.



142

STANNERS, C.P., ond BECKER, H., 1971. J. Cell. Thysiol.,
77y 1.
e and TILL, JeB., 1960, Biochin. et Biophys.
Acta, 37, 406.

STEEL, G«Gs, 1968. Cell, Tissue Kinet., 1, 193.

STEWART, J.G., 1964, Brit, J. Esdiol., %7, 634.

SUIT, HeD., 1969, In Time and Dose Helationships in
Hadistion Biolopy as applied to Radiotherapy,
Carmel, p.iil, pub. Brookhaven Haticnal Laboratory.

SUIT, H.D., SHALEEK, R.,J., and WETTE, R., 1965. Cellular
Radiation Biology, p514, pub, Williams and
Wilkins, Baltimore.

TANKOCK, I., 1968. Brit. J. Canecer, 22, 258.

THONLINSON, R.H., 1960. Brit. J. Cancer, 14, 555.

e 1965, B¢, Basgis of Medicine An. Rev., 74,

T— , 1968, Frontiers of Radiat. Ther. Onc.,
3, 109.

e~ &I‘l{i CRELBDGGK’ E'At’ 1(3‘%‘?. Bl‘it- Jo
Cancer, 21, 108.

——————" . aﬂﬁ GRAY, LQHQ, 4955! ﬁritn J't G&l’lcer,
Sy 539.

TUBIARA, M., 1971. Brit. J. Radiol., 44, 325.

VAN PUTTEN, L.M., and EALLMAN, R.F., 1968. J. Nat. Cancer
Inst., @, 544,

WALKER, P.l1.Be., and YATES, H.B., 1952. Proc. Roy, Soc., B,
140, 274,

WISBEL, F., and BASERGA, R., 1968. Cell, Tissue Kinet.,

1, 273.
WITHERS, H.R., 1967a. Brit. J. Radiol., 40, 187.
e 1967b. Radiat. Res., 32, 227.
. and ELEIND, M.M., 1970. Int. J. Radiat.

Biol., 17, 261.
WHITMORE, G.F., and GULYAS, S., 1966. Science, 151, 691,
J

LIMMER, K.G., 1961, BStudies on (uantitative Radiobiology,
pub, Oliver and Boyd, Edioburch.



