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sSummary

Chapter one contains a brief review of the
literature concerning the effects of hyperthermia
and radiation on cellular reproductive integrity.

Chapter two describes the cell line used and
the physical and biological aspects of the
experiments.

The preliminary experiments of chapter three
revealed that the experimental stability was adequate
for inter-experiment comparisons, provided that
sufficient control data were obtained. Further
experiments provided a cursofy examination of several
aspects of the interaction between radiation and
hyperthermia.

In chapter four, a simple sensitization model
that would account for the observed results for any
single value of the perturbing radiation or hyperthermis
dose is developed. Using the concept of the survival
surface, this simple model is expanded to simultaneously
describe survivals for any combination of the
radiation and‘hyperthermia dose. The resulting
first order interaction model, while only approximately
describing the survival surface, is nevertheless
useful in- providing a.coherent picture of the results:-

of chapter three.
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The interaction component of this.moael is
first order in both hyperthermia exposure and .
radiation dose. The mechanism by which radiation
contributes to the interaction was investigated by
altering the radiation quality. The results of
this investigation, presented in chapter five,
suggest that high LET events contribute to the
interaction.

The mechanism by which hyperthermia contributes
to the interaction was investigated by alteringl
the hyperthermia temperature. A thermodynamic
analysis of the data, presented in chapter six,
reveals parallels with the effects of hyperthermia
and radiation on protein, suggesting a possible
involvment of protein denaturation in cell inactivation.

Chapter seven contains concluding remarks and
suggestions for extended applications of the
survival surface approach. These include an in
vivo application of the theory that might provide

the data required for clinical application.
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CHAPTER ONE

THE FIELD OF INVESTIGATION




1.1 Cellular Survival

A review of the biochemical ahd biophysical
effects of hyperthermia and radiation on a . .
varietyrof living organisms is contained in Appendix I.
These obervations can best be described as dynamic
phenomena in that the time of observation is a
critical factor in the observation. All of these
effects will, however, be expected to be resolved
either as a return to thé cbntrol behaviour, possibly
aftef repeated_cell divisions, or entrancé to é
permanent state of malfunction, either as a cause of,
or caused by, the cellular failure to reproduce.

In contrast, the state of cellular reprqductive
integrity, of'crucial importance in cancer therapy,
can be demonstrated to be a deterministié state of
which observations are theoretically time independent
after a sufficient interval. These 'ideal properties
of time independence and determinism have led to the
~application of many stochastic models of cellular

reproductive integrity.

In thisAthesis, the theoretical end point for
most experiments is the loss of reproductive integrity.
The experimental end point is the loss of ability to |
form a macroscopic colony of cells in a specified

period of time.



The individual cells that are not able to form
a macroscopic colony fall into three categories.
'in the first place, there are cells that are "killed"
;mmediately upon, or shortly after radiation or
heating. The term "interphase death" has been
applied and implies a rapid lysis of the céll.
Secondly, there are those cells that remain
metabolically active, but are only capable of a
limited number of cell divisions.  Finally, there
are those cells both metabolically active and
clonggenically competent, but only capable of
substantially reduced or delayed cell division.

Experimentally as well as clinicélly, the third
category of cells presents problems and experiments
and treatments mﬁst be designed to minimise these
problems., The first class of cells,-célls affected
by interphase death, ére of minor importance in
successful radiotherapy, but may present genuine

problems when hyperthermic treatments are used.
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Fig. 1.1 X-ray survival curve for Hela
cells in culture, (from Puck and Markus 1956)



1.2 The Effect of Radiation on Cell Survival

1l.2.1 Single Cell Survival Curves

The first in vitro single mammalian cell survival
curve was provided by Puck and Markus (1956). This
is illustrated in figure 1.l and displays the features
oﬁserved in most, but by no means all, mammalian cell
survival curves. For survivals below abouf'zo%,
 the plof of the logarithm of survival against dose is
linear indicating an exponential decrease in the
probability of survival. The extrapolation of the
straight line portion to gzero dose intersects the
ordinate at a valwe characteristically greater than
unity, called the extrapolation number.

The parameters and symbols used iﬁ*fhis thesis
to describe the survival curve will bes

Kp the slope of the exponential portion of the

1

survival curve. The dimension of K, is Gray

eyt

Mp the extrapolation number, a dimensionless unit

R

Dq the quasi-threshold dose, the dose at which the

extrapolate of'the straight line portion of the
survival curve intersects the unity survival
levei. The dimension of Dq is the Gray (Gy)

The subscripts R on the parameters M and K designate
the paraméters of the radiation survival curve as

opposed to that of the hyperthermia survival curve.



Where no ambiguity will arise these will be omitted.
Survival for a radiation dose D much larger
than Dq can be represented by

DK *
me _ . 1.1

n

S(D)
or .
- =(D-Dx)K
S(D) = e 1.2
where D is the absorbed dose in Gray units.
Ceil survival in the low dose region requires more
elaborate expressions which are the subject of a

great deal of controversy and Will not be dealt with

to any extent here.
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Fig. 1l.2. Survival curves for Chinese hamster
cells exposed to x-rays in the presence of
various oxygen concentrations. Open cireles,
air; closed circles, 2200 parts per million
(ppm) of oxygen or a partial pressure of

oxygen of 1.7 mm of mercury; open squares,

355 ppm of oxygen or & partial pressure of 0.25 mm
of mercury; closed squares, 100 ppm of oxygen,
or a partial pressure of 0.075 mm of mercury;
open triangles, 10 ppm of oxygen or a partial
pressure of 0.0076 mm of mercury which
corresponded to the lowest level of hypoxia
which could be obtained. (From Elkind, Swain,
Alescio, Sutton, Moses 1963)



l.2.2 The Effect of Oxygen

The effect of oxygen concentration on radio-
sensitivity is possibly of critical importance in
thé clinical situation and effers the rafiiobiologist
additional insight into the nature of the radiolesion.
While the different mechanisms involved and effects
observed are not fully understood, the presence of
, molecular oxygen during, or within a very short
interval after, irradiation ingréases ?he-lethal/effect of
the radiation dose.

Figure 1.2 illustrates survival curves for
V79 cglls irradiated at'various oxygen concentrations.
(Elkind et.al. 1965)... At these concentrations the
effect is primarily on the slope of the survival —.
curﬁe so that oxygen appears to directly modify the
damage due to a given dose of radiation. This simple
effect of oxygen is characterised in the literature
by the parameter OER, oxygen enhancement ratio,
which is the ratio of the radiation survival curve
slope for the well oxygenated situation to that of
the anoxic situation, -

At 1§wer concentrations, e.g. lesé than 2 parts
per million, an additional effect on the extrapolation

number has been observed (Littbrand and Revesz 1969)



If hypoxia is maintained for loﬁg periods
similar effects occur., After 24 hours stérage
at 37° under hypoxic conditions, & reduction of
the survival curve extrapolation number to unity
has been observed for HelLa cells (Hall, Bedford,

and Oliver 1966).



l.2.3. The Effect of LET

The présence of an extrapolation number greater
than unity for x-rays indicates a multiple event
phgnomenon, that is seen to be greatly affected by
the ionization density of the charged particles
associated with the photon beam. The ipnization
density is related to the rate of energy loss per
unit distance of partiele travel, =: which is referred
to as the linear energy transfer coefficient, LET.

As the LET increases, the slopes of the survival curves
increase and the extrapolation number decreases until
it is unity. Increasing LET eventually results in
a_deérease in the slope of the survival curve,

A simplistic eiplanation of these phenomens is
that as the LET increases, the probability of registering
more than one event in a given volume increases. If
the active events reqaire at least a minimum amount
of energy, the .probability of an event being active
increases with LET. - The result of this is that
for increasing LET, the extrapolation number decreases
and the sensitivity, the slope of the survival curve,
increases., The sensitivity continues to increase
with LET until the LET is high enough to provide, on
the average, one active évent per particle traversing

the target. For LET higher than this, an "overkill®



ST AT =T 1

S
022 MY 4 034 MY
\
O T T — S —
& ax QAIMW 055 MY 1MV
5_020 4
£ o0 \ 1t
g 005 \ 1t A
> o02 3 NE
& 0otk
aoms -y PR Lo 1 N P
1 00— ] g ———r
asd ISMe¥ 4 P 2 Mey 4 6 Me¥
on e - L ’- w
1o it 1} 4
005 it * L 5
002 L it J
001 4} I
0 1t . —lt W - ) —
00— 305 B00 1200 O 400 BO0 1200 O 400 600 1200

" ABSORBED DOSE (rad)

Fig. 1.3. Survival curves for Chinese hamster
cells exposed to neutrons of various energy.
Each set of data includes a 250 kVp x-ray
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situation occurs and more than one active event
per particle is registered so that the seﬁsitivity
falls.

Pigure 1.3 demonstrates the effect od the
shape of the neutron survival curve as the LET is
increased.

As the dir%ct effect of the radiation energy
transfer becomes more effective, the influence of
the indirect effect decreases. Therefore the
oxygen enhancement ratio decreases for increasing
LET, finally reaching a minimum value marginally

greater than one,
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l.3 The Effect of Hyperthermia on Cell Survival

1l.3.1. Single Cell Survival Curves

¢
Pigure 1.4 illustrates hyperthermia survival

curves for pig kidney cells (Harris 1967). For
éach temperature, the survival as a function of
time at the elevated température exhibits features
similar to those observed for low LET radiatien.
That is, there exists a shoulder followed by an
exponential slope.
"While there are exceptions, most of the

published survival curves could be characterised by
the following parameters;

KH the slope of the expomnential portion of the

hyperthermia survival curve. The dimension

of Ky is min™T,
MH the extrapolation number, a dimensionless
unit.

.t _ the quasi-threshold time, the time at which

the extrapolate of the straight line portion

of the survival curve intersects the unity

a

d

survival level. The dimension of t_  is
that of time (min). |
‘Survifal for exposure times much greater than tq is
described by

D= iyl e“tK

gé H

or .
g= (b= Bg) Ky



The slope of the hyperthermia survival curve
exhibits a gtrong temperature dependence, roughly
doubling for every degree centigrade rise in temperature.
(Suit and Shwayder 1974). \

. This simple behaviour of an exponential decrease
in survival followihg an initial shoulder, has not
been observed by all workers. = Both Palzer and
Heidelberger (1973) and Hall (1976) reported that
the survival curves exhibited a biphasic nature,
possessing a significantly reduced terminal slope
for survivals below the 10% level. Hall further
observed that if the dose was fractionated with
21 hours separating the two doses, then the resulting
survival curve exhibited a single slope comparable
to the initial slope observed in the single dose

experiments.

10



l.3.2. The Effect of Oxygen

Decreased oxygen conceptration, possibly a
limiting factor in successful radiotherapy due to
the increased radioresistance of hypoxic cells,
was observed to slightly sen;itize cells to hyperthermia
inactivation (Gerweck, Gillette, and Dewey 1974).
Schulman and Hall(1974) and Harisiadis et.al. (1975)
observed a marked protective effect of oxygen on‘
hyperthermia survival, but this was discovered
subsequently to be due to insufficient control of
pH (Hall 1976). More rigorous control produced
results comparable to those observed by Gerweck et.al.
(1974).

Crile (1963)observed that tumours implanted in
the feet of mice were more heat sensitive whén fhey
were large, whereas they were more radiation sensitive
when they were small. In the light of the previous
OER effects feviewed this behaviour might reflect an

oxygen effect.

11



1.3.3. Selective Effects of Hyperthermia

Lambert (1912) provided pfébably the first
in vitro demonstration of thermal selectivity.
Using the hanging plasma drop method of chlture, he
observed that rat or mouse sarcoma cells were more
susceptible than normal connective tissue to
temperatures of 42.5° - 46° ¢. ILevine and Robbins
(1970) observed similar responses for several human
cell lines. Schrek (1966) observed that leukemic
lymphocytes were more susceptible to hyperthermia
than normal lymphocytes. Dietzel (1975) reported
destruction of Erlich ascites tumour at temperatures
which had little effect on normal tissues.

Chen and Heidelberger (1969), Giovdnella et.al., (1973),
and kase and Hahn (1975) observed that chemical or
virus induced transformations resulted in the
transformed cells being more susceptible to hyperthermia.

In contrast there have been a number of negative
reports. - Harisiadis et.al. (1975) obserwved almost
identical hyperthermia response for a number of normal
and neoplastic cell lines that exhibitéd widely different
X=ray survival characteristiés.

Ossoviski znd Sachs (1967) isolated a temperature
resistant mutant polyoma virus that could synthesize
viral DNa at 41.500, and induce cellular DMNA synthesis

at 41°¢, Cells transformed by this virus were able

12



to multiply at 410, whereas normal or non-viral
caréinogen transformed cells could not. Kachani
and Sabin (1969) similarly observed that virus
trgnsformed hamster cell lines were more resistant
than normal or physico-chemical transf&%med lines.
However, if the transformation occurrred in vivo,
or the cells were passaged in vivo, then the
differential disappeared.

Harris (1967, 1969) and Reeves (1972) observed
thermal resistant strains that had deyeloped from
thermal semnsitive parents. Thermotolerance, induced
by a previous heat treatment, was observed by Selawry,
Goldstein, and licCormick (1957), Gerner and Schneider
(1975),~-Hall (1976) and Henle and Leeper (1976).

Induced thermotolerance or a selectioﬁ process
may have been respbnsible for the recurrenée in
hyperthermia resistant forms of previously thermal
sensitive tumours observed by Pettigrew et.al. (1974)

after whole body hyperthermia.

13



LN

1.3.4. The Effects of Cell Cycle Progression

Cellular progression through the mitotic cycle
has been reported to affect hyperﬁhermia sensitivity.
. Levine and Robbins(1970) observed increased susceptibility
of human diploid lines that were in exponential growth.
Dickson and Shah(1972) similarly found exponentially
growing SDB cells were more susceptible to hypgrthermia
than cells in lag phase, that period of intensé
metabolic activity before growth is resumed after a
cellular insult, which in this case was trypsinization.
Giovanella and Heidelberger (1968) found dividing
L1210 cells more sensitive than static ascites cells.,
Kase and Hahn (1975) found exponentially growing lung
fibroblasts more sensitive than their contaet—~inhibited -.
counterparts. However, Hahn (1974) observed that
Chinese hamster HAL cells were less sensitive in
exponential growth than contact-inhibited cells.
Position in the cell cycle influences the effect

of hyperthermisa. For simpliicity, the usual terms
described by Howard and Pele (1953) will be used.
~ Vestra and Dewey (1971) observed that Chinese hanmster

cells in 5 and I phase were the most sensitive to
hyperthermia sterilization. Palzer and Heidelberger (1973)

‘observed similar results with HelLa cells.
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Radiafion sensitivity as a function of cell age
is complementary to that observed in connection with
hyperthermia. While M phase is very sensitive to
radiation, Gl phase is more sensitive than S phase
(Elkind and Whitmore 1967).

Mitosis is delayed after sublethal doses of
radiation .or hyperthermia, Division delay after
radiétion for CHO cells varied from 23 to 80 min/Gy
depending on the position in the cell cycle at the
time of radiation (Leeper, Schneiderman, and Dewey 1972).
Leeper and Henle (1974) found that division delay after
hyperthermia on CHO cells was 28.6 min/{min at 45°).
Correcting for relative sensitivity, the division
delay for a dose givipg a reduction of e -1 on the
exponential portion of the survival curve yields a
division delay for hyperthermia nearly twice as long

as for radiation. 'Kal, Hatfield and Hahn (1975)

observed similar results for EMT-6 cells.
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1.4 The Intersction of Radiation and Hyperthermia

l.4.1 Interaction in Non-Mammalian Systems

An interaction between temperature and radiation
hqs been reported for biological macromolecules
(Setlow 1952 a, b; Pollard, Powell, Reaume 1952;
Sanner and Kovacs-Proszt 1972), for bacteria and
bacterial spores (Webb, Powers and Ehret, 1960;

Emborg 1974), and for viruses (DiGioia et.al., 1970;
Trujillo and Dugan, 1972; DeFlora and Badolati 1973),
in addition to mammalian éells.

Probably the most striking demonstration of an
effect of temperature on radiation sensitivity was
presented by Setlow (1952b). He determined the
inactivation cross section of dry catalase for a
deuteron beam, His dataare illustrated in figure 1.5.
The plot of the cross section against temperature exhibits
three flat regions and three rising regions.

Setlow postulated that at very low temperatures a

single hit in one qf the four heme groups was sufficient
to inactivate that ETOoUD. Above 1509K a single hit

in a heme group would inactivate both that group and

one adjacent group. Above 320°K a.single hit would
inactivate ail three active heme groups, the fourth

group being inactive.
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One is tempted to generalize and say that, as the
temperature is raised, so too is the radiosensitivity.
However, there are exceptions. Maxwell; Kempton and
Mosley (1942) observed that maize seed was most radio-
sensitive between 0° and 2500, the radiosensitivity
dropping above and below this temperature range.
Powers, Webb and Ehret (1959) observed the
unusual temperature dependence of dry spores.of
Bacillus megaterium illustrated in figure 1.6.
The radiation sensitivity is independent of temperature
up to 1520K, whereupon it rises until, at 309°K, it
suddenly falls to below the original temperature-
independent level. At 404°K the sensitivity again

starts to increase. -
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1.4.2 Interaction in Mammalian Systems

Possibly the earliest demonstration of a
synergistic interaction_between hyperthermia and
radiation was provided by Rohdenburg and Prime(1921)
using an in vitro/in viéb'assay Oon mouse sarcomas,
More recently an in vivo synergistic effect has
been suggested, but not demonstrated unequivocably,
for. rat hepatoma (Cater, Siiver, and Watkinson 1964),
dog' bladder, (Cockett et.al., 1967), rabbit VX-2
carcinoma, (Muckle and Dickson 1973), mouse mammary
tumour (Overgaard and Overgaard 1974) mouse osteo-
sarcoma (Hahn, Alfieri, and Kim 1974), and mouse
fibrosarcoma (Yerushalmi: 1974, 1975).

Synergistic action has been observed in vitro
(Belli and Bonte, 19633 Ben - Hur et.al. 1972, 1974,
1975; Robinson and Wizenberg 1974; Philips et.al.
1975). survival data for low dose rate (.033 Gy/min)
x-rays (Ben - Hur et.al 1972) is illustrated in figure
1.7. Chinese hamster cells were exposed to the
indicated temperatures for 5 hours (3 hours at 4200)
starting with the irradiation. A8 the temperature was
increased the survival curve terminal slope increase&
the guasi-threshold dosé decréased, but the extra-

polation number increased.
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1l.4.3 Selective Effects of Interaction

The observatiop that hyperthermia sensitized
the radiation response of certain tissues would not
be of such clinical significance if normal tissues
were sensitized as much as, or more than, neoplastic
tissue.

Robinson, Wizenberg, and McCready (1974)
observed the response of skin and C3H mammary tumour
of the mouse to radiation and hyperthermia, For
both tissues, there was enhanced radiosensitivity at
elevated temperatures, but the mammary tumour radio-
sensitivity was increased more than that éf skin,
indicating a favourable therapeutic ratio which
increased with increasing temperature{

Hahn, Feingold, and Kim (1974) found that the
radiation enhancement factor for growth retardation
in bones of the mouse was 1.04 to 1.58, compared to
a figure of 4 for the radiation enhancement factor
for mouse tumour.

.Thrall, Gillette, and Dewey (1975) however,
observed that hyperthermisa (44°C) increased the fadio—
sensitivity of skin more than C3H mamméry tumour in
the mouse, although they could not rule out the
possibility of this being due to slightly increased
temperatures in the skin, as opposed to the tumours.

They also observed that hyperthermia increased, rather
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than decreased, the oxygen enhancement factor for
radiation of both skin and tumour.

Kim, Xim, and Hahn(i974)reported that hyperthermia
(42°C) radiosensitized HeLa cells more than 3T3 mouse
fibroblasts, a contact-inhibited "norm;1“ line. They
further reported that 2 hours at 4200, after gamma
radiation, significantly lowered the oxygen enhancement
ratio of HeLa‘cells.

Robinson et.al. (1974) and Philips et.al. (1975)
observed similar results for the spleen'colony bone
marrow system and the EMT6 mammary tumour in vitro

respectively.
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1.5 Recovery Phenomena

The possibility of a living organism reversing
damage is of fundamental importance to the clinician
and fadiobiologist alike. For the clinician,
recovery necessarily affects fractionation schedules
and for the biologist, recovery considered as an "undoing
of damage' provides additienal information about the

damage mechanism.

l1.5.1 Sublethal Damage-

The term sublethal damage may take on a variety
of definitions particularly if one considers the
damage element responsible for sensitization to be itself
a form of sublethal damage. In order to avoid
confusion a working definition for this thesis shall
be,
Sublethal damage (SLD) due to a particular
. agent is a form of damage that is not lethal

of itself but contributes to the cumulative
lethal effect of that same agent.

In this way a distinction is made between hyperthermia
SLD and radiation SLD.

if reproductive integrity is tﬁe end point
in guestion, the existence of SLD is suggested by
the shape of the survival curve in the low dose region,
'but is without doubt demonstrated by the recovery or

repair of SLD for split dose .recovery experiments.
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Elkind and Sutton (1959, 1960) provided the
first demonstration of recovery from SLD in mammalian
cells. Figure 1.8 illustrates the radiation survival
curve and recovery curve for chinese hamster cells
obtained by Elkind and Sutton. The recovery curve
is a graph of cell survival as a function of the time
separating two approximately equél doses of radiation.
At zero separation, the survival is as predicted from
the survival curve but rises sharply for a time
interval between doses. The dip in recovery at 4
hours is thought to be due to progression of the cells
to a more sensitive position in the cell cycle. After
about 12 hours the survival has risen to a plateau
that is approximately«the survival level for the
product of survivals for each dose separately. Figure
1.9 is the fractionated survival curve obtained by
Elkind énd Sutton (1960). The curve on the right
was obtained by administering graded doses after
18 hours at 3700 following a radiation dose of 5.05Gy.
The fractionated curve exhibits very nearly the same
survival characteriétics indicating a more or less
complete fecovery with regard to radiosensitivity.

Evidence for repair of hyperthermia sublethal
damage has been presented, (Palyer and Heidelberger,
1973; Leeper and Henle, 1974; Henle and Leeper 1975;
Gerweck, Gillette, and Dewey 1975), however, the
phenomenon of induced thermoresistance, mentioned

previously, complicates the picture.
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Figure 1.10 illustrates a fractionated hyperthermia

survival curve for CHO cells (Henle and Leeper 1976).

In dddition to any effect on the shoulder due to

repair of hyperthermia SLD, the survivers of the

first dose have @istinctlydifferent thermal sensitivities.

The effect ' of hyperthermia on eellular ability
to recover from radiation SLD has been investigated,
although the interpretation of the results is less
clear than the conventional split dose experiment
as a result of the interaction of the hyperthermia
exposure with either or both radiation doses.

That hyperthermia interferes with the ability to
accumulate sublethal damage is demonstrated by the
survival curves in figure 1l.7. At the low dose rate
used, the cells are capable of a concurrent repair of
damage at 20°C to 37°C but not at 0°C. At
temperatures above the normal environmental range, this
capacity is reduced, but at 42°C there is an additional
effect since the killing effect, being greater than that
at 0°C, cannot be attributed solely to the inhibition
of repair. Ben Hur et.al. (1974) carrying out
further investigations, irradiated V79 cells at‘OOC,
incubated the cells at 41.200 for 2 hours, and then
gave graded radiation doses at 0°C after varying

time periods at 37°C. They observed that unlike the
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normal SLD repair which was complete in a few hours,
repair modified by the hyperthermia dose occurred
very much more slowly and was not complete at 190
hours separation. '
Lai and Ducoff (1975) similarly report that
incubation of Flour beetles for 2 hours at 43°C
after a radiation dose of 720 Gy irreversibly
suppressed repair of radiatiou SLD as measured by
the conventional split dose technique. Henle and

Leeper (1975), however, observed that CHO cells

could repair radiation SID at 40°C.
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1.5.2 Interaction Sensitizing Damage

In order to avoid confusion the damage from one
agent responsible for sensitizing a second agent will
be defined sepafately from sublethal damage.

' Interaction Sensitizing Damage (ISD).due to a
particular agent i1s a form of damage, not lethal

of itself, which however increases the sensitivity
of the system to a different agent.

It should _be. noted that, for instance, hyperthermia
SLD and ISD might possibly be biochemically
indistinguishable and that the artificial distinction
made here relates to the way in which the two damage
types are reaiized. For an experiment in which radiation
is given first and then probed at successive time -
intervals by a hyperthermia dose, any repair will be
attributed to the repair of radiation ISD. Similarly
hyperthermia probed by radiation will provide information
on the repair of hyperthermia ISD.

The existence of radiation or‘hyperthermia ISD
is unambiguously demonstrated by radiatioh and
hyperthermia interaction in situations in which the
two stimuli are not presented simultaneously.
Crile (1963) observed that if heat and radiation
were applied to normal feet, or tumours implgnted in
the feet of mice, there was a marked interaction
between the agents, which .gradually disappeared for,

increasing time separation between the agenis.
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Robinson and Wizenberg (1974) observed a gradual
recovery of the increased slope of the radiation
surviwval curve for Chinese hamster cells, for
increasing time interfals hetween the hyﬁerthermia
and radiation dose.

That radiation ISD and hyperthermia ISD are
not similar damage states is suggested by the different
reéovefy " kinetics observed. Gerweck et.al
(1975) observed that radiation ISD in synchronous
CHO cells was repaired with a half time of 30 minutes
for both Gl or S phase cells, whereas the repair of
hyperthermié ISD did not begin until after 6 hours,
for exposure during Gl, or after 12 hours for S

phase cells. R

1l.5.3 Potentially Lethal Damage(PLD) |
. is that damage aue to a lethal agent +that is

lethal only in the presence of an otherwise
nonlethal agent. '

The existence of PLD is demonstrated by recovery from

or fixation of PLD. PLD phenomena have been

demonstrated by a wide variety of effects on-madiatién

survival measurements, the most common howéver is the

effect of incubation temperature. ‘rirans, Dewey, and

Dettor (1972) demonstrated that, if CHC cells were

- left at room temperature after radiation for increasing

lengths of time, before beintincubated at 37°C, the
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gurvival increased with the period of +time at room
temperature. They also demonétrated the reciprocal
effect of fixation of PLD by irradiating the cells at
3?0 and incubating them at this temperathre for
increasing times before a 2 hour period at 20°¢.

PLD was rapidly converted to lethal damage, as evidenced
by the survival falling by a factor of 5 within 40
minutes, at which time fixation was complete.

Henle and Leeper (1975) observed that CHO cells

exhibited ta "similar "repair of PLD 'due to d “hyperthermic -

exposure at 45°  for 20 minutes.

Evans, Li, and Hahn (1975) investigated the
effects of hyperthermia on fhe repair of radiation
PID. HAL cells were irradiated (16Gy), and either
assayed immediately or incubated at hyperthermic
temperatures and thern allowed to repair.PLD at
room temperature for 5 hours. If the cells were not
exposed to elevated temperatures, repair of PLD
increased survival by a factor of 10 to 20.

41°  for 1 hour reduced the factor to 4 to 5 and

43°

for 45 minutes gave a recovery factor of 1L to 2.
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l.5.4 The Effect of Treatment Order

The effect of treatment order on the extent of the
interaction must be associated with the deposition
or more probably‘the repair of ISD. There is little
agreement on this point between different workers and
different systems.

Crile (1963), Hahn, Alfieri, and Kim (1974), and
Robinson and Wizenberg (1974) report that order makes
no apparent difference in mice feet, Ridgeway osteo-
genic sarcoma in vivo, and in CHL cells in vitro.

Gerwych, Gillette and Dewey (1975) and Lai and
Ducoff (19%5) find that hyperthermia before radiation
is more effective than during or after for the killing
.of CHO cells in vitro and Flour beetles in vivo.
Ben~Hur, Flkind and Bronk (1974), however, found that
hyperthermia before radiation was without effect on
the radiation sensitivity of V79 cells.

Hofer (1975) found hyperthermia after radiation
more effective than during or before for L1210 and
Erlich ascites cells in vivo. Thrall, Gillette and
- Dewey (1975) found that C3H mammary tumours responded
‘similarly, but that for normal mouse skin, hyperthermia

before radiation was slightly more effective.
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1.6 Conclusion

From the publishedZWOrk it can be seen that the
interaction of radiation and hyperthermia occurs. The
variety of the expressions observed and the apparént
contradictions suggest a somewhat complex mechanisnm,
which has so far been elucidated only to a very’limited
extent., The interaction phenomena, occuring when
radditional agents such as drugs or oxygen, and other
forms of ionizing radiation, are used, are a field in
which few observations have been made, and little coherént
analysis presented. Although in the work for this thesis,
only a small part of the field can be covered, an'attempt
is made, within the circumscribed area of in vitro cell
survival, to develop an approach which may be found useful

in further studies.
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CHAPTER TWO

MATERTALS AND METHODS




2.1 Materials
2.1.1 Cell Line

Chinese Hamster Ovary Clone A, a fibroblast-
like line, was first obtained from Mr. 7. R. Munro,
Strangeways Laboratory in 1970. Since then the
behaviour of these cells has been well documented
in two laboratories at this institute.  (Railton,
Lawson, Perter, and Hannan 1973; Railton, Porter,
Lawson, and Hannan 1974; Malone, Porter, and Hendry
1974; Railton, Lawson, and Porter 1975; Szumiel
and Nias 1975; Szumiel and Nias 1976). In
addition, the short doubling time and the absence
of a cell feeder effect made this cell line
desirable for the observations required.

The majority of experiments described in this
thesis were performed with cells derived from a
single subcloning and frozen in liquid nitrogen in
March of 1973. These cells exhibited a mocal
chromosome number of 21.

2.1.2  Hedia

All media and components were éupplied by
Gibco-Biocult. Appendix II details catalogue
numbers and formulations used. Hams F10,
supvnlemented with 2 mM glutamine and'15% calf
serum and buffered with a 5% CO,-air mixture,
vielded plating efficiencies of 60 to 75% and a

cell number doubling time of 11 to 11.5 hours.
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Hams F12 supplemented wifh non-essential amino
acids, 2mM Glutamine, and 15% calf serum,and buffered
with 20mll Hepes buffer yielded plating efficiencies
of 50 to 65% and a doubling time of 10.5 to 11 hours.

The observed plating efficienciés, comparable
in both laboratories, are perhaps low for this cell
line and asre indeed lower than those previously
observed at the commencement of this project.

The effect of pH and serum concentration and type on
plating efficiency was determined. The optimum pH
was 7.2 for both media, plating efficiency dropping
only marginally in the range 7.10 to 7.35. Similarly
an investigation into the effect of calf serum
concentration from 5 to 30% revealed the plating
efficiency to be relatively insensitive to this
parameter. Foetal bovine serum marginally
increased the plafing efficiency, but thé improvement
did not seem to warrant the extra cost.

The most valid criticism o technigques yielding
lessthan 100% plating efficiencies is that the plating
efficiency meay be cell age dependent, thereby pertufbing
the natural distribution of cells about tﬁe cell cycle.
That this perturbation is not severe is suggested
by the similarity of survival curve parameters obtained
in both lsboratories compared to those previously

obtained by the above menitioned authors. Indeed,
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Elkind and Sutton (1959) reported that variations in
plating efficiency of Chinese Hamster cells from 10
to 90% produced similar radiation survivals.

The low plating efficiencies promptéd"a re—
examinatibn of any feeder effects. Conceéfrations of
200, 1000, 5000, and 1 x 10% per ml of cells,
previously irradiated to 20Gy did not increase the
plating efficiency of unirradiated cells plated at
a concentration of 160/ml or 80/ml in Hams Fl2 or
Hams F10 respectively, confirming the observations
made earlier by Malone (1972).

To ensure uniformity, medium for any experiment
was mixed from the same batch of ingredients. Unlike
Hams ¥10, Hams F1l2 media required eight components
in the mixture thus allowing a greater bottle to
bottle variation in media. To prevent this variation,
this media was in addition subsequently mixed and

"pooled in 1 or 1.5 litre batches for each experiment.

2.1.3 Cell Kaintenance

The cells were maintained in exponential growth -
as a monolayer in T75 plastic flasks (Sterilin)T
Cultures were split twice weekly and-reseeded with
3 x 3.04 or 1 x lO5 cells. After any change of-
media (e.g. from Hams F10 to Hams Fl2) ,or after

thawing from liguid nitrogen,fhe cells were allowed
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one week in cultu:e before they were used experimentally.

The cultures were handled in a class 100 laminar
flow cabinet which was itself contained in a clean air
~room equipped with an airlock changing‘afea and maintained -
at positive pressure with a class 100 filter-fan
unit. These working conditions and stringent aseptic
techniques allowed an exclusive use of antibiotic-
free media for_stock: cultures.

.Mycoplasma contamination was not thought to be a
ﬁrbblem due to the ability to maintain the cultures
without antibiotics (Hayflick 1965). On occasion
when doubt arose, cultures were checked for mycoplasma
contamination by the Department of Virology of the
University of Glasgow ahd mycoplasma were never

reported.
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2.2 Experimental Procedures

Twenty four hours prior to an experiment 3 x 106

cells were seeded into a T75 flask yielding 6 x 1O6
cells in exponential growth at a cell dendity of 8 x 10%
cells/cm2 on the experimental day. Growth cﬁ}Ves
revealed that when flasks were seeded at this level,
exponential growth could be attained to cell densities
in excess of 13 i 104 cells/cm2. This procedure
ensured that the immediate histories of the cells for
each experiment were similar and that the nutritional
and other environmental factors for all of the cells
in the culture were identical, perhaps unlike that
for cultures in which 5 to 10 doubling times have
elapsed between‘seeding and the experiment.

Two basic experimental techniques were used.

Method A utilized the less expensive €0, buffered FLO

2
and plastic petri dishes (Sterilin), while method B

utilized Hepes buffered F1l2 and plastic T30 Flasks

- (Nunclon).

Ilethod A reguired that the experimental culture
-bottle be tr&psinized, counted on an electronic
coﬁnter, and resuspended in medium at a concentration
of 1.25 x 10° cells/ml. This.suspension was divided
among replicate treatment vessels, either glass tubes
or plastic flasks. The cells, having been treatgd

with radiation and/or hyperthermia, were returned to
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the aseptic laboratory and then recounted, diluted
and dispensed into 90 mm petri dishes to give,
generally, a fixed number of cells per plate.
chreasing numbers of plates partially compensated
for the decreaséiin clones/plate. Generally, the
minimum number of clones pef experimental point
was 400.

These plates were incubated for sixAdays,at,37°C,
rinsed in tap water and stained with 1:10 Carbol
Fuchsin (Gurr). Macroscopic colonies, determined
by random counts to contain more than about 50
cells, were counted manually.

Method B reguired that the experimental culture
be trypsinized counted and resuspended at the final
concentration. This suspension was plated into
T30 plastic flasks and then either treated immediately
or after a two hour interval at 370 during which time
the cells had attached to the plastic surface.

These plates were maintained for 1 hour (except'

where noted) at room temperature before incubation

at 370. The plates were rinsed, stained, and counted
as described above.

Due to the expeﬁse, and in some cases limited
experimental capacity, extra plates were not generally
plated at the high QOse points. The resulting

increased statistical uncértainty was allowed for
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WEig. 2.1 Perspex rack for holding T30 flasks
submerged. Upper - rack with full complement
of 150 flasks - lower - removable stem holding
10 flasks.



i

in the experimental fits by a weighting equal to the
theoretical inverse variance.

Method C is a hybrid of method A and B and
requires that the cells be suspended at a concentration
of 1.25 x 10° cells/ml, given graded doses of
radiation and then resuspendediat different platiné
concentrations to yield 500 clones/T30 flask if they
were not further treated. The separate suspe;sions
were dispensed into T30 flasks and then these flasks
were treated as described in method B.

2.3 Hyperthermia Technigues

2.3.1l. Heating Techniques

Two thermoétatically controlled waterbaths
(SX-35, Grant Instruments) served as heating devices.
These were controlled by a contact thermometer and
variable power controller, yielding 24 hour stability,
under optimum condi%ions, of i.OlOC, as advertised and
vcbnfirmed by precision resistance thermometry.

Cells were heated in screw stoppered glass test
.tubes or in plastic_T3O flasks. T30 flasks were
held by the screw caps in groups of 5 or 10 in a
perspex rack constructed to accommodate 150 flasks.
This rack, illustrated in figure 2.1, allowed all
of the flasks to be submerged simultaneously and

then rémoved in groups of 5 or 10 at a +time.
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All of the flasks were maintained at lcm separation for
all surfaces except for the flask ends, at which the
separation was only 0O.2cm. The waterbath circulation
was via a circulation chamber underneath a metal tray,
supporting the rack, and then back through the spaces
between the flasks, Pull temperature stability for

a fully loaded situation was better then;t.OQOC over
the experimental period after an initial recovery
period.

The temperature in the flasks, heated in this
way, rose exponentially with a half time of 30 seconds.
To minimise the initial depression of the waterbath
temperature, which recovered slowly, the rack and
complement of flasks were firsf heated for 15 miﬁutes
in another waterbath maintained at 37°. At a
hyperthermic temperature of 420, the rack and 120
flasks transferred from 37°lowered the temperature
by 0.3°c. The waterbath temperature typically
recovered in 5 to 8 minutes.

Cells that were to be heated and then returned
to the aseptic area were heated in glass.test tubes.
Iﬁitially, to prevent the cellé from plating on the
test tubes, these were siliconized with either
"Repelcote™ or "1107 fluid" (Dow Corning, Hopkins

and %illiams.)  Despite the fact that the Dow Corning
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1107 fluid was & heat-cured agent, both of these

agents proved susceptible to the cleaning and
sterilising process, resulting in non-uniform

coatings. To maintain optimum uniformity, siliconized
tubes were replaced by piain glass tubes without any
apparent adverse effects for the short hyperthermia
exposures. |

The glass tubes containing 2.5 ml of cell
suspension were held in light metal racks and were
sunk to the necks of the tubes under their own weight.
Usually no more than 12 tubes were heated at one
time, so that the temperature depression was minimal.
Once again, the tubes heated with a half time of 30
seconds, the increésed thermal conductivity of the
glass over the plastic apparently being compensated
for by the decrease in surface area.

The plastic screw cap was further sealed to
the glass by plastic tape to prevent the waterbath
water entering under the threads of the cap. These
tubes were rinsed in spirit savlon before returning
to "the aseptic area. ‘

To minimise gréss contamination of the waterbath
water, a broad spectrum antibiotic (Panabath, BDH
Chemicals Ltd) was initially used. This was, however,
of limited effect and eventually a 0.25M solution of

Cu SO4 was implemented as the heating fluid.
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fig, 2.2, Configuration for simultaneous
heating and irradiation technique,




2.3.2 Thermometry

Static thermometry was determined using precision,
total-immersion, mgrcury in glass thermometers
. graded at .05°C intervals (268/0040, Baird and Tatlock),
with & calibration traceable to the National—Physical
Laboratory. Thé usual correctiors for partial immersion
were made. The estimated accuracy was iO.OZO C;' |

Dynémic thermometry was determined using
thermistors (type F, ITT Electronic Services) connected
in an unbalanced bridge arrangement or, for the
stability measurements, connected to a precision

resistance bridge (type B331l, Wayne Kerr).

2.4 Irradiation Technicues

2.4.1 6000 Gamma Radiation

Three irradiation technigues were used with a
®0co teletherapy wnit. Simultaneous irradiation
and heating was accomplished by positioning the
waterbath adjacent to the horigzontally orientated
cobalt unit, as depicted in fig.2.2. The 3CD, surface
tc cell distance, was 40.5 to 50.5 cm, corresponding
to dose rates of 1.5 to 0.4 Gy/min. The maximum dose
gradient aéross a cell suspension was estimated to be
10% by interpolation of the doée rate data. The

dosimetry was determined by ionization chamber and

LiF techniques.
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With the beam positioned vertically upwards, a
double stack of 10 T30 flasks (20 flasks) was placed
within the field defining jaws, held on a perspex
jig that provided dose build—up.. Over the first 6
positions most commghly used, the SCD varied from
27 to 36 cm, corresponding to dose rates of 2.90 %o
1.45 Gy/min. Dose uniformity for the bottom.
flask was better than 15%, as indicate& by LiF
dosimetry. ﬁelative and absolute dosimetry was
determined by both ionization chamber and LiF
technigues.

With the beam.positioned vertically downwards,
a single T30 flask containing a suspension of cells
was irradiated at an SCD of 46 cm and a dose rate
of 0.96 Gy/min. One half centimeter of perspex
was used to provide the necessary build up. Dose
uniformity was better than 2%, estimated by

geometrical considerations.,

Z2e4a2 X-radiation

Cells were irradiated in single T30 flasks on an
X=-ray unit operating at 250 kVp and 15 ma and filtered
to &a.half value thickness of 1.8 mm of copper. The

FCD was 30 cm, corresponding to a dose rate of 1.35 Gy/min{

.40



Ionization chamber and LiF dosimetry were employed.
Cells were irradiated in multiple (30) T30 flasks

on a 4MeV clinical linear accelerator at a FCD of

160 cm and a dose rate of 0.95 Gy/min. A five

centimeter thick presswood block was placed over

the flasks to OptimiseAthe flask to flask uniformity,

determined to be better than 5% by ionization chamber

dosimetry.

2.4.3 Neutron Radiation

Cells were irradiated simultaneously in a stack
of 6 T30 flasks with neutrons, produced by a
sealed generator (type P, Marconi Elliot Avionic
Systems Ltd.) utilizing the SH(d,n) reaction to
produce neutrons with a mean energy of 14.7 MeV.
- The FCD was 8 to 17 cm, corresponding to dose rates
of 0.15 to 0.03 Gy/min. Gamma contamination of the
beam was from 5x2 to 7+3 per cent of the total dose,
increasing over the distance from the bottom (nearest,
to the top of the stack. Uniformity at the highest
dose rate was 11% of the total dose based on .
geometrical COnSideratiqns. The relative aﬁd
absolute dose rates were determined by the neutron
physics section of this Institute using tissue-

equivalent ionization chambers.,
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2ol 4 Dosimetrx

Radiation doses were determined with Baldwin
Farmer type dosemeters in addition to a variety of
other ionization chambers., All calibrations are
traceable to radiation standards maintained at the
National Physical Laboratory. ¥ and‘x—ray doseé
were calculated as doses to muscle using the faétors
from ICRU Handbook 85. Neutron doses were calculated
as wet tissue doses using spectrum weighted géfma
values (ICRU Report 13, 1969) W values (Dennis 1971)
and stopping power ratios, assuming thatQﬁhe stopping
powers for solid and gaseous hydrocarbons are the
same.,

LiF 1daded ptfe "> microrods were supplied and
read by the National Radiological Protection Board.

Photon doses were measured.to an estimated
accuracy of 5%. Neutron doses were measured to an

estimated accuracy of 10%.
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- CHAPTER THREE

PRELIMINARY EXPERIMENTS




3.1 Introduction

It is necessary to determine the unperturbed response
to radiation and hyperthermia in order to assesé the
degree of interaction between the two agents., The survival
r98p6hse was determined and found to be reprodﬁceable and
comparable to other published data.

The preliminary experiments were designed to probe
several aspects of the interaction, in order to provide
basic information and facilitate the design of more
complex experiments. The importance of sequence and
separation of the insults was assessed with a view to -
optimize experimental Stability.

Little has been published to suggest how the degree
of interaction varies with radiétion or hyperthermiea
dose., This was invesfigated by determining the radio-
sensitivity during exposure at 42°C for increasing periods
of time. The effect of temperature on the interaction
was investigated by determining the radiosensitivity
during.exposure for a fixed period 4t various'temperatures.
Another aspect of the temperature dependence of the
interaction was investigated by by assessing the degree
of thermal~sensitization at different’temperatures'duéf -

to a prior radiation dose.

43



3.2 Experimental Stability

While it is customary to demonstrate the stability
of the experimental technigues, it is perhaps more to
the point to demonstrate the extremes of instability
encountered.

On one otcasiou after a long series of hyperthermia
survival experiments, during which nothing unusual was
nofed, a neutron survival experiment produced a

1

survival curve slope of .667 Gy — which was at least

30% lower than expected. This same degree of increased
radio—resistance was verified for both 5000 and 250 kVp
x-radiation. This was confirmed to be a consistent
property of this somehow altered cell line by freezing
and subsequently thawing the cells and comparing the
radiation and hyrerthermia survival characteristics
simultaneously with freshly thawed parent stock.

An interesting feature of this line, designated
CHOZ, is that, in addition to exhibiting unaltered .
hyperthermia survival characteristics, the pleting
efficiency was 15 to 20% higher than the normal parent
stock.

Hyperthermia surﬁival anomzllies &also occurred.

On tWo occasions early in the investigations,,

deviations from the expected thermal sensitivity of

100% were noted.
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These observations demonstrate that for
interaction experiments; control survival parameters
must be determined within the context of each
experiment.

The results of’EOntrol radiation and hyperthermia
survival curves utilizing a single technigue and

obtained over a period of 9 months are listed in

table 3.1.

Table 3,1

Treatment Exptse | K + S.D. (%5.D.) M + S.D.(%S.D.)

o] -
Hyperthermia(42 )| 11 .[.02294+,0037 min 1 (16.2) | 1.70+.36 (21.2)

Radiation 17 .548+,056 Gy™' (10.3) | 1.40+.30 (21.5)

It should be observed that the errors are the standard
deviation rather than the standard error. These reflect
the experimental stability of a given system, which is
considered adequate provided the control survival curves
are obtained.

Overall, radiation survival for low LET radiation,
usins various techniaues, hes been described by survival
curve slopes in the range of .475 to .600 Gy_l andv
extrapolation numbers of 1.3 to 3. These values fall
within the range of values reviewed by Whitmore and
Ti11 (1964) and are in agreement with those reported
by'the previous workers at fﬁis Institute,already

cited.
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Fig. 3.1
Hyperthermia
survival
curves for
CHO cells
using method
A with Hams
71O, Each
survival
curve represents
a single
experiment.

Fig. 3.2
Hyperthermia
survival
curve for CHO
cells using
nethod B with
Hams Fl2..  The
data points
represent one
simultaneous
observation.
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3¢3 The Effects of Hyperthermia on Cell Survival

3.3.1 Hyperthermia Survival Curves

Figure 3.1 illustrates hyperthermia survival
curves at different temperatures obtained by method 4,
(suspended-treated-plated), using Hams F10 and unsilicon-
iged glass tubes. In contrast to the radiation
survival curves obtained with this cell line, which
exﬁibit large initial slope, the hyperthermia
survival curve changes abruﬁtly from the shoulder to
the exponential portion. Figure 3.2 illustrates a
hyperthermia survival curve at 4400 obtained by
method B, (suspended-plated-treated), using Hams F12
and plastic T30 flasks. The slopes of the 44°¢
survival curve are, within experimental limits, idenfical.
The apparent difference in extrapolation number is
diffietlt-to- gimantify due fo the finite time: required »¢ -
to raise the temperature to the experimental level.
-While'it has been suggested that this might be allowed for
(Westra and Dewey 1972) the times cuoted in this

"thesis are the total heating times.

»

3+3.2 The Effect of Temverature on Thermal-sensitivity

Examination of figurc 3.1 reveals that the thermal
sensitivity exhibits a strong temperature dependence.
an Arrhenius plot of thermal inactivation rates
.observed~by both methods 4 and B and for both media

is illustrated in figure 3.3a.
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Arrhenius plot of CHO
hyperthermia inactivation
rate, Standard errors _ i
where larger than the
displayed point are 0
indicated. The small
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Figure 3.3b illustrates the observed . inactivation
rates in comparison to those observed by other
experimenters dn different cell lines. The facfor
of 20 difference between curve A and D can be compared
to a factor of- about 2 observed in the ranée of
radiosensitivities for mammalian cells (Whitmore and
Till 1964).

The Arrhenius plot in figure 3.3a is linear from
47° %o 43° dropping sharply below this temperature.'
The linear portion of the cufve can be described by

the Arrhenius equation.

~(AH$ + RT)/RT -

K=Ae ' 3.1
“where
K = inactivation rate
A = constant
AH#= activation enthalpy
"R = gas constant o
T = absolute temperature in X

The value of the activation_enthaipy was found to be
640 + 60 kJ/mole. This value, being considerably
‘higher than that observed for most physico-chemical
reactions, apart from the denaturation of éroteins,

has led to =& great»dealiof speculatidn aboﬁt the
involvement of protein denaturation in thermal killing.

This subject will be dealt with in a later chapter.
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3.3.3 Discussion

The results presented show that the techniqgues
used result in survival characteristics within the
range observed by other authors. Both types of
technique and media result in gimilar inactivation
rates and may be directly compared. The temperature
coefficient for hyperthermia killing is similar to
that observed for other single cell systems and
indeed similar to some of the temperature coefficients
observed in vivo (Suit and Shwayder, 1974).

It has beén suggested that the transition from
the straight line portion to the curved portion of
jhe Arrhenius plot represents an activation energy
- "break", signifying a different process of thermal
steriligzation occurring below this temperature.
While it seems plausible that more than one mechanism
may be reponsible for killing and there is some evidence
for a dual effect (Harris 1969), the dual mechanism
hypothesis is not necessary to explain the observed
phenomenon. The downward curvature of the Arrhenius
plot may reflect a phenomenon similar to the low dose
rate phenomenon observed for radiation.

Johnson and Pavelec (1972) obsérved the discrepancy
between doubling time and generation time at temperatures
from 37 to 42°C in order to determine the spontaneous

death rate.
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Fig. 3.4
Heating and
irradiation
schedule for'
the data of
figure 3.5,

46°
ar°

20°

Fig. 3.5

CHO survival
after
simultaneous

and separated
heating and’
radiation,

using the
treatment
schedule of

Fig., 3.4 Data
points represent
the mean and
standard error
of 4 expts (37¥-
46, 46"37 x) or
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[

Within experimental limits, these data fall on =a
straight line extension of the Arrhenius plot of their
inactivation data from 42° to 46° suggesting that a
single mechanism was responsible for the thermal

O
insctivation from 37 to 46°C

3.4 The Interaction of Radiation and Hyperthermia

3.4.1 Sensitization of Radiation Response by Hyperthermia

Utilising method A (suspending-treating-plating)
with Hams F10, the effect of simultaneous and separated
interaction was investigated. Cells heated in
unsiliconized glass tubes were irradiated through the

6000 teletherapy unit.

side of the waterbath by a
The test;tubes were irradiated in six positions with
dose rates ranging from 1.5 Gy/min to 0.6 Gy/min.
Figure 3.4 illustrates the treatment schedules used.
Expoéuré at 37° or 46° was for 7 minutes, irradiation
starting 1.7% minutes after the heating started and
stopping 0.25 minutes before heating was terminated by
cooling in room temperature water. The temperature
rise was exponentiél from room temperature with a

half time'of 30 seconds so exvposure at 460 resulted

in a temperature of 42.50C at the start of irradiation

and a final temnerature of 46°¢.
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In any single experiment, all of the tubes heated
to 46° were heated simultaneously, thereby providing
exactly the same hyperthermia dose. Those tubes
not irradiated (e.g. hyperthermiz controls and tubes
to be irradiated at 3700) were positioned out of
the radiation beam and received a total dose of less
than ,01lGy.

The parameters of these survival curves are

listed in table 3.2. It is observed that irradiation

Table 3.2. Radiation survival curve parameters for simultaneous
and separated interaction.

Treatment Radiosensitivity Extrapolation No.
37, .569+,010 Gy~ ' 2.95+.09
46Y 1.D7i.063 1.78+.04
37Y-46 .834i.058 1.63+.03
46-37Y l.2li.091 5.05+.14

simulfaneously with heating is the most effective in
reducing cell survival, reflecting an increased radio-
sensitivity and decreased extrapolation number compared
to the control irradiations at 379. Irradiating 3
'mihutes‘after heating resulfs in an increase in
extrapolation number to a level higher than the control

extrapolation number without any significant change in
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radiosensitivity. In contrast, heating 3 minutes

after irradiation results in an intermediate sensitivity.

3.4.2 Interaction Relaxation

The relaxation of the interaction that occurs
when radiation is given at greater intervals before
or after hyperthermia is of biological, and technical
importance., Figure 3.5 illustrates that a relaxation
occurs and that at least for radiation preceding
hyperthermia, this cannot be neglected. To determine
the magnitude and rate of relaxation, CHO cells were
suspended and plated into T30 flasks at a fixed concen-
tration, incubated at 370 for two hours and then cooled
to room témperature. They were then either heated to
44° for 20 minutes, cooled to room temperature and groups
of 10 flasks irradiated simultaneously &at 5 variable
dose rates at increasing time intervals; or, irradiated
at room temperature and then subseguently heated.

The radiation was 60

Co radiation at dose rates from
2.90 to 1.65 Gy/min. Figure 3.6 illustrates the
relaxation survival data and the aferage slope of the
survival curve over this dose range.

Radiation followed by increasing time intervals .
before hyperthermia results in a recovery in survival,

‘at least partially explained by a decrease in

radiosensitivity. In contrast, radiation after
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hyperthermia results in a constant radiosensitivity with
apparently decreasing survival for increased time
intervals. The effects on the radiosensitivity are in
agreement with the data in figure 3.5 and in substantial
~agreement with Geﬁwych et.al. (1975) who observed that,
unlike radiation ISD, +the repair of hyperthermia

ISD did not begin until after 6 or 12 hours for CHO
cells.

The biological implicaetion is that either radiation
and hyperthermia ISD are distinctly different or that
the mechanisms by which they are repaired are different.
Technically, radiation given within 100 minutes before
hyperthermia may represent an unstable experimental
situation that should be avoided if consistent results
are required.

vhile the complexities of the relaxation process
remain undisélosed, these exwneriments did suggest
the reguirements for satisfactory experimental
technigues. For short separations of radiation and
hyperthermia insults, the timingr must be precise and
the heating and irradiation should occur simultaneously,
as for the daté in figure 3.5. where longer separations
are used, the survival is not changing rapidly with
time and therefore the above conditions may be relaxed

- slightly.
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Fig. 3.7 CHO survival after hyperthermia (géo)
alone or followed 5 minutes later by 3.5 Gy Co
at room temperature. The data points represent
the result of a single experiment. .



3.4.3 Sensitization of Hyperthermia Response

by Radiation

Using method B,{CHO~cells in Hams F12 were plated
in T30 flasks at concentrationsof 103, 104, 105, cells
per flask. These flasks were then heated to 370 for
15 minutes and subsequeﬁtly to 440. Samples were
withdrawn from the water bath at successive times
and half of these were given a total dose of 3.5 Gy

of 60

Co'Xradiation, 5 minutes after being cooled to
room temperature.

The survival data for a single experiment are
illustrated in Fig 3.7. It is observed that both
survival curves exhibit a shoulder followed by an

exponential slope, which "is increased if heating is

followed by a radiation exposure.

3.4.4, The Effect of llyperthermia Dose on

Radiation Sensitivity

In order to-provide a clearer picture of the
interaction and of the interaction event, the effect
of hyperthermia dose on.radiation sensitivity was
briefly explofed. CHO cells suspended in Hams 10
(method A) were heated at 42°C for different times -

60

and irradiated with Co ¥radiztion at variabie dose

rates from 1.5 to 0.6 Gy/min.
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Pig. 3.8 Heating and irradiation schedule for
the data presented in figures 3.9 and 3.10.
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Figure 3.9 Relative radiosensitivity Kg(t)/Kp(0) and

" relative plating efficiency S(t) for a hyperthermic -
exposure for t minutes at 420C. Kr(0) is the radio-
sensitivity at 37°C. Each point represents the result
of a separate experiment and error bars represent the

" standard errors of the ratio calculated from the observed
standard error of the fit.
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and relative plating efficiency, S(T°), for irradiation
during a seven minute exposure at a temperature T. Each
point represents & separate experiment and the indicated
errors are &as described for figure 3.9. ' oo
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Fig. 3.11. Relative thermal—sensitizat%on, KH(46Gy)/Ky(D=0),
at a temperature, T, 30 minutes after a ©90Co radiation dose of
-4 Gy at room temperature. Each point represents the results
"of 'a separate single experiment and the indicated errors are
as described in figure 3.9.




As schematically illustrated in figure 3.8, irradiation
started 5.25 minutes and stbpped 0.25 minutes before
the hyperthermic exposure was terminated by immersing
the tubes in room temperature water.

The relative radiosensitivity and the ;drresponding
relative plating efficiency are illustrated in
figure 3.9. The results, similar to those reported
by Robinson et.al. (1974), sugeest a rise to a
terminal value of radiosensitivity for a relatively
small hyperthermia dose. The author however believes
that this is not the case and is an illusory result
of insufficient and/or inadequate data. In a later
chapter, for a different situation, substantial data
érgue against such an exponential rise to a terminal

value,

3¢445. The Effect of Temperature on Sensitization

of Radiation Response

One.of the .-aspects of the effect -of tenmperature
on the interaction was explored by utiligzing thé
treatment schedule of figure 3.8, in which the total
- time ie fixed at 7 minutes and the hyperthermic temperature
is varied from 40 to 46°C. - The remaining procedure
was as described in section 3.4.4. FMigure 3.10-

illustrates the relative radiosensitivities and relative
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plating efficiencies as a funtion of temperature
observed for this treatment. It is observed that
radiosénsitivity apparently increases for increasing

temperature.

3.4.6. The Effect of Temperature on Sensitization

of Hyperthermia Response

Another aspect of the effect of temperature
was examined by irradiating cells suspended in Hams
710 in glass tubes (method A). Thirty minutes after
a radiation dose of 4 Gy, the thermal sensitivity
was assayed by immersing the glass tubes simultaneously
in a waterbath, maintained at the experimental
temperature, for graded periods of time. Figure 3.11
plofs the relative thermal-sensitivity as a function
of temperature. While the uncertainty is great, the
data suggest that the sensitising effect of a radiation

dose decreases with increasing temperature.

3.4.7 Discussion

The preliminary experiments described in the .
preceding section demonstrate or suggest that;

1. Hyperthermia increases the slope of the
radiation survival curve.

2. Hyperthermia administered before radiation

increases the extrapolation number of the
radiation survival curve.
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3. Radiation increases the slope of the
hyperthermia survival curve.

4, Increasing hyperthermia doses result
in increasing radiosensitization.

D Increasing temperature results in an
increase in radiosensitization by
hyperthermia.

6. Increasing temperature results in a
decrease in thermal-sensitization by
radiation.

Both the fact that these are aspects of a single
phenomenon, and the relationship between them are
obscured by both the experimental and the experimenter's
view point. The task of describing the interaction
phenomenon frcm this viewpoint is analogous to the
problem of the gemnologist, who must describe the
geometry of a cut gem and is allowed to perceive only
one facet at a time. It can be done, but the process
is simplified by being allowed more than a one-sided
view.

The very concept of “radiosensitization',

omni-present in the literature, is a manifestation

of this one sided viewpoint. For instance, one of .
the roles of oxygen in modifying the resulting free
radical yield of radiation is commonly referred to as
radiosensitization, but it is cleér that in this role

oxygen of itself does not alter the radiosensitivity

of the cell, Dbut rather interacts with radiation to
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to provide é greater yield of damagé events to which
the cell ’ responds with unchanged sensitivity. It
is no more incorrect to say that radiation changes
the oxygen-sensitivity of the cell.

It is not then the aspect of radiosensitization
or thermal sensitization that is being investigated,
but rather the interaction itself, By utilising a
different, but not new, viewpoint and experimental
technigue that allows the realization of the interaction
per se., the obscure relationships between the above

phenomena are made clearer.
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CHAPTER TFOUR

THE SURVIVAL SURFACE
AND THE MATRIX EXPERIMENT




4.1. Introduction

The experimental results described above show
that, in the cell system studied, radiation and
hyperthermia interact in their effects on the survival
0of the cells clonogenic ability. The interaction
is manifested in increases in the slopes of the
survival curves and, at least for radiation survival,
increases in the extrapolation numbers. A minimal
model is developed that would account for this
behaviour. " The subsequent eXpansipn of this model
to accommodate variable sensitising dosesy, reveals
the hyperthermic sensitization of radiation reSponse
and the radiation sensitization of hyperthermia response
to be two manifestations of a -single phenomenon,

The interaction of the two stimuli can be expressed
by mapping the response over a co-ordinate system, thaf
consists of two drthogonal functions of the respective
stimuli, generating a response surface. The
determination of the response surface, while not
conceptually difficult, presents problems in terms of
time and manpower. With the possibility that the
system response might change with time or changes in
culture conditions, it is preferable to determine the
surface over the shortest period of time possible and
with the most nearly identical experimental conditions,
An experimental technigue that amply fulfills these

requirements is described .
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4,2 THEORY

4.2.1 A Minimal Model of Interaction

The fact that the radiation survival curves have
shoulders at low doses can be interpreted as indicating
that the cells have a limited ability to accumulate
damage before it is expressed in lethality. Normally
such accumulation is associated with a repair process
which can be saturated by a sufficiently large
demand and which restores the population of survivors
to a condition similar to their initial one.'

Although experimental evidence regarding the existence
and time course of the saturable repair process is

not presented in this chapter, the property of the
cells accunmulating or repéiring damage, which is
indicated by the shoulder,will be referred to for
brevity as a saturable repair process.

Excluding any considération of the detailed
shape of the shoulder, it is assumed that portions
of the survival curves of interest cen be described
by expresssions of the form,

: ~KD
S = Ile , 4.1,

where S is the fractional survival, D is the dose,
K is the slope of the survival curve, and I is the
extrapolation number, a measure of the capacity of

the -saturable repair proces:.
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It can be demonstrated that a change only in
the effectiveness of a dose D, occasioned by a dose
modifying agent, can cause an increase in slope
without a2 change in extrapolatibn number. Such a
change can beAdueRto either an increased yield of
radiation damage events or to an inhibition of an
unsaturable repair process. The observation of an
increase in slope alone cannot distinguish between
the two mechanisms. . However, if an increase in
extrapolation number is also observed, then
considerable further analysis is possible, and it
is suggested that the following model is as simple

as any which would adequately describe. the phenomenon.

Let

D = absorbed dose

G = number of damage events/unit dose

R = number of damage events which can be repaired

by a saturable process

Zz = inactivation constant expressed as lethal
events/available damage events.

Then |

-ln 8 = Z2(GD-R). 4.2

If in equation 4.2,2 is unity,then an increase
in slope is brought about by‘an increase in G. This:
would be prqduced by a .sensitizing agent which acts
pdrely as a dose modifier, omne of the roles of

oxygen being a common example.

60



If on the other hand, Z is less than unity, a
constant proportion of available damage events never -
becomes lethal, That is, a non-saturating repair process
acts on the damage events which have not beeh repaired by
a sagurable process, It can be seen from equation
4.2 that a sensitising agent which increases Z towards
unity will increase the slope, ZG, and also increase
the extrapolation number, eZR,.R being unaffected by
the agent,

Another way of approaching this is to consider
the fates of all of the damage events which are
included in this expansion of equation 4.2

-1nS = ZGD 1) +(1-2)6D00J+ zR GO +(1-2)R[A 4.3
where the multiplier in square brackets reflects the
effect each term has on cell survival, These terms

can then be described as

a) Z2GD = Damage events which would be
lethal if R were zero
b) . ZR = Damage events which would be lethal

but are répaired by R

Damage events which would not be
lethal even if I were gero
Damage events which would not be
lethal yet are repaired by R.

]

c) (1-2)6D

a)  (1-2)R

Il

Thus R and the shoulder of the survival curve.are
agpects of a repaif mechanism which is incapable of
distinguishing damage events that are liable to be
lethal (a) from non-lethal damage events (c). This
repair of non-lethal damage events (d) .does nof affect

cell survival and is therefore wasted effort.
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b

If Z is increased by a sénsitising agent;a smaller
amount of R is wasted in process (d) in fepairing
non-lethal damage events, therefore more of R is
available to repair damage which would otherwise be
lethal Eausing the extrapolation nuwnber, eZR, to rise.

BEquation 4.2 can be rewritten as |

(-1n$)/% = GD=R 4.4
While the effect of a change in G is simply to'
.expand or contract the dose scale, causing the
survival curve to rotate about the extrapolation
number, the effect of a change in 7 expands or
contracts thHe InS scale, causing the survival curve
to rotate about the quasi-threshold dose, R/G.
As an analﬁgy to the term "dose modifier" applied
to those agents which increase G, the term "expression
modifier" might be appropriately applied to'those
agents which alter Z.

Although the survival curve of equation 4.2 rotates
about the guasi-~threshold dose, it is possible to
elaborate the model so that the sensitized survival
curve can rotate about any point without the
necessity of invoking a dose modifyihg effeqt for
the sehsitizing agent in addition to its expression
modifying effect. Let there be J different types

of dam&ge resulting from radiation and let .....:
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g. = number of jth damage events/unit dose

r. = number of jth damage events which™can
be repaired by a saturable repair process

z. = inactivation constant for jth damage events,
J  lethal events/jth damage events '

Then

-ln 8 = %Dzjgj —%erj. 4.5
Equation 4.2 is a special case of equation 4.5 in
which all the Z terms are equal. Equation 4.5
describes sensitized survival curves which intersect
the unperturbed curve at a dose DqI’ which we shall
describe as the " interaction guasi-threshold dose".

D
qI - Z:r4 Z . 406

The system presented above requires three parameters
or three sets of parameters, G + £ guantitate the
.damage yield of the radiation events, R and rj
guantitate the saturable repair bapability,-and Z

and Zj guantitate the non-saturable repair capability.
The required temporal relationships between the three
mechanisms is that ¢ acts prior to R and R acts prior
to Z.

A similar analysis of hyperthermia sﬁrvivai curves
presenting 1nbs as a function of the time at an elevated
temperature canvbe carried out.

The minimal model presented in equation 4.2 describes

the characteristics of .separate and distinct populations,
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If Z has its unperturbed value then the survival is
that of the unsensitized population. If the population
has been sensitized and therefore changed, Z has a
perturbed ﬁalue, however the value of 72 is determined
outside the model of equation 4.2 and Z is only an
implicit function of the sensitizing agent.

Before expanding the minimal interaction model
into a model that explicitly describes the interaction,

the topology of the interaction will be examined.
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4,2,2 The Survival Surface

Assume for the purpose of illustration that there
is no interaction between hyperthermia and radiation.
An iso-survivél plot, as shown in figure 4.1, can be
constructed. The contours on th{s'plotArepresent
equal survival levels each separated by a factor of 2,
s0 that these contours represent survivals Of'%@%y% .;.
respectively. In order to reduce the survival to
% we may give a radiation dose of 4.5Gy or 125 minutes
at 4200, or alternatively, 3.5Gy and 60 minutes at
42°¢. That is, any combination of radiation dose
along this contour will yield é survival of %.

This type of plot is similar to a relief map.
Just as the separation of the contours on a relief map
indicates the relative steepness of the terrain, so
the separation of the contours on this plot indicates
the relative steepness of the survival surface.

Along the hyperthermia axis, after a region of
low sensitivity indicated by the wide spacing of the
contours, the contours become closer and evenly spaced,
indicating a steeper slope that is exponential. For
increasing hyperthermia dose, since the lines are
parallel, the slope of the survival suffac; in the
direction of increasing radiation effect remains

unchanged. That is, as was assumed, hyperthermia

has not increased the’ slope of the radiation survival
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SURVIVAL SURFACE -InS(D,T)

D—

-in$

Fig., 4.2 Hypothetical survival surface.
The radiation dose D, the hyperthermia dose
T and - 1n%S form three mutually orthogonal
axes, The straight parallel lines indicate
the D = 0 plane and the T = 0 plane. The
curved lines indicate the survival surface
for combinations of D and T.




curve and conversely radiation has not affected the
slope of the hyperthermia survival cufve. It is
evident, therefore,that if the interaction exists,
the isosurvival contours camnnot be straight paréllel
lines but must curve.

If we imagine the 3 dimensional survival surface
corresponding to figure 4.1., we see that it exists |
in a space defined by radiation dose, D, hyperthermia
dose, t, and the logarithm of the survival, -=1nS, as
three mutually orthogonal axes and that it will be
planar below those regions in figure 4.1 where the
isosurvival contours are straight parallel lines.

If however the contours curve as suggested, the surface
will not be planar, but might appeér as conceptualized
in figure 4.2.

Since the surface is expected to be smooth and
continuous, (i.e. there are no abrupt changes in survival
or dose response for an infinitesimal change of t or D),
the partial derivatives %L(}%ﬁs >and %(%‘%5 )will

therefore be defined and continuous over a region away

from D = O and t ="C. 'These_are sufficient criterie
for the partial derivatives being.equal. That is

d (A lv\S) - o (A{V\S)

Jt \d D T 4D\ ¢t 4.7

oimply stated, this means that if for increasing

hyperthermia doses the radiation survival curve is
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increasingly sensitized, then the hyperthermia survival
curve is increasingly sensitiged for. increasing
radiation dose. |

The intersection of the response surface in
figure 4.2 with the t = O ﬁlane is the unperturbed
radiation survival curve in the more usual two-
dimensional representation. Similarly, the inter-
section with the D= O plane is the unperturbed
hyperthermia survival curve. The minimal model of
egquation 4.2 describes the intersection of the survival
surface with planes that are parallel to the t = 0
plane. The value of Z in the planes, an implicit
function of the sensitizing dose in the minimal model,
must be a continuous function of t that is explicit
in the mathematical description of the survival surface.
Therefore,i1f one can describe the surface, this will

provide a complete description of the interaction.
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4,2.3 First Order Interaction Model

The experimental evidence abéve has demonstrated
that, at least over a limited range of deses, the
perturbed and unperturbed radiation survival curves
were approximately exponential.  To this approximation,
the slopes of the radiation survival curve are dependent
on hyperthermia dose, but independent of radiation dose.
This yields the differential equation

d1nS = fl(t)
)

4,8
Similarly, over at least a limited range of hyperthermia
doses, the perturbed and unperturbed survival curves are
approximately exponential. To this approximation,

the slopes of the hyperthermia survival curves are
dependent on radiation dose, but indepéﬁdent of

hyperthermia dose, yiélding

3t 4.9

Integration of both differentials yields two general
solutions with a particular solution satisfying both
eguation 4.6 and 4.9. Specifically this is

-1nS = C;D + C,t + €Dt + Gy, | ' 4.10

1 3
while a distribution of the constant C, among the other

three terms yields

-1lnS = D K, + t .k, + D

15p 15y ptoky | 4.11
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wh_ere Dl =D—-Dql for D>Dql
=0 for DS Dql
1;1 nt—tql_,for t>tql ‘
=0 for t< tq;L
D2 =D—Dq2 for D>2D92
=0 for DL qu
't2 ='b—'tq2 for 'b>'l'.q2
=0 --for t< g,
If t is O then both t, and t, are also O leaving
only
-1nS = (D - qu) KR 4,12

which is equivalent to equation 4.1 whére KR and Dql
are the radiosensitivity and the gquasi-threshold dose
for the control population. Similarly, KH and tql
are the thermal-sensitivity and quasi-threshold time,
(hyperthermia dose), for the control population.

The terms of the minimal model for radiation can. be

derived.
26 = Kp + (= % o )K; 4.13
2R = DqlKR + Dqg(t - tqz)KI 4,14

PFinally, using equation 4.5, D , and typ can be

g2l
identified as the interaction guasi-threshold radiation
dose and the interaction quasi-threshold hyperthermia
dose respectively. In the dontext of equations 4,13

1
and - 4.14 the expression,interaction guasi-threshold
"
dose, is appropriate, for this is the dose that is
theoretically accumulated before interaction tyve

damage events are evident.
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4,3 Matrix Experiment

The matrix experiments were designed to overcome
experimental instability and simultaneously maximise the
amount of information obtained for the work expended.

To obtain éonsistent survival data, it was desirable

to coilect the data for as many points as possible
within the context of a single experiment. To maximise
the useful amount of information that might be obtained
without interpolation, each experiment was designed to
yield survivals for a rectangular matrix of radiation
and hyperthermia doses so that each row of the matrix
would yield a radiation survival curve and each

column would yield a hyperthermia survival curve.

4.3.1 Experimental Procedure

After trypsinizing, CHO cells in Hepes—buffered
Hams F1l2 were plated into T30 flasks at three
concentrations. and allotted radiation and hyperthermia
doses so as to produce a maximwn of 500 clones per
flask at any one concentration. Immediately after
plating, the flasks were incubated at 37° for two
hours and then cooled to room temperature. At this
time cellular aftachment to the plastic surface was
virtually complete. The flasks were mounted in a
rack and immersed in o 370 waterbath for 15 minutes, -

having been at room femperature for about 30 minutes.
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The rack containing the flasks, heated to 370, was
quickly transferred to a waterbath maintained at
42°¢,

At 15 minute intervals flasks were removed, ¢
15 flasks at a time, These were cooled in room temperature
water for 1 minute to terminate the heat exposure.
Three minutes after removing the flasks, 12 of theée
flasks were irradiated simultaneously at 6 different
dose rateé, ranging from 2.8 to 1.4 Gy/min, leaving
3 flasks for the unirradiated controls. Twenty-—
four unheated flasks were irradiated at the same 6
dose rates but to a higher total dose. All flasks were
maintained at room temperature during”and for 1 hour
after irradiation or‘heating,before beibg incubated
at 37°, After 6 days the flasks were stained and
counted.

This fechnique provided survival data for 77
combinations of radiation and hyperthermia doses,
11l radiation survival curves and 7 hyverthermia

survival curves.
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4,3.2 Date Analysis

Data for separate experiments were averaged and
normalized to unity survival at zero dose and zero
time to obtain the survivals, S(t,D). The parameters
of the survival surface described‘ﬁy equation 4.11..
were obtained by a non-linear itérative technique,
"moving simplex", described in appendix III.

For each experiment, the radiation and hyperthermia
survival curve parameters were obtained by the simplex

method. Radiation survival normalized to unity at

zero radiation dose was described by

-1n [S(t,D%] = DKp(t) - 1n (%) for D>1nMp(t)
5(t,0) Kp (%) 4.15

1

i

1 for DL 1n MR(‘t)

where
S(t,D) = survival for hyperthermia dose,
t,and radiation dose, D
MR = extrapolation number
K = slope of the survival curve.

R

Hyperthermia survival normalized to unity at
zero hyperthermia dose. was described by
-1ln [é(t’D) = tXy(D) = 1nly (D) for t > 1lnli,(D)

5(0, D). K (D) 4.16
=1 for t £ 1lniy(D)

K. (D)

the H

where MH and KH are/hyperthermia extrapolation number

and survival curve slope respectively.
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For both the radiation and hyperthermia survival curves,
all data points including those on the shoulder of the
survival curve were used %0 derive the parameters of
equation 4.15 and 4.16. This approach, approximately
describing both the hyperthermia survivals due to theé
abruptness of the shoulder and the radiation survivals
due to the high initial slope and the doses being
larger than the quasi-threshold dose, eliminated any
bias that might be introduced by an arbitrary datum
rejection scheme,

Values of MH, KH’ MR and KR were obtained for
each experiment separately and the mean and standard
error of the mean obtained.

An independent assessment 6f the interaction
coefficignt, KI’ was obtained by fitting the above

parameters to equation 4.17 or 4.18

KH(D) ,;KH> D + constant 44,17

il

et ve—

4D

<3KR> t + constant

A conventional linear weighted least sqguares fit was

Ky (%)

used. The point corresponding to t = Q0 or D = O
was omitted from the fit to avoid biasing the fit

through this point.
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The residual vari‘anée on KR and KH, due mainly
to inter-experiment variations in sensitivity,
dominated the expected variance,predicted by repeated
Monte Carlo simulations of the matrix experiments.
The dominance of the residual variance resulted in a
variance that was approximately proportional to a
congtant percentage of the square of the value of
KR or KH. Accordingly, the weights for KR and KH
in equation 4.17 and 4.18 were taken to be

Wy = ni_'/;Yi,z

where yi.. is the value of KR or K‘H’ nj is the number
of observations and wi is the weight.

 The best estimate of K, was taken to be the
weighted meém of(AK,R/ét)‘and (AKH/AD>, using the inverse
variance of the parameters, (éKR/At) an,dQKH/éD), as
weights. The error attached to K. was the largest
of the three— +the standard error of the weightedl
mean, the standerd error of{dX,/iD), or the standard

error of <AKR/<5 ‘G) .

4.3.3 Experimental Results

Table 4.1 lists the parameters of equation 4,11

I
obtained as parameters of equations 4.15 to 4.18.

and the independent assessments of KR’ KH, and K
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Table 4,1 Interaction paramsters H-3min-Y.

PARAMETER UNITS X EXP SURFACE  UNBIASED
D, Gy £-1 7.39 12,60+0, 43
Kg oyt E-1 4475 » 5 3040.01
ty min B+l 2.49 2,32+0,63
Ky min? E-2 1.79 1.75+0.13
D1 Gy E+0 1.39 2.13+0, 44
tor min 40 5.01 28,1648, 48
Ky Gy tmint E-3 3.42 4.06+0.53
JKp/3t Gy Tmin™t E-3 n 3,6340, 38
3K,,/20 ey tmin~? E-3 " 4.71+0. 46

Note ~ SURFACE « parameters of equation 4.11,
UNBIASED - parameters of equations 4,15, 4.16, 4.17, 4.18,

NMean j'Standard Error.




Figures 4.3a,b illustrate the observed survival data
plotted as a function of radiation dose and 1abelléd
with the corresponding hyperthermia doses. Figures

4.3 c¢,d illustrate the same data plotted as a function
of hyperthérmia dose and labelled with the corresponding-
radiation dose. The so0lid lines in all four figures
are the calculated survivals using equation 4.11 with
the parameters listed in table 4.1.

Figure 4.4a illustrates the observed radiation
survival curve parameters for equation 4.15. The
slope of the value of KR against hyperthermia dose is
the interaction coefficient, K /dt. A straight
line through the values of KR inte?sects the wvalue of
KR corresponding to zero hyperthermia dose at the
interaction quasi-threshold time, th.

Figure 4.4b illustrates the observed hyperthermia
survival curve parameters for equation 4.16. The
value of the interaction coefficient, JKH/AD, and

the interaction gquasi-threshold dose, B can be

ql’
obtained as described above.

The iso-survival contours for this experimental
configuration are presented in figure 4.5. These are

obtained by solving equation 4.11 for the required.

radiation dose as a function of the hyperthermia dose

15
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F‘igo 4.43
Extrapolation
number, Mpr, and
radiosensitivity
Kr, for the
survival data of
figure 4.3., as a
function of
hyperthermia dose,
The data points
represent the

mean and standard
error of two
observations except
for open circles
which represent a
single datum point.
The lines represent
the calculated values
from equation 4.11.

Fig. 4.4V
Extrapolation
number Iy and
thermal-sensitivity
for the survival
data of figure 4.3
as a function of
radiation dose.
lines and data .
points are as
described in
figure 4.4,
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to obtain a given survival level. As suggested in
section 4.2.2, the iso-survival contours exhibit a

curvature.

4.3.4 Discussion

Examination of figures 4.3 and 4.4 reveals that
the simple model of equation 4.11 provides only a
qualitative description of the survival data. This
perhaps, is to be expected, as equation 4,11, formulated
to describe survival on the exponential portion of the
survival curve, has been applied to survivals oﬁ the
shoulder.of the survival curve.‘

However, the survival model of equation 4.l11 appears
to adequately fit the shoulder of the hyperthermia
survival curve due to the abruptness of the transition
from the shoulder to the exponential slope. The
radiation survival curves exhibit a large initial
slope, accounting for the apparent agreement, at low
doses, between the observed survivals and the first
order response predicted by the survival model.

In this connection, the values of radiosensitivity;
in these and particularly in subsequent ekperiments,
are slightly biased by the low radiation doses and
‘might be referred to as local,rather than terminal,

radiosensitivity values.

It is observed that the values forJKR/At and

JKH/AD do not exhibit the expected agreement,  but

76




=
-

SURVIVAL CLRVE SLOPE b 102 /md
o o -
P

¥ \ r k

o
1
T
\

o
4
[ ]
-

o
o 5

1
(] 0.2 0. 10 X 2.0
HEATING TIAE AT £2.0° C fhoun)

Pig. 4.6. Survival curve slopes for CHL
cells as a function of time at 42°C.

O after irradiation, O before irradiation
® before, during, and after irradiation.
(from Robinson and Wizenberg 1974)




the mean of the two is, within experimental error,
1,

equal to the interaction coefficient, K obtained

I’
for equation 4.11.

The model and the survival data are in partial
agreement with the results of Robinson and Wizeﬁberg
(1974).  They observed that subjecting CHL cells to
42° for variable times before, during, and after
irradiation resulted in & steep initial rise in
radiosensitivity, followed by a less steep increase
for exposures of 15 minutes to 120 minutes at 4200.
Their data are illustrated in fig. 4.6. This pattern
of sensitivity might be explained by at least two
possible response mechanisms; an exponential rise to
a terminal value of radiosensitivity or a biphasic rise
in radiosensitivity.

It can be demonstrated that an exponenfial rise
to a terminal value of radiosensitivity is necessarily
associated with a perturbed hyperthermia response
exhibiting a concave upward survival curve (note).

note

Bt)

"35/3D = A, + A(l-8 Radiosensitivity is independent of

[
radiation dose, rising exponentially
with hyperthermia dose, t, to terminal

value of A, + A,

differentiate w/r to t
¥°s/3Dot = ABe~"*
integrate w/T to D _
"35/at = DABe D 4 C Thermal-sensitivity equals C for D = O

and at large t for any radiation dose, D,

7




The hyperthermia survival curves in figure 3.7,
which were gqualitatively similar to other high dose
hyperthermia survival curves, illustrate : that for
reasonably large hyperthermia doses,thefe is no |
indication of such an upward curvature of the survival
curve., Thus it would appear that, for the experiments
reported herein, suc¢h an interpretation is not
supported by the experimental data.

While an exponential sensitivity response cannot
be ruled out for Robinson's data, the apparently precise
data suggest a biphasic interaction rather than an
exponential form. The biphasic nature would be more
clearly demonstrated if the authors had présented the
asgociated hyperthermia survival curves, that were
necessarily obtained to provide the data illustrated
in figure 4.6; It is_again possible to infer the
shape of the perturbed hyperthermia survival curves.
These curves necessarily exhibit a steep initial
slope for the first 15 minutes followed by a less
steep slope for hyperthermia doses greater than 15
minutes. Thus, in the case examined, thére is
"probably not a simple‘interaction taking place, buﬁ

in fact two interactions.
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The linear interaction observed here is of
importance in analysing results presented in a paper
(Ben~Hur 1974) purporting to illustrate a large effect
of radiation dose rate on the interaction of radiation
and hyperthermia, It was reported that for low dose
rates (.033 Gy/min), the radiosensitivity of Chinese
hamster cells irradiated at 42°C was 6.3 times gréater
than the radiosensitivity at 370, whereas for high
dose rates (3.6Gy/min), the radiosensitivity at 42°C
was only 1.5 times as great as the radiosensitivity
at 37°C. However, for the low dose rates, all of
the cells were heated for three hours, while for the
" high dose rate, the cells were heated only during their
radiation exposure,(i.e. ihe heating time was proportional
to radiation dose and was a maximum of three minutes).
While the low dose rate survival was indéed sensitized
over four times as much as the high dose rate survival,
those cells irradiated at the low dose rate had
received 60 times the hyperthermia dose that the cells
irradiated at the high dose rate had received. Thus
it might seem that, contrary to the authors' suggestion,
cells irradiated at 2 high dose rate are more susceptible
to interaction than cells irradiated at a low doée

rate.
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4.3.5 Conclusion

The first order survival model has, as its
virtue, a simplicity of expression rather than an
accuracy of prediction. Four of the parameters ¢
are familiar +to most readers., The remaining
parameters are easily identifiable and conceptually
gimilar to the parameters used to describe the
unperturbed radiation survival curve. More
elaborate mathematical expressions might fit the
data better, but unless the additional parameters
could be given significance and meaning, elaboration

would not contribute to a better understanding.

The first order model is thus only a vehicle-for
the expression of the surface and the matrix
experiment is no more than the technigue by which
the surface is determined. It is the surface
itself, the interplay of radiation and hyperthermia

response, that is the essence of this investigation.
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CHAPTER FIVE

THE EFFECT OF RADIATION QUALITY




5.1 Introduction

The experiments described in the previous chapter
demonstrate that cell survival after a combined hyperthermia
and radiation inéult could be approximately described by
a three component model. The normal radiation component
and the normal hyperthermia component describe the
response when only radiation or hyperthermia is applied.
When both are applied, a third component, the interaction
component operates,

The interaction component exhibits a roughly
first order dependence on both radiation and hyperthermia
dose. The interaction can be thought of as two
mechanisms, one dependent on radiation dose only and
one dependent on hyperthermia dose only. In this and
the next chapter these hypothetical mechanisms._are
separately investigated by a perturbation of the two
interaction damage processes.

Many agents affect the radiafion response of living
organisms and it might be expected that these would
affect the radiation mediated interaction. However
many of the agents that affeet the radiation response
also affect the hyperthermia response, thus ieading to
problems of interpretation and pre#enting & separation
of radiation and hyperthermia interaction effects.

Thus a change of the physical characteristics of
the radiation was suggested as a perturbation. A
change of rédiation dose rate was rejected as a variable
because of the large dependence on biological state,
Accordingljlthe effects of a variation of radiation

quality were investigated.
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5.2,1 Experimental Procedure

The following experiments required Method C.
CHO cells were trypsiniﬁed and suspended at a
concentration of 1.25 x 10° cells/ml in seven
plastic T30 fldsks. Allowing one flask for a
radiation control, the flasks were irradiated wifh
grade@)doses of X, ¥, or neutron fadiation.

Each of the resulting seven populations was

plated into replicate T30 flasks at a concentration
to yield 500 clones/plate if they were not further
treated. One hundred minutes after the cells

had been irradiated, heat treatment was started

by immersing the flasks, except for the hyperthermia
‘controls from each of the seven populations, in

a waterbath at 42°C, Samples from eéch

population were removed simulfaneously, at 15

- minute intervals, and after one hour at room
temperature were incubated at 37° for six days,
stained and counted.

Four flasks were &llotted to each unheated
‘point, three flasks to the heated, but not
irradiated points, and two flasks to each remaining
point. The number of clonés per platé decreased

for increasing hyperthermia dose. The resulting
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loss of statistical certainty about the observed
survival was allowed for by using a least chi-
square fit for the expected and observed total
number of clones per point. = The X and Y
irradiations were sequential, irradiating the
high dose point first and the low dose point
last. The six irradiations required a time
interval of 15 minutes for X and 20 minutes
for ¥. This additional time is not included
in the 100 minute interval which is the time from
the last irradiation to the start of heating.
The neutron irradiétions were simultaneous over
& period of 25 minutes at variablg dose rates.
The irradiation conditions were; | -
X - 250kVp, 15 ma, 1.8 mm Cu HVT, 1.35 Gy/min
¥ - 6000, 0.96 Gy/min '
n - 3I-I(d,n), 14,7 MeV, .15 - .03 Gy/min

5¢2.2 Results

The experimental procedure described above
yields a hyperthermia survival curve for each
radiation dose and a radiation survival-curve
for each hyperthermia dose. That is, typically,

63 data points per experiment yield 7 hyperthermia
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Table 5.1

i,

Interaction parameters (eqn. 4.11) radiation-100min-H

Parameter Unit Exp. GOCO Y 250kVp x 14,7MeV n
K eyt E-1  5.15 5.01 8,95
K, min"lt E-2  2.04 2,46 2.68
Ky Gy “min ~ E-3 4,77 5.48 7.69
Dy Gy E-1  5.42 3,09 -0.13
tq min E+s1 2,25 2.00 2.52
Dot Gy E-1 4,66 4,03 1.36
th min E+l 1.44 D.54 1.18
Ky /Ky min™ E-3  9.26 10.9 8.59
K /K cy™t E-1 2,34 2,23 2,87
(Temperature) (41.509°) (41.869°) (41.869)
Table 5.2 Intesraction parameters (independent) radiation-100min-H
Parameter Unit Exp. 6DC0 Y 250kVp x 14,7MeV n
K Gyt E-1  5.03:0.14  5.15:.018 5.0640.02
K, min~t E-2  2,04+0.11  2.19:0,09°  2.72+0.27
OK_/dt Gy *min™t E-3 5.08+0.31  4.7840.46  7.,13+0.90
3K ,/3D Gy 'min"t E-3 4.64+0,45  5.03+0.61  B.60+1.14
K, oy Imin"l E-3  4.9440.45  4.87:0.61  7.70+1.14
K /K min~t E-3  9.82¢0.92  9.45¢1.18  8,50+1.25
KKy O E-l 2.4230.26  2.22;0.29  2.83:0.51




survival curves perturbed by 6 radiation doses
and 9 radiation survival curves perturbed by
8 hyperthermia doses.

Data for 3 experiments for neutrons and ¥
radiation and 4 ékperiments for x-radiation were
analysed as described in section 4.3.2. The
parameters of the first order interaction model,
equation 4.11, are listed in table 5.1. The
independent assespment’ of the interaction
coefficient yields values of BKR/At and AKH/BD
that are, within experimental error, equal for
each of the three radiation qualities. These
values with the independent assessment of the
unperturbed radiation and hyperthermia survival
curve slopes are listed in table 5.2 and are
found to be in fair agreement with the parameters
derived by fitting all of the data points to eéuation
4,11,

6000 survival

Figures 5.1 a,b illustrate the
data plotted as a function of radiation dose and
labelled with the corresponding hyperthermia dose,
Figures 5.1 ¢,d illustrate the same set of data
plotted as a function’of hyperthermia dose and

labelled with the corresponding radiation dose.
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The s0lid lines in all four diagrams are those
obtained using equation 4.11 with the parameters
in table 5.1.

Figures 5.2 a,b,c,d illusitrate the 250 kVp
x-ray data as described fngGOCo.‘ Figures 5.3
a,b,c illustrate the neutron data again as

6000.

described for

Figures 5.4 a,b,c illustrate the extrapolation
nunbers and slopes of the radiation survival curve
for ¥, X, and neutron radiation as a function of
| hyperthermia dose. Figure 5.4d illustrates the
relative radiation survival curve slopes as a
function of hyperthermia dose.

Figures 5.5 a,b,c illustrate the extrapolation
numbers and slopes of the hyperthermia survival
curves as & function of radiation dose. The
solid lines in both figures 5.4 and 5.5 are the
valﬁes obtained from equatioﬁ.4.ll using the
appropriate parameters from table 5.1.

Figures5.6 a,b,c illustrate the survival

surface, for each radiation quality,. in the form

of iso-~survival plots, described in section 4.2.2.
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Figure 5.1. Cell
survival for a 60Co
radiation dose at
room temperature
followed 100 minutes

later by a hyperthermic

exposure at 420,

Data points represent
the mean and standard
error of three
observations.
lines are the
survival calculated
from equation 4.1
utilising the
appropriate parameters
in table 5.1.

(a,b) Survival as a
function of
radiation dose.
Survival as a
function of
hyperthermia
dose.
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Figure 5.2, As
described in figure
5.1 except 250kVp
X~-rays and .four
experiments,
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Figure 5.4. Radietion

MR Radiation Inactivation
survival curve parameters, , o _
"lip and Kp for a radiation N ¥ 4 ¢ t
dose at room temperature .
followed 100 minutes later
by the indicated exposure 10
time at 42°C. The data '
points represent the 9
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Figure 5.5 Hyperthermia Inactivation
Hyperthermia
survival curve My ¢ . :
parameters, Mg

and Ky 100 minutes

after the indicated
radiation dose a%t

room temperature.

The data points
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563 Discussion

5.3.1 Comparison of Analytical Methods

| Comparison of the parameters, KR and KH obtained
for equation 4.11 with those obtained independently
revealsSno siénificant differences. The values of
AKR/Jt and JKH/AD are not significantly different
for any one of the radiation gualities and thé
weighted mean, KI, is not significantly different
from the value obtained for the survival surface,
equation 4.11. Thus it is seen that for these three
data sets either method might be used.

It is, however, worth emphasising that the degree
of fit for the surface equation, for these data sets
and all others presented in this thesis, is poor.

The best data set, that for the neutron interaction,
exhibits 2,75 units of x-square/degree of freedom,
all other data sets being substantially poorer.

While some data sets éuggest that the poor degree of-
fit arises from random deviations, there is some
evidence for a éystematic deviation. from the simple
survival surface equation. Therefore, while the
parameters of the survival surface may be used for
purposes of illusération, no argument presented in
this chapter or subsequent chaptersdepends explicitly

on the survival surface equation,
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5.3.2 Comparison of Radiation Qualities
The values of KR’ KH’ and KI obtained for

6OCoa'and 250 kVp x-rays reveal no statistically
significant variations. The neutron data, in
addition to the increased radiosensitivity Kgp»

exhibit significantly larger values of the

interaction coefficient, KI’ than those for. the low
LET radiation. It is.observed that there is an
unexplained variation in thermal-sensitivity, however
the coefficient of relative sensitization of thermal
response, KI/KH, is still marginallj higher for
neutrons while the coefficient of relative radiation
sensitization, KI/KR’ is marginally lower. KI/KR

is the rate of relative sensitization of radiation
response per unit hyperthermia dose, Similarly

KI/KH is the rate of relative thermal sensitization

of hyperthermia response per'unit radiation dose.
Thus, it is observed that hyperthermia sensitizes
neutron effects relatively less than low LET radiation
effects, however neutrons are more effective than

low LET radiation at sensitising hyperthermia response.
This large interaction observed with neutrons was

surprising and is worth examining in greater detail.
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5¢3.3 The Effects of Dose Rate

Before comparing the neutron interaction data
with the 6OCd‘data it is necessary to discuss the
difference in dose rate between the two experiments.
With this same cell line in CO,~buffered Hams F10,
Railton (1975) observed that‘in split dose experiments
the maximum recovery was not significantly affected
by a change of neutron dose rate from 0.10 to 0,60
Gy/min. Thérefore, extremely little repair can
have taken place during the lower dose irradiation.

I the®©

Co dose rate had been lowered, one would
have expected that the normal radiation survival curve
slope, KR’ would decrease due to a concurrent repair
of radiation damage. It has been demonstrated that
the damage due to a radiation dose responsible for
interaction is capable of being repaired, as
evidenced by the gradual disappearance of the inter-
action with.separation of the hyperthermia and
radiation doses (Gerwych et.él. 1975). Accordingly,
at low dose rates a concurrent repair of the
sensitizing demage may take place resulting in
decreased values of the interaction coefficient.
Beh—Hur ét.al. (1974) have suggested the
inverse effect, that‘is, as the dose rate decreases,

the interaction increases,
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In the previous chapter, it is suggested that their
argument is’ fallacious. Secondly, his reﬁort

deals with an entirely different situation, namely

the inhibition of repair of sublethal damage due to
irradiation at elevated temperatures, whereas, in the
case we are examining, any marginzl repéif of

sublethal damage should be complete before hyperthermic
exposure begins.

It is concluded that the values of K
60

1 and KR

obtained for Co radiation may be applied to the
low LET component of the neutron data at least as a

limiting upper value.

5.3.4 A Theory of High LET Radiation Action in

Relation to Interaction.

A theory of cell inactivation proposed by Katz
et.al. (1971) postulates that cell survival can be
described as a composite survival function due to two
modes of inactivétion, ion-kill and gamma-kill, |
The ion-kill mode is caused by initial ionization
and excitation due to primary particies and recoil
protons. Surviﬁors of‘the ion-kill mode are,
according to theory, unaffected and only exhibit the

damage due to the gamma~kill component of +the radiation.
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The ion-kill mode is characterized by.an
exponential survival curve, cautiously described by
the authors as arising from a saturated muitiwhit- '
mechanism, The gamma-kill mode is charactérized
by a shouldered survival curve indicating an
accumulation of damage before a lethal event is
registered.

A previous analysis of 6OCOIXand 14 MeV neutron
data on the same cell line, carried out at this

Institute (Railton et.al 1975; Katz and Sharma 1974)
indicated that about 25% of the total dose was
expended in ion-kill. If it is assumed that the
interaction is due to the gamma-~kill component only,
and that the gamma~kill component is similar to that

observed for 1 MeV photons, the interaction coefficient,

KI, should be equal to or less than 0.75 x .00494
Gy_lmin-l = ,00371 Gy-lmin_l, whereas the observed
coefficient is nearly twice this value. This would

mean that the gamma-kill mode due to0 neutrons is
nearly twice as effective in producing interaction
type damage as gammé rays themselves, This
sénsitization therefore cannot be due to a purely
gamma type. radiation effect at the estimated fraction

of ion-lill. While the weight of the argument
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decreases with decreasing ion-kill component, the
increased interaction is still significant at a
hypothetical level of 100% gamma4kill..
There exist ' two possibilities
1. The fraction of the dose expended in
ion-kill changes with increasing

hyperthermia dose.

2. The ion-kill component takes part in
the interaction.

If the sensitizing effect of hyperthermia were
0 progressively shift damage from +the gamma-kill
mode to the ion-kill mode, this could partially
explain the observation. However, it is difficult
0o maintain the concept of the initial spatial
aistribution of energy as the basis for distinguishing
the types of radiation damage, if the categorization
is to be controlled by the hyperthermia dose,
particularly when the hyperthermia exposure occurs
after the radiation exposure.

Finally, it is concluded that if no reasonable
value of the ion~kill fraction will allow the
sensitizatiOn observed, a concurrent interaction
with the ibn4kill'component must take place.. ‘

The only mechanisn that can be envisaged for
éensitization of the ion=kill component would be,

that, in addition to the actual killing events, a
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a substantial and proportional number of surviving
cells arenbeing damaged in a way which can be
lethalized by hyperthermia, but which cannot
interact with the low LET component of radiation.
This behaviour, if it is real, suggests that
the interaction event "targets", which must be
"holes"™ for killing events, are not located in
small highly vulnerable bodies within the cell.
It is imagined that the interaction coefficient
should increase with LET up to a LET at which the
inéreased radiochemical yield of interaction events
is balanced by the decreased probability of
threading the "killing holes",
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CHAPTER SIX

THE EFFECT OF TEMPERATURE




6.1. Introduction

In the previous chapter, the radiation
mediated mechanism of interaction wés probed By a
perturbing agent that did not directly affect the
hyperthermia mediated interaction mechanism. To
probe the hyperthermic mechanism it was necessary .
to use & perturbation that would be without effect
on the radiation mechanism.

Radiation events exhibit an extremely low
coefficient of temperature both for direct and
~indirect effects. Further by applying the high
temperature separately, this small effect is
removed. Thus a change of temperature is the
obvious perturbation for this mechanisn. |

This approach allows a thermodynamic analysis
which implicates protein denaturation as a cause
of hyperthermic killing. A similar analysis of
the thermodynamic properties of the interaction
is made. The examination suggests at least two
possible mechanisms of interaction in which. the

denaturation of proteins may take part.
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6.2.1 Experimental Procedure

The matrix experiment described in section
5.2.1 was-repeated at nominal temperatures of'42%
43? 442 and 4500, reducing the time intervals
roughly by a factor of 2 for eachmdégree rise in
temperature. The data were analysed as described
in section 4.3.2 providing the hyperthermia
inactivation rates, Ky, as functions of radiation

dose and the radiosensitivities, K as functions

R,
of the hyperthermia dose. The slopes JKR/Jt and
AKH/JD of the sensitivity curves were obtained as
before. These parameters are referred to in
table 6.1 as the unbiased parameters.

Aésuming the interabtion'quasiythreshold

dose to be zero; the parameters of the surface model,

equation 6.1, were obtained for each experiment separately.

=1n5 = D K, + thH + D,KI 6.1
where Dl =D - Dq for D > Dq
= 0 for D Dq
Ty =1 - tq for t+ > tq
=0 fort(tq

for each experiment separately. Equation 6.1 attributes
a common hyperthermia and a common radiation
extrapolation number to the survival curves for each

row and column of the matrix. The procedure of
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allowing the interaction quasi-threshold doses to be
zero was adopted to reduce the number of parameters
of the first order model. This was further
justified by the lack of a significant first order
correlation of extrapolation number with sensitizing
dose.
The parameters of equations 6.2 and 6.3 were

determined by a combined iterative searcﬁ for the
best coﬁmon extrapolation numbers MR and MH and a
linear least squares determination of the corresponding
slopes, KH and KR'

- 1InS = DKR(t) - lnMR for D > 0 6.2

- 1ns = tKH(D) - 1nMH
The slopes dKp/3t and 3Ky/4D of the sensitivity

for t+ >0 603

curves were obtained as described earlier, but include
the zero dose points in the fit, unlike those for

the unbiased fits. The parameters of the surface .

| model and for the independent»assessmént of radio-
sensitivity, thermal—sehsitivity, and interaction

are listed in table 6.1.
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Table 6,1 Interaction parameters X-100min-H
EXPT  PARAMETER UNITS X EXP  UNBIASED DOSE MOD. ~  SURFACE
42°C K oy~? E-1  5,3940,28  5.3510,19  5,02+0.24
(41.860) °q Gu . E-1  5,56+3,45  5.05:0.78  4,61+1.14
5 expte.  KH min E-2  2,2040.73  2.1440,16  2,22+0,13
t min E+1  2,24+0.58  1.8640.20  2,05+0.15
K Gy lpin™" E-3  4.6440.37  4.87:0.42 - 4,5740.08
3Kp/dt Gy 'min™' E-3  4,2640,37  5.0040.33
K/ Gy T'min™' E-3 5,0240.37  4.6640.42
430C K Gy~ E-1  5,03+0,04° 5.4640,07  5,2140.07
(42.88°) Oq Gy . E-1  5.67:0.97  9.5032,18 ° “7,8330.17.
2 expts. KH min E-2 6.12+0,52 6:0510.3§ 6.43+0.41
ty min E+l  3.02+1.16  0,92+0,27  1.06+0.16
Ks Gy 'min™! E-3 9.29+3,35 - B8,39+1,07  6.95+0,42
34t Gy imin™l E-3 5.8831.44  8.2440,85
-1 . - N o
AKH/AD Gy 'min™t E-3 12.58+1.41 B.63+1.07
44°C Kp oy E-1  5,5540.18 = 5.61+0,21 5,65+0,13
(43.87°) g Gy._l E-1  4,73+4,09  5,2244.15  4,80+3.20
2 oxpts,  “H min E-2  15,60+0.46 14.70s0.73  14,90+0.80
tq min E+l 1.0140,13 0.8340,15 0,93+0,12
-1 . - - -
Ky Gy~ 'mint E-3 12,29+4,54 14.51+1.61  12,20+0.60
-1 . - - -
3K/dt Gy min YB3 17574454 15,2141.61
3K, /9D oy 'min™t E-3 10.61+2,57% 14,17+41,13
-1
45°C Kg Gy -1 6.09+0.18 6.07+0.26 5.83+0,25
(44.770) g & E-1  °8:42+1.93  B8.1542.34  6.48+1.65
3 expte. Ky min E-2  26.10#7.70  25.80:2.39  27.30+43.10
-t min E+1  0.56+0.08  0.54+0.07 0.55+0.03
K oy tmin™t E-3 22,17+4,92  17.15+1.93  16.10+41.70
K /ot By TiminT' E-3 21.8542.48  21,93i1.93
K /20 Gy Tlmin™! E-3 23.03:4.92  14.7741.36

Note - UNBIASED ~ parameters of equations 4.15, 4.16, 4.17, 4.18B

6.2, 6.3, 4.17, 4.18
equation 4,11

DOSE MOD - u w "
SURFACE - L "

Mean + Standard Error -

* AKH/AD (44°) unbiased parameter determinetion does not include 7.0 Gy
point.




6.2.2 Experimental results

Figures 6.1 - 6.4 illustrate the interaction survival
datalplottéd as a function of hyperthermia dose and
labelled with the corresponding radiation dose., The
lines drawn through the data points are the calculated
survivals using equation 6.1 with the parameters
listed in the third column of table 6.1.

Figuré 6.5 illustrates the values of the
radiation survival curve slopes, calculated using
a common extrapolation number within each experiment,
It is observed, as antiéipated, that as the temperature
increases, the rate of sensitization of radiation
response increases, as indicated by the divergencq
of the experimental points at different temperatures,
Figures 6.6 a,b illustrate the thermal inactivation
rates at different temperatures, plotted as a function
of radiation dose. As. the radiation dose increases,
the logarithms of the thermal-sensitivities for
different temperatures converge. This indicates
that, for a given radiation dose, the relative
thermal sensitivity  decreases for increasing
temperature.

The hyperthermia inactivation rateé for each

radiation dose were used to calculate the activation
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Figure 6.1. Cell
. survival due to a
250 kVp x-ray dose
at room temperature
followed 100 minutes
later by a hyperthermic
exposure at 420, The
data points represent
the mean and standard
error of five
observations, The
lines are the surwivals
calculated from -
equation 6.1 using the
parameters in table
6.1.
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Figure 6.2. As
described for figure
6.1 except hyperthermic
temperature of 43~.
Data points represent
two observations,
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enthalpies, illustrated in figure 6.7. While the
difference in enthalpy values is only marginally
significant, the trend towards a reduction in
activation enthalpy for increasing radiation dose
is evident. -

The increase in relative radiation sensitivity
for a given hyperthermia exposure time and the
decrease in relative hyperthermic sensitization
for a given radiation dose are compatible with the
increasing prominence of a component of cell killing
which possesses a significantly smaller activation
enthalpy than the hyperthermia killing component.
That this can be considered to be the situation
is illustrated by the Arrhenius plots of the
unperturbed hyperthermia inaétivation rates, KH’
and the interaction coefficient, KI,in fiéure 6.8,

Table 6.2 lists the activation enthalpies for
the unperturbed hyperthermia inactivation rates,
KH.and the interaction coefficients,KI”calculated
from the three sets of parameters. It is observed
that the calculated values for the three sets of
parameters are significantly lower than the

actibation enthalpy for hypefthermic killing.
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Table 6.2 Activation enthalpies for the temperaturs dependent

interaction parameters.

ACTIVATION ENTHALPY (k3/mols)

PARAMETER SURFACE DOSE maD. UNBIASED
Ky 660+60 650+70 650+70
Ky 380+50 320+70 450+70
)KR/at 350+60 ) 480+30

JKH/aD SBDiGﬁ 370+190




6.2.3 Limitations of the Experimental Data

The control values of K. obtained for the

R
45%¢ experiments exhibit an unexplained variation
compared to the experiments at the other tempefatures,
although experiments at 44° and 42° were done before,
between, and after experiments at 45°c. This
variation has not been compensated for. The
Arrhenius pléts of the independent assessments

of KI do not all exhibit the same degree of linearity
as that illustrated in figure 6.8. The activation
" enthalpies have, nevertheless, been computed and

reflect only the average temperature sensitivity of

the interaction.

6.2.4. Discussion

A comparison of the normal hyperthermia, K,,
and radiation, KR’ component parameters. obtained by
the three analytical methods reveals only marginally
significant variations. A - comparison of the
interaction coefficient, KI’ obtained by the three
methods, however, reveals marked variatiéns in a
few of the estimates. Using the best common
radiation and common hyperthermia extrapolation number
for each experiment resulted in a reduction of the

standard errors in three of the four data sets,
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as illustrated in figures 6.6a,b. Fitting common
éxtrapolation numbers ané.utilizing the zero dose
ééints in the independent assessment of KI’ which
simulates the constraints of equation 6.1, resulted
in better agreement between the‘values of-éxﬁ/dt,
aKﬁ/AD, and of K;. These observations suggest
that the technique was appropriate, although the
principai dbservation, of reduced activation
enthalpies for KH for increasing radiation doses,
does not depend on this technique.

While the threé techﬁiques do not yield precisely
the same activation enthalpy for KI’ the difﬁerences
between the values for KI and KH are significant for
each technique. There are at least two possible
interpretations of this finding. Firstly, an
increase in temperature may alter the proportion of
available hypefthermia SLD and ISD, or secondly,
hyperthermia induced ISD may result from a mechanism
distinet from that producing SLD.

Examining the first possibility, if‘hyperthérmia
were to exhibit an effect parallel to thé gadiation
dose rate phenomenon, then there would be an
unsatﬁrated repair of hyperthérmia SLD, that would be

progressively inhibited as the temperature increases
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Thus, for a given survival level the ratio of
lethalized o0 non-saturably repaired (by-passed)
SLD would decrease for increasing temperature,
corresponding to increasing "dose" rates. If this
damage is capable of acting as ISD; despite being
prevented from acting as SLD, the observed
phenomenon could be explained. _

As a simple example of how this scheme might
operate, imagine that a prior radiation dose inhibits
the unsaturated repair of SLD. SLD that was
repaired in the unirradiated controls, and therefore
non-lethal, would be available to damage the irradiated
cells and thus wﬁuld appear as hyperthermia ISD.

The corresponding radiation ISD for the interaction
is the damage to the rgpair mechanism for hyperthermia
SLD, which in the absence of hyperthermia damage is
non-lethal.

| It might be assumed that the extent of the
hyperthermia "dose" rate phenomenon could be assessed
by the deviation of the thermal sensitivities at low
temperatures from the strgight line portion of the
Arrhenius plot, figure 3.3. If this were the situation,
tﬁe relative amounts of non-saturably repaired SLD

and lethalized SLD would remain constant over‘the
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the straight line portion of the plot from 430

to 4700. The activation enthalpy for the formation
of the non-saturably repaired SLD nust necessarily
be the same as for the lethalized SID, since bnly
their respective fates are assumed to be different.
Therefore, the activation enthalpy for KI must

equal KH.

Since it is observed that the activation enthalpy
for KI is significantly less than the value of
640kJ/mole observed for the data in fig. 3.3, thé
second possibility of a different mechanism is
suggested.

It has been observed, in this and the preceding
chapters, that the interaction is associated with-a
decrease in survival duvue to the required hyperthermia
dose alone. Others (Ben-~Hur et.al 1972, 1974, 1975;
Robinson and Wizenberg 1974) have reported an
interaction due to sublethal doses of hyperthermia.
These observations suggest that the mechanisms of
hyperthermic killing and interacting are not coupled,
but rathér represent distinct mechanisms further
supporting-the secdnd hypothesis.

That a complex intermolecular organizatiop is

not required for the observations is well illustrated
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by the results of Sanner, Kovacs-Proszt and Vas
(1972). = They observed that a vegetable enzyme,
pectin methyl esterase, was more heat labile after
- a radiation dose and that the degree of thermal
éensitization decreased for incréasing temperature.
The thermal sensitivity was characterized by an
unperturbed activation enthalpy of 410 kJ/mole
" that decreased linearly with radiation dose to
290 kJ/mole, for.a radiation dose’ that reduced the
enzymatic activity to 40%. '
This behaviour, similar to that observed
for CHO cells reported herein, occurs in a
biological system in which a complex repair mechanism
probably does not exist.  While a "transfer of
bypassed SLD to ISD" mechanism cannot be ruled
out, th@s observation is suggestive of a dual
action mechanism.
| - The data presented are not sufficient to
decide between the possibilities presented.
Further it will be demonstrated that there is at
least one more possible interpretation of these |
reéults. This requires an examination of the
thermddynamics of hyperthermia inacti§ation and

interaction.
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6.3 Thermodynamics of Thermal Sterilization

6.3.1 ‘Theory of Absolute Reaction Rates

The Arrhenius equation, presented earlier, is
often associated with the simple ﬁinetic theory of
molecular reactions. This postulates that for a
molecule to react it must possess sufficient energy,
the activation energy, to initiate the reéiion. If
the molecules are uncharged monatomic particles the
distribution of energy among the particles is described
by the Maxwell-Boltzman distribution. Integration
of this distribution over energies greater than the
activation energy yields the relative reaction rate
in the form of the Arrhenius equation. Since the
simple kinetic theory has,as a basis,the energj
distribution for particles with energy distributed
about 3 degrees of freedom, the application of +the
theory to biological macromolecules possessing many
times this number of energy terms seems, at first,
dubious.

.The theory of absolute reaction rates, first
. postuléted by Eyring (1935) and applied by Stearn
(1949) and Johnson, Eyring and Polissar (1957) to

biological processes, allows further analysis.
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The Eyring formulation stresses the importance of
the "free energy" of activation rather than the
energy of activation.

Consider a pofential energy surface. Ihitially
the reactants will be in quantized states at or néar
the bottom of a potential well. TransitionSfrom
this well are described by statistical mechanics.,

The most probable transition, the one that will

dominate the kinetics of thé reaction, is from the
ground state of the potential well to the ground

state of an energy configuration, referred to as

the "activated complex". Since any minor deviation
from the most probable transition results in a larger
change of énergy, the potential energy surface pessesses
a saddle point corresponding to the activated complex.

The activated complex is, then, represented by
an energy configuration that is stable in all but
one degree of freedom. Thus, a system composed of
particles possessing many degrees of freedom can be
simply treated as a system in which there is a single
degree of freedom fof each particle.

Regardiess of the reaction type,the specific
rate of decomposition into reaction products is

dependent only on temperature and is equal to kT/h,
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where k is the Boltzman constant, h is the Planck
constant, and T 1s the absolute temperature.
Assuming that the activated complex is in virtual
- equilibrium with the reactants and that the probability
of the forward transition is'unity, the rate of
reaction is

k =(kT/h) K+ : §,4
where K¥ is the equilibrium constant.

Let AF* , AH* , and AS# represent the changes
in free energy, enthalpy, and entrdpy when the
activated complex is formed. Using the van't Hoff
equation,

AF* = AH*# - TAS* = -RTln K¥ , 645
to rewrite equation 6.4, yieldé

k = (h:T/h) exp ( - aHf /RT + AS® /R) 6.6
Assuming that AS# is independent of temperature,
taking logarithms , and differentiating equation

6.6 with respect to temperature, yields the Arrhenius

equation
k< A o —(4H® +RT)/RT 6.7
where AH#%* +RT-is the activation energy. Thus,

a simultaneous solution of equatiorns 6.6 and 6.7
allows the determination of aH# , AS% , and AF=
without a knowledge of the equilibrium constant,

K* .
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Figure 6.9. Schematic representation of the
mechanism of protein denaturation.




6.3.2 A Model for Protein Denaturation

It is instructive to examine the thermodynamic
variables as they apply to a reaction of interest,viz.
the thermal denaturation of protein. Conéidef the
monomolecular reaction

A A*euyAd
where An and Ad represent the native and denatured
form of A, and A¥* represents the activated complex.

In the native state, A exists in a potential
energy well depicted in figure 6.9. To become
activated, the molecule must acquire an amount of
energy, AH% +RT, the activation energy. Once
activated, the molecule is unstable, and must either
proceed_down'the other side of the energy hili and
become denatured or fall back down the left side and
return to its original state.

The energy absorbed on activation often changes
the configuration of the native molecule. If this
change in configuration results in a decrease in
the conformation of the molecule, energy is lost in
.the form of an entropy increase. The difference.
between the activétioh enthalpy and the energyv
associated with the increase in entropy is the free

energy that is available to do work.
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Most large proteins, in addition to the primary
ordering and secondary orientation of the amino acids,
exhibit a tertiary organiza%ion consisting of
convolutions of the primary protein strands. This
configuration is thought to be maintained by many
disulphide,sulphydryl, and hydrogen bridges.

Upon warming, the heat content of the molecule
increases due to the absorption of energy, resulting
in an increase in length of the low energy bonds
maintaining the tertiary structure. These weak
bonds will occasionally break, but will tend +to
rejoin as they are held in close proximity by the
remaining unbroken bonds.

-Occasionally, however, a single molecule
acquires sufficient internal energy to break 20
or 30 such bonds simultaneously. This state; the
activated complex, exists only momentarily, when
the remaining bonds, stretched to their limit, are
broken and the molecule unfolds violently. The
probgbility of such a molecule randomly acquiring
the energy tore-fold in the séme way is g;tremely
small and the reaction is essentially irreversible.

This model of protein denaturation is supported

by the simultaneous observations of the high temperature
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coefficients of expansion for proteins, the increase
in viscosity for denatured proteins, and the
detection of exposed sulphydryl, disulgphide,

and phenol groups that are undétectable in thé native
protein.

In summary, to become activated, a molecule must
increase its internal energy by AH=* . This is
acquired by random fluctuations in the internal
energy, due primarily to collisions with other molecules.
In the activation process, a number of low energy
bonds are broken, resulting in a loss of order and
an increase of entropy, 453 , entropy increasing
fof decreasing order. The difference between the
heat AHs , absorbed and the energy, TAS# , released
due to the entropy increase is the change in free
energy, AF* , available to do work, It is worth
emphasising that this reflects only the activation
'process and not the complete reaction, which, in
the model of protein denaturation described, would
exhibit enormous entropy increases.

Since energy must be supplied to activate the
molecule, the reaction islendothermic, however this
energy is compensated by the increase in entropy,
résulting in negative values of AF% (i.e. net energy
release) and therefore the reaction is exergonic,
'OOCurring naturally eveﬁ ét environmental temperatures,

aibeit at a reduced rate.
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Table 6.3 Thermodynamic parameters for Sindbis virus inactivation

by heat, (from Barnes et, al. 1969)

Catalyét Conc.

mifl

NBZHPD o3
o5
.68

.84

4

MQSO4 $23
.50

63

AHF

kJ

mole

109
130
163
205

134

159

180

205

AS2
mole®

52.3
111
216
339

139
213
269

352

AF#(500)

k3J
mole

92.1
94,1
93,2
95,5

89.1
90.2
93,1

91.3

k(50°)

-1
sec

8,69E-3
4,13E-3
5,77E~-3
2,48E-3

1.76E-2
5.98E-2

1.17E-2




6.3.3 Compensation Phenomena

Barnes, Gordon, and Vogel (1969) examiﬁed the
thermal sterilization of Sindbis virﬁs in the presence
of various concentrations of NazHPO4 and Mg 504.

Tﬁey observed that, as indicated in table 6.3,
.despite a considerable variation in AH2 aﬁd FANCE
the free energy of inactivation, APFP%+ , remained
essentially constant. Such behaviour, referred to
as entropy - enthalpy compensation, is observed in
many physico-chemical systems and is thought to
indicate a common mechanism in each situation.
A similar compensation phenomenon is observed for
thermal denaturation of proteins. The effect of
pH is, perhéps, the most studied. A naive explanation
of this phenomenon is that, at low values of pH,
many of the low energy bonds are disrupfed resulting
in an equilibrium configuration of the native state,
characterized by an energy that is intermediate
between the native state, at the pH corresponding to
- optimum stability, and the activated complex. If
it is assumed that the activated complex is independent
of pH, then the activation enthalpy'decreases due to
the reduced pumber of bonds that have to be broken,
but there is a concurrent decrease in the entropy

change since the entropy of the native state has
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Table 6.4 Thermodynamic parameters for protein denaturation

by heat, (from Stearn 1949)

Praotein

Insulin
Trypsin
Emulsin
Solanain
Hemoglobin
Leucosin
Invertase
Vibriolysin
Egn Albumen
Tetanolysin

Hemolysin

Temp
oC

80
50
60
60
6045
55

50
65
50
50

AH%

kJ
male

149
167
ie8
257
316
353
462
536
553
722
829

AS3

3,
male®

100
187
273
456
640
774
1100
1360
1320
1920
2250

AF+(50°)

kd
male

117
108
100
109
110
103
107

95
125
102
103

k(50°)

-1
sac

8.2E-7
24 3E~5H
4,,6E~4
1.6E~5
1.1E-5
1.5E-4
3,4E-5

S.DE;S.

4,2E-8
2.2E-4
1.5E-4

Table 6,52 Thermodynamic parameters for mammalian cell

inactivation by heat.

Cell

CHO

CHLy
PK
PK .

Temp

43-48
CHO 43
CH 35-46
42~44
44-48
45-48 °

1

2

AH2 ASt
k3 J
mole mole®
640 1720
590 1570
774 2130
678 1840
507 1290 -
404 967

AF#(500°)

kd
mole

8347
B2.,9
86,0
83.7
90.3
91.7

* -~ pon-linear Arrhenius plot (i.e.dAEX/4T # 0)

1. Chapter 3

2. Westra, and Dewsy (1971)
3, Johnson and Pavelec (1972)

4, Robinson and Wizenberg (1974)
5, Harris (1967)

k(50°)

-1
sec

2,0E~1

2,7E-1

8.4E-2
2.0E~-1"
1,7E-2
1.0E-2

6, Same data as no., 5, except reduced temperature range

Ref

oA BN



increased due to the disruption of the internal
bonds. Thus the decreased entropy change offsets
the decreased enthalpy change, resulting in only
marginal changes of free energy. In terms of this
naive approach, the existence of the comﬁensation
"phenomenon suggests that the activated complex is
independent of the perturbing forces.

The eriteria, for the demonstration of a genuine
compensation phenomena are'Wiﬁely digputed (Exner
1964; Barnes, Vogel, and Gordon 19639; ILumry and
- Rajender 1970), but the most frequently encountered
- (and the least exacting) is that the data satisfy
the relation in equation 6.8

A = AHs + BAST , -~ 6.8

where A and B are constants. Reference to equation
6.5 indicates that B has the dimensions .of temperature
and is referred to as fhe "compensation" or "iso-kinetic
temperature", This is an appropriate term since the
reaction in guestion theoretically proceeds at the
same rate at this temperature, independently of the
perturbing agent. Similarly A is the ffee energy of
activation at +the iso-kinetic,témperature.

‘Table 6.4 presents inactivation parameters for

protein denaturation taken from Stearn (1949).
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Obsérve that in contrast to the large range of

AH#+ and A5% values  the free enefgy of activation

AF* remains essentially consfant. Rosenberg,
Kemeny, and Switzer (1971) analysed thermal
inactivation data for protein and single celled
‘organisms - virus, yeast, and bacteria and presentéd
similar values of A and B as evidence for protein’
denaturation being a principal mechanism in cellular
inactivation. Iso—kinetic plots of the thermodynamic
variables for protein and single celled organisms are
illustrated in figs.6.6 a,b. The solid line in

both cases is the regressioh line for proteins. -

It is observed that the living organism plot reveals
approximately the same slope as that for proteins, but
in most cases the values for living organisms fall
below the regression line for proteins.

The insensitivity of this type of plot is illustrated
in table 6.5, in which' the thefmodynamic variables for
mammalian cells are tabulated. In the last two
columns the extrapolated:free energy and reaction rate
at 5000 are tabulated. ‘While it is observed that
the points corresponding to the mammalian cells fall
just below the'regression‘line for proteins, the mean

value of AFs at 50°C for mammalién cells is 20% lower
than the mean vhlue for the proteins listed in table

6.4, This difference in AP corfesponds to a factor
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of 2000 for the increased inactivation rate of
‘mammalian cells.

Evans and Bowler (1973) analysed the thermodynamic
_parameters of thermal inactivation of various multicellular
organisms.  The iso-kinetic plot of these déta exhibited
a marginally feduced iso-kinetic temperature compared to
- that for proteins;and'a few unusually high values of AH#
and AS% well in- excess of those observed for any protein
investigated to date. These data, and indeed the data
presented by Rosenberg for Dros:ophila melanogaster,. have
been omitted from this analysis, as possibly inappropriate
due to the complex survival kinetics of a multicellular
organism., |

Evans and Bowler (1973) also suggestlif entropy-
enthalpy occurs in vivo, that the ﬁroteins with the least
value of AH+ will be most rapidly denatured at temperatures
less than the iso-kinetic temperature. If this were the
case, then the most thermally suééeptible proteins would
be relatively non-essential to cell survival, However,
Airas (1972) found that Pantothenate hydrolase exhibited
an activation enthalpy of 220kJ/mole in vitro, compared
to an activation enthalpy of 540kJ/mole in whole cells of
Pseuddmonas_?l&grescens. The metabolites - succinate,
glyoxylate, and oxylate added to the engyme in vitro
resulted in values of 550 to 630 kJ/mole. Thus, it may
occur that proteins are compensated in vivo,resulting in
& narrow rahge of AH* values corresponding to that

observed for thermal sterilization.
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6.3.4. The Effect of Water on Conformation Reactions

The denaturing solvent has already been attributed
& role in the 00mpensat10n phenomenon, While
thermal v1brat10n and electrostatlc repulsion are
primarily responslble for breaking the low energy
" bonds, polar solvents such as water reduce the
already marginal stability of the hydrogen bridges
and bind lightly to hydrogen atoms reﬁlacing internal
hydrogen bridges with water.

If the protein is dehydrated the hydrogen
bridges are more stable and tend to rejoin if
temporarily broken, so that a high activation enthalpy
might be expected. - However, this is not the case,
While the proteins are very heat resistant when
dry, the obseived activation enthalpy is quite low
and the activation eniropy is zero or negative.

This is thought to be the result of a change in
mechanism., In the absence of water, the hydrogen
bridges can be easily re~formed when broken since
they have not beéome hydrated. The. result is
that the molecule does not experience an unfolding
upon activation so that the activation entropy is.
low, "~ Since itjis the large entropy increase
that makes the unfolding‘reaction possible in wet
protein, this mechanism, while probably possessing
the indicated high activation enthalpy, is noti

spontaneous.
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A possible explanation of the observed low
activation energy and zero entrdpy is that rather
than being due to a conformational change, the
denaturation is caused by the breakage of a single
or a few strong covalent bonds at or near the
active site. Since the activation for this breakage
of a single bond requires no disordering of the
molecule, the change in activation energy would be
Zero.

The thermodynamic parameters for thermal
inactivation of Emulsin and Lipase and T1 and
D X 174 virus are given in table 6.5b. The protein
and the virus exhibit parallel changes in the
thermodynamic variables in the wet or dry state,
the most prominent change being to zero or negative

entropy values,

Table 6,5b Thermodynamic paramefers for protein and virus inactivation

by heat.(from Johnson et.al. 1854, Trujillo and Dugan 1972)

Wet Dry

AHs  AS: AF4(50°) k(50°) AHs ASs AF#(50°)  k(500)

K3 ] K3 sec™ kI ] K3 sec™!

mole mole® mole mole mole® mole
PROTEINS
Emulsin 188 273 -99,7 5,13E-4 107 -32.9 -117.6 6.,5E-7
Lipase 101 -54.,4 -118,6 4,5E-7
VIRUS
Tl 397 871 =115.7 1.32E-6 117 0 ~117 8.2E~7
Px174 112 ~26.4 -120.5 2.2E-7
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The data for dry denaturation for both virus
and protein fallcon(and have been included in) the
respective iso—kinetic plots of»figure 6.6. This may
seem : contrary to either the supposition‘of a
common dehaturing mechanism proposed in section
- 6.3.3 or the proposed scheme of dry denaturation, but
probably . reflect. the insensitivity of the iso-

kinetic plot.

6.3.5 The Effect of Pressure on Conformation

Reactions

Equation 6.6 is an abbreviated form of the
more complete relation of equation 6.9 which
takes account of preséure and\volume-changes.
k = KT exp( -AH%* /RT + ASt /R - P AV: /RT)

8 ' 6.9
where P is the pressure and AV$ is the change in
molar volume for activation. At atmospheric
pressures, and assuming AV# is 100 ml/mole, the
pressure term is only'lnl;xlo-4times as large as
the enthalpy-entropy ternm, justifying its usual
omission from biological applications.

An increase in préssure usually decreases the
rate of a reaction involving large volume increases.
Very large pressures have been found to have an
inhibitory effect oﬁ the thermal inactivation of -
some, but not all, proteins, bacterial cells,

bacterial spores, and viruses. (Johnson et.al., 1954)
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6.3.6 Summary of the Evidence for the Implication

of Protein Denaturation in the Thermal

Inactivation of Living Organisms.

For mammalian cells, the primary piece of evidence
for a conformation type of reaction is the exfremely
high activation enthalpy, non-—conformational reactions
exhibiting activation enthalpies significantly less
than 200 kJ/mole. The value of activation enthalpy
of 640 kJ/mole, reported here, which is not atypical
of other mammalian cell lines, may be compared to the
values for thermal induced - depurination of DNA of
120 kJ/mole (Greer and Zamenhof 1962), loss of
transforming ability of DNA of 140 kd/mole (Ginoza
and Zimm 1961), and loss of infectivity of RNA of
80 kJ/mole (Ginoza 1958).

The large entropy increase for éctivation was
obSerﬁed to partially compensate the change in
activation enthalpy for individual proteins and at
least one virus.. Further, various proteins and
various single celled organisms exhibited entropy-
enthalpy compensation displaying roughly the same
iso-kinetic temperature. However the inactivation
rates for living organisms, particularly mammalian
cells, were significantly lower than those for

protein denaturation. The analogy to respective
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radiosensitivities is apparent, but not satisfying.
Finélix the parallel effects, on protein and
living drgaﬁism inactivation, of moisture .content
'and pPressure suggest alcbmmon mechanism, that is
not exhibited in most other physico-chemical reactions,
While the targets for thermal inactivation,and
the reaétion kinetics are not manifest, it is
concluded that protein denaturation is the most
probable mechanism for thermal inactivation of
mammalian celis and other living organisms and that
in the absence of evidence to the contrary it will
be assumed that protein denaturation is the cause

of the observed thermal inactivation of CHO cells,
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6.4 The Thermodynamics of Hyperthermia and

Tonizing Radiation Interaction

6.4.1 Comparison of the Observed Thermodynamic

Parameters

In.the previous section, it was demonstrated that
it was possible to evaluate AFs , AH+ , and AS3
for the thermal inactivation of CHO cells and other
living organisms.,  The separation of the interacting
system into three components, the temperature -
independenf radiation component and the temperature-~
dependent hyperthermia and interaction components,
allows'the assesément of 'a value of AH#* for the
interaction component. Since the interaction
component is an(explicit-function of the radiation

dose, it cannot be treated as a pure rate term.
Therefore, it is incorrect to attach activation
entropy or free energy to the term. However the
activationventhalpy of the interaction coefficient
KI is high enough %o possibly implicate a protein
denafuration as being involved in the interaction.
between hyperthermia and radiation.

Data for mammalian cells that would allow a

direct‘COmparison of the observed temperature
coefficient have not been published. However by

making a few, quite possibly unwarranted aséumptions,
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it is possible to extract values that are

proportional to K. from data sets provided by

I
Robinson and Wizenberg (1974) and Ben-Hur et.al.
(1974). -

Iffthe hyperthermia exposure is a constant time
.at different temperatures, it might be assumed that
the interaction coefficient is proportional to the
increase in radio-sensitivity at the hyperthermic
temperature compared to 37° or 20°C. Thus KI(TO)
= K(1°) - K(37°), where K(T°) is the observed
radiosensitivity at a teméerature T.

Applying this analysis to Robinson's data for
CHL cells, heated for 2 hours, before, during, and
after radiation over the temperature rangelof 40°
to 42°C yields an a&tivation enthalpy for interaction
of about 320 kJ/mole, compared to approximately 680
kd/mole for hyperthermic killing over temperatures
from 429 to 44°c. These Vaiues,_although derived from
sparse data are in good agreement with the observed
activation enthalpies for CHO cells. |

In contrasf, Ben-Hur's data, obtained at a low
dose rate (.03Gy/min), which is the onlyAéet amensble
t0 this analysis due to the technique used; yields an
activation enthalpy for ihteraction_in excess of 1MJ/

mole for temperatures from 400 to 429C. This high
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Table 6.6 Thermodynamic parameters for virus inactivation by

heat, (from Trujillo and Dugan 1972)

Virus dxi74 T, T, N.D.V. T,
Radiation ®0¢q X~Tay X-ray ®0cq 60co
Dose Rate krad/hr 1500 25 25 291 30.6
Conditions Dry Dry Vet Vet Wet
ky A83 J/mole® ~26.5 0 871 93,8 1028
A H# k1/mole 112 117 400 129 450

k; AHs kd/mole 26,8 73.1 252 222 265




value is, however, probably due to two actions,

the normal interaction and a progressive suppression
of concurrent repair of SLD, which at this dose rate
alters the radiosensitivity observed.

More extensive data existf for the interaction that
~ has been observed for micro-organisms. Trujillo
and Dugan (1972) eﬁamined the interaction between
hyperthermia and rédiation for T4 virus and other
data for viruses in the literature. They used

» equation 6.10 to describe survival due to an
exposure of duration, %, to a radiation flux at an
elevated temperature.

-1nS = (KR + Ky + KI) t 6.10
The thermodynamic pafameters for inactivation of
4 viruses are 1isfed in table 6.6.

It is obsefved that the activation enthalpies
for interaction for the three wet viruses are similar
and ail distinctly different from the corresponding
hyperthermia component enthalpies. Perhaps more important
however,«is'the'fact . that the activation enthalpy
for both hypérthermia"killiné'and interaction is
decreased for irradiation under dry conditions.

Fér T1 virus, the decrease in AH7 almost exactly

parallels that for hyperthermia inactivation
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(i.e the ratio of wet and dry AH® 's for killing
and interaction are nearly equal). _‘This suggests
that the same'type of mechanism may be acting for
both hyperthermic killing and interaction.

| Equation 6,10 is superficially similar to
. equation 4,11, To apply equation 4.11 to the
same situation of irradiation for a fixed period
of time at an elevated temperature results in
equation 6.11; in which the various quasi—threshéld
doses have been omitted.

- K, %
=1lnS = (KR + KH + KI Kl/K2 - KI Kl/KEe 27)t

where K, = rate of formation of ISD 6.11.
K, = rate of diSappearanqq.of ISD
Ky = number of lethal events/unit ISD
K, = number of radiation 1ethal.events/unit t;me

.\ QR B

and all the other factors are as'described previously.
If K2 is very large equation 6.1l is approximately
equal Yo equation 6.10. The extreme disparity
between‘this value of K2 and the small value of K,
reqﬁired for éeparated interactions in mammalian cell;
suggests that mechanisms of interaction in viruses and
mamﬁalian'cells are possibly not the same,

| Wood (1954) analysed the temperature dependence

of yeast radiosensitivity. survival was again given
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~as a function of exposure time to a radiation

flux at an elevated temperature. Unlike Trujillo's
data, which exhibited only marginal discrepancies
from a first order exponential survival,for.béth
radiation and hyperthermia, the yeast data exhibitéq

. a curvature of the survivgl curve at high temperatures
and.a persistence of interaction for separated heating
and radiafion,that suggsests a low rate of decay of

the ISD during and after radiation. The observed
activation enthalpies for hyperthermic killing and
interaction were 690 kJ/mole and 355 kJ/mole
respectively, in good agreement with the observatioﬁs

for mammalian cells.



6.4.2 Interaction as a Compensation Phenomenon

If a physico—éheﬁical process exhibited a
true enthalpy-entropy compensation effect, a
pefturbing agent that lowered the activation enthalpy
would increase the rate of the process at any
temperature’below the iso—kinetic temperature.
As the température increased, the relative increase
in.rate“would decrease. |

With a single exception, all of the above

interactions for protein, viruses, yeasts, and
mammalian cells exhibited an activation enthalpy
for interaction that was significantly less than
that for hyperthermic inactivation. The result
is that‘the>relative increase in thermal sensitivity
due to the radiation dose will decrease for increasing
temperature. Thus the interaction between radiation
and hyperthermia might be considered to exhibit a
compeﬁgation effect. That is, radiation might
alter the molecular configuration to allow & thermal
denaturation to occur with reduced enthalpy and
entropy chénges.

Table 6.7 lists the thefmodynamic pafamete}s
for the thermal inactivation data of the previously

described ekperiment.

123




Table 6.7 Thermodynamic parameters for heat inactivation of CHO

cells, 100 minutes after a radiation dose(250 kVUp x-~rays).

RADIATION AH#E AS3E AF# k(46,20)
DOSE (Gy) kd/mole 3/mole® ki/mole -  x10"%sec™t
0 648 1746 90,4 1,08
! 642 1729 90.2 1,16
2,5 584 1548 90,3 1.13
4 567 1495 89.9 1,30
5 577 1527 89.7 1.41
6 533 1389 89,7 1,39
7 471 1194 90, 3 1,13

Note - Dose NModifying Data from table 6.1,




These exhibit a parallel decrease of entropy
with enthaipy,) which if plotted in an iso-kinetic
plot, (not illustrated)vreveals an unrealistic
precision of compensation. This apparent precision
of compensation is due ito the ﬁaét,!first-that:;
AS* is not an independenﬁ quantity but is derived :
a8 &a function of AHs# ,' and second, that the
observation temperatures are very close to the
indicated iso—kiﬁetic temperature of 46.2°C.

Utilising a d@ifferent criterionof compensation
(Exner, 1964) it is observed that the dose modifying
data of figure 6.6 exhibit a more precise compensation
than the unbiased data. While this may be
attributable to a smoothing of the data, it may
equally well be that the assumption of a compensation
process is eqﬁivalent to the assumption of a dose
modifying nature of the interaction.

The fact that the data satisfy a more exacting
criteria of compensation is of little consequence
due to the very small range of temperatures over
which the observations were made. Despite the lack
of data, it is instructive to examine +the hypothetical
response of a compenséted infgraction.

If radiation were to affect every susceptible

hyperthermnia target to the same degree, as perhaps
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by a solvent effect, the interaction would dedrease
with increasing temperature until, at the iso-kinetic
temperature the interaction would vanish. Above

this temperature the interaction would be antagonistic
(i.e% radiationvwould act as a protective agent for
hyperthermia effects).

If radiation were to affect only a subpopulation
of the susceptible hyperthermia targets, perhéps by
direct effects on the individual targets, then the
interaction would approach zero asymptotically as
the temperature increased. This asymptotic approach
would be due to the increasing dominance of the
hyperthermia'éffects on the unaltered {argets.

Thus a compensation phenomenon could explain
the results of tﬁis chapter, The implication would
be that, unlike the deposition of radiation ISD
‘which'must be independent of hyperthermia dose (i.e.
dependent only on the absorption of energy prior
to the hyperthermia insult), radiation would affect
the rate of deposition of hyperthermia SLD. Thus
while hyperthermia appeared to act as an expression |
modifying agent for radiosensitivity, radiation would
be aéting‘as a (hyperthermia) dose modifying agent

for thermal-sensitivity.
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It is important to note that the si&ple
explanation of compensation effects presented in
section 6.3.3 would not account for the observed
interaction for radiation applied after hyperthermia.
Therefore if compensatidn"fié‘responsible for the
observed results, there must bela secoﬁd mechanism
that affects the interaction when the stimuli are
reversed. It seems more plausible, however, that
the compensation effect observed is, rather than
the cause of the interaction, merely the artfactual
result of a less obvious mechanism which is |
'operational independently of the order of radiation

and hyperthermia insults.

6.4.3 Coneclusion

The significance of the activation enthalpy
for K; and the mechanism by which interaction occurs
is not clear, The difference in the activation
enthalpy for KI and KH suggests that the interaction
either involves a hyperthermia ISD that is distinct
in type from hyperthermia SID or is similar, but

arises from a distinct mechanism.
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The first situation would require that radiation
ISD interacted with hyperthermia ISD resulting in
a lethalization of damage that is invariably present.
Thus radiation (and hyperthermia) would be acting
as an "expression modifying agent"v. The second 
situation would require that radiation ISD modified
the damage mechanism producing hyperthermia SLD,
thereby providing a greater yield of SILD. Thus
radiation would be acting as a "dose modifying
agent" for hyperthermia. These data and the
experiment design are not adequate to choose
between them.

In the previous section, the similarities
between cell and. protein inactivation by heat
suggested that protein denaturafion played a part
in the cellular inactivation.

'~ The activation enthalpies of the interaction
coefficient for some wet viruses, yeast, and
mamﬁalian cells are in excess of the values observed
for chemical reactions other than those involving
a large conformational change of the reactants.

For viruses, the bbseréed activation enthalpies
‘display a variation with moisture content that

is typical of protein denaturation. The changeé,
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brought about by a prior radiation dqse, an the
activatidn enthalpy and entropy of thermal
inactivation are similar for both CHO cells and
a protein in solution. Thus, it is. suggested
that protein denaturation involving large
conformational changes in molecular structure
is :;nvolved in the interaction of hyperthermia

and radiation effects on living organisms,
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CHAPTER SEVEN

CONCLUSION




Tl Introduction

The various aspects of the interaction revealed

by the 'preliminary experiments vigz.

1.

2.

3.

4.

that hyperthermia increases the slope
of the radiation survival curve,

that radiation increases the slope of
the hyperthermia survival curve,

that increasing hyperthermia doses
result in increasing radiosensitization,

that hyperthermia administered before
radiation increases the extrapolation
number of the radiation survival curve,

that increasing temperature results in
an increase in radiosensitization by
hyperthermia,

that increasing temperature results in
a decrease in thermal-sensitization by
radiation,

are resolved as the non-conflicting results of

equation 7.1,

-1nS(%,T,D) = DKy + t"KH(T_)'+ D' YKL (T),

where t = hyperthermia dose

T = temperature

D = radiation dose

KR = radiosensitivity

KH'z thermal-sensitivity

KI = interaction coefficient
and

The interaction term, being a function of both

JKL/4T > aK. /3T

T.1

radiation dose and hyperthermia dose, accounts for

the first.three observations,

radiation ISD (D-D'") accounts for the fourth,

observation.
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The fifth observation is explaihed by the
temperature sensitivity of interaction being
non zero, while the sixth observation is a result
~ of the temperature coefficient of interaction
being less than the normal hyperthermia component.
Thus this simple approach has placed this at first
confusing array of observations into perspective.

This investigation, while having given in-
sight to some aspects of the interaction, has
raised questions about the distinction of targets
for cell killing and interaction and about the
role of high LET radiation events in cell killing
and damage. A final experiment with relevance
to the latter gquestion is described. Conclusions

are made and further research suggested.
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7.2 A PFinal Experiment

It was anticipated that it would be possible
to repeat the experiments described in chapter five,
collecting data simultaneously for the neutron-
hyperthermia and gamma-hyperthermia surfaces.

This would eliminaté the experiment to experiment
instability,  that lends a‘certain dubiety to the
conclusions reached in chapter five. Unfortunately,
this was not to be the case, as a suitable neutron
generator was not available for the remainder of
this period of investigation.

In addition, the validity of the comparison
depended heavily on the éupposition that the
interaction between radiation.and hyperthermia
decreased for decreasing dose rate, contrary to
one set of published results (Ben-Hur et.al. 1974).
To confirm this aspect, another investigator, at
my suggestion and to my design, performed the

following experiment.

7.2.1  Experiment Design

CHO cells, suspended in Hams F12 at a
concentration-of l.é5 X lO5 cells/ml in threé

plastic T30 flasks, were either untreated or given
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3.0 Gy of radiation at a dose rate of 0.12 Gy/min
(4 m SCD) or 0.92 Gy/min (46 cm SCD). One flask
was irradiated at the low dose rate, followed
immediately after by the irradiation of the second
flask at the high do;e'rate. The total time
interval between the completion of the two
irradiations was six minutes.

The cells were diluted and plated into
lreplicate T30 flasks at concentrations of 500, 750,
1000 cells/flask depending on the radiation treatment.
One hundred minutes after the high dose rate
irradiation was completed, these flasks were heated.
to 42°¢ (41.96%0). Samples from each radiation
population were removed at 30 minute intervals.
After one hour at room temperature, the plates
were incubated at 3700 for six days, stained, and

counted.

Te2.2 Results

Table 7.1 lists the mean plating efficiencies
and parameters MH and KH'of three experiments.
The survival curves, norma;ized to unity at zero

hyperthermia dose, are illustrated in figure 7.1.

Table 7.1. .

Dose Rate Plating Efficiency oMy KH(xlo'zmin'lf
0 . .950%.029 ' 1.625,30 1.60%.14

.12Gy/min 795,033 - C 1,471,102 1,54%,11

.92Gy/min .526%.076 1.54%,15 2.35%,07
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It is interesting to note the plating efficiency of
95% obtained with a different subclone from the
~same parent stock, but othérwise apparently unchanged
materials or procedures. The slope of the
unpértufbed survival curve is lower than that
observed for the neutron and gamma interaction
experiments, but not outwith the range of the
observed thermal sensitivities at 42°C.

Tel.3 Discussion

The results of this experiment are +twofold.
Pirstly, the results yield fundamental insight into
the nature. of ISD. Secondly, the results lend
credence to fhe suggestion of a high LET intefaction.

The observation of inereased extrapoiation numbers
for sensitized radiation survival'(section-3.4.l)
suggestisa cellular capability of acéumulating ISD.

. The relaxation experiments (section 3.4.2) demonstrate
a cellular ability to repair ISD. Finally the above
experiment demonstrates that at a low dose rate there
is a concurrent revpair of radiation ISD during
irradiation. This reﬁair appears to be complete,
compared to the lesser degree of fepair bbserved for
radiation SLD sﬁggesting a further dissimilarity

between radiation 15D and SLD.
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The results of this experiment verify the
suggested change of interaction coefficient with
‘radiation dose raté. Since the experiment simulates
the low LET radiation characteristics for both the
gamma-hyperthermia and the neutron-hyperthermia
experiments of chapter five, the suggested upper
limit of {the interaction coefficient of the neutron-
hyperthermia interaction K; (neutron) = 0.75 x KI
(gamma) seems over cautious. Purther if the
gamma~kill component of neutron irradiation was

similar to +that of 60

Co at a comparable dose rate,
it may be concluded on the basis of these experiments
that virtuaily none of the interaction need bé
attributed to the-low LET component and‘therefore
nearly all of the interaction can be attributed to
the high LET component of neutron rédiation.

As a qualification to the above, it should be
observed that if the ion-kill component of the
neutron'effects reduces the capacity for the repair
of ISD contributed by the low LET component, the

observations could be explained, but not without

fundamental alteration to the Katz theory.
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Te3
Te3.1
1.

Te3e2

Conclusions

Firm Conclusions

The interaction between radiation and
hyperthermia depends explicitly on the
radiation and hyperthermia dose in an
apprgkimately linear fashion,

The interaction occurs when radiation

and hyperthermia are given simultaneously

or separated.

Under certain circumstances, the interaction
exhibits a relaxation for increasing time
intervals between the radiation and
hyperthefmia dose.,

CHO cells are capable of an essentially
total repair of radiation ISD during low
dose rate irradiation. '

A variation of the magnitude of interaction
occurs with a variation of radiation gquality.
The interaction component for hyperthermia
following x-rays is less temperature
sensitive than the normal hyperthermia

Cdinactivation component.

Supported Conclusions

Hyperthermia inactivation is associated
with profein denaturation.

Radiation. and hyperthermia interaction
is associated with protein-denaturation.
At least a.part of the radiation ISD is
of a different nature from radiation SLD.
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4. Some of the high LET radiation events
are capable of depositing ISD without
killing the cell.

- (or) 5, High LET radiation events interfere with

' the concurrent repair of low dose low
‘LET events.

6. Since the Katz theory cannot account
for either 5 or 6, it is fundamentally
inadequate and requires review.

Te The interaction between radiation and
hyperthermia exists for reasons other
than a complementary cell age sensitivity
distribution (Appendix III). |

Ted Future Developments

7.4.1 High LET interation

The experiments investigating neutron- hyperthermia
interaction would be lesékambiguous if an assessment
of low LET interaction could be made simultaneously.
It is therefore tentatively planned to repeat the
matrix experiment of chapter five, by simultaneouslj-
collecting dafa for three neutron doses and three
6000 gamma ray doses at a comparable dose rate.

This procedure will eliminate the inter-experiment

variability that prevents an unequivocable statement.
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six, might be clarified by renzating thes

T.4.2 Temperabture Jensitivity of Interrction

Tne interpretation of tne experiments of chavter

(€]

exneriments
reversing the order of apnlication of the two stimuli.
This would eliminate>the possibility of & direct
radiation effect om the hyperthermia inactivation
reaction and rule out an enthalpy~sntropy compensation

phenomenon as the factor responsible for the interaction.

Tedel3 Interaction Relaxation

This aspect of the interaction was only briefly

touched upon in this investigation and then primarily

ay

s an assessment of experimental stability. Tne
comparison of the rates of repair of SLD and I3

would provide . additional insight into their natures.
If hyperthermia 3LD and ISD are the results of
irreversible protein denaturation, repair might be
expected to occur as a result of a synthetic process.
Thus the repair of hyperthermia I3D and LD should
exhibit a strong temperature dependence unlike that
observed for radiation. The phenomenon of induced
thermotolerance (which was not observad for this cell
line) might be investigated in relation to interaction.

If the decreased thermal seusitivity was not associated
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with a decreased interaction, this would suggest
that hyperthermia ISD and SLD mechanisms were not

coupled.

7.4.4 The Oxygen Effect

Experimentally deriving the oxic and anoxic
survival surfaces would allow an assessment of the
oxygen effect for each component separately. Thus
the relative importance of direct and indirect
radiation effects on the interaction could be
assessed. If, in addition, the oxic and anoxic
high LET interaction surface could be determined,

considerable further analysis would be possible.

Teb The Application of the Component Approach

In Vivo Situation

The component approach to radiation-hyperthermia
interaction is straightforWard due to the existence
of only two states of the outcome, however, for the
critical situations of tumour control in vivo,
additional factors and additional possible outcomes
modify the simple situation described in‘vitré.

Indeed it is these additional factors that will
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ultimately guide the therapist towards a particular
combination of treatments.

However, it is felt that there might be a few
model systems fbr which the component approach may
be ut}lized and provide useful information for the
appiicétion of intefaction therapy to more complex
in vivosystems.

Assume that for an - in vivo systeq; the end
point in guestion may be reached by either radiation
or hyperthermia alone. FPor simplicity, assume that
this is a tumour control system. It has been
demonstrated that cell survival for two different
configurations of the combination of hyperthermia
and radiation can be represented approximately by

~1lnS = D'Ky, + t'KH + D"t"KI . Te2
This egquation can be solved for a dose D to yield
- a particular survivel level as a function of the
éssociated hyperthermia dose resulting in the iso-
survival plots shown earlier. It might be expected
that a plot of TCD5O as a function of the associated
hypertherﬁia dose should have the same general shape
as one of the iso-survival contours. Thus it would
be possible to infer the relative magnitude of the

interaction.
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Ignoring the quasi-threshold doses in equation 4.11,
this can be solved to yield

D = constant - it
S — Te3

RCD5O(t) = RCD ) - b

50(°
1 -t a

7.4

~where RCD5O(t) is the 50% control radiation dose
observed in conjunction with a hyperthermia dose, t,
and RCDBO(O) is the unperturbed RCDSO = TCDSO'

The parameter, «, ylields the equivalent radio-
sensitivity for the hyperthermia treatment,

where HCD5O(0) is the umperturbed hyperthermia 50%

~

control dose.
_ In this simple case in which the guasi-threshold

doses have been ignored,.@ is equal to KI/KR and

is equal to KH/KR’ Evaluation of g and B at various

temperatures would allow an in-vivo assessment of

the temperature dependence of hyperthermia and

interaction effects.

One can only speculate‘as to what the gquasi-
threshold doses fof the normal components of radiation
and hyperthermia are and these would have to be
neglected., However the interaction quasi-threshold

doses are measurable and crucially important to the
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determination of #. A typical RCD5O(t) curve
hight be expected to appear as in'figure Te2.
Observe that the curve for small hyperthermia dose
t, is first negatively curved and then positively
cuﬁved. - The extrapélate of the positively curved
portion at the RCD5O(0) value yields the hyperthermisa
interaction quasi-threshold dose, th, qu may
be similarly determined. Bquation 7.4 then applies
in the transformed co-ordinate system (t—et—tql,
D=D - DqI) indicated by the dashed lines in
figure 7.2.

Equation 7.3 is independent of‘the test effect
and therefore could be used to determine xand 4
for any number of situétions, malignant or normal,
provided these fulfilled the basic requirement of
yielding the end point for both treatments separately.
Despite the fact that this approach is limited to
those experimental systems which do not require the
coﬁbined treatment in the first place (i.é. curable
by either treatment alone), this technique will
yield vital informationafhat might be applied clihically
bto design coﬁbination therapy which would be capable
of dealing with radio-resistant and thermal-resistant

neoplasms.,
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The questions to be answered that could

be determined by this approach are -

1.

Do hyperfhermia and radiation interact
in vivo?

Does fractionated hyperthermia radiation
treatment yield an enhanced (reduced)
interaction? '

What are the effects of tumour nutrition,
pH, and oxygen tension on the interaction?
Is there an optimum combination of
radiation and hyperthermia dose in terms
of immediate or long term side effects?
What is the variability from tumour to
tumour and system to system in thermal-
sensitivity and interaction?
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APPENDICES



I1 The Effects of Hyperthermia at the
' Subcellular Level
I 1.1 The Effects of Hyperthermia on
Cellular Respiration

Respiratory activity essential for the ultimate
formation of high energy phosphate bonds has received
much'attention particularly with regard to a
differential sensitivity of normal and neoplastic cells.
The hypothesis of a differential respiratory requirement
of normal and neoplastic cells, as proposed in the
Warburg therory of oncogenesis, is today in some
doubt (Pitot, 1966). However, there is an abundance
of reports citing a differential effect of hyperthermia
on normal and neoplastic cells with regard to
respiratory activity.

Westermark (1927), using Warburg manometry,
measured the respiratory response to hyperthermia in
tumours-and normal tissues of the rat. The rates of
aerobic and anaerobic glycolysis of the Flexnor-
Joblings carcinoma and Jensens sarcoma decreased
after exposure to temperatures of 45‘500 to 49°¢C.

The decrease in rate was evident after a 30 minute
exposure and was completely inhibited after 85 minutes
at 45.5°C. In contrast, the oxygen consumption
remained constant until anaerobic glycolysis had .been
depressed to negligible levels, Tissues from normal
liver and spleen exhibited a similar constancy of
respiration and indeed maintained the respiration

for longer exposures before being depressed.

Johnson (1940) reported a decrease, but not
complete inhibition, of anaerobic glycolysis in
slices of Jensen sarcoma and Walker 256 carcinoma of
rats, over the temperaturé range from 42.500 to 47°C.
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Burger and Fuhrman (1964 a, b), investigating the
response to thermal injury in different normal
tissues of the rat, observed that the rate of
oxygen consumption fell off smoothly as a function
of time at the elevated temperature, over the range
of 40° to 47.5%.

Dickson and Shah (1972), investigating a cell
line derived from a chemically induced Adenocarcinoma
of the breast in rats, observed that respiration
decreased for exposures at temperatures over 40°C.
Anaerobic glycolysis was only affected after long
periods of heating. They noted that only in cells,
heated long enough (6 hours 42°C) to prevent the
growth of tumours, were respiration and anaerobic
g€lycolysis irreversibly depressed.

Muckle (1971, 1973) and Dickson (1972) together
investigated the effects of hyperthermia of normal
tissues and the VX~2 carcinoma of the rabbit.- _
Measuring the respiration both during and after
heating, they observed that oxygen consumption
increased at temperatures up to 40°¢. At 4200,
the oxygen uptake was significantly depressed in the
VX-2 cells, but not in samples from skin, lymph node,
or lung of the rabbits. Cells derived from lymph
node metastases exhibited an initial depression of
respiratory rate, but whereas the tumour oxygen uptake
fell off after four hours, the metastatic cells continued
to respire at the same reduced rate.

The effects of an in vivo application of
hyperthermia on respiration rate were assayed by
heating the VX-2 tumour in a waterbath maintained
at 46°C. The entire hind limb, in which the tumour
was implanted, was immersed and the intra-tumour
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temperature was maintained at 42°C for 1 hour on
three consecutive days. Slices and cell suspensions
of the tumour were then assayed for respiratory
activity at 37°, revealing a decrease in oxygen
uptake which persisted for four weeks.

Cavaliere (1967) and Mondovi (1969), together
with others, observed the rates of oxygen consumption
and eanaerobic glycolysis of several tissues, during
and after hyperthermia. They experimented with
the addition of .015M glucose + .013M suceinate,
which will be referred to aé the presence of
substrates in the discussion.

A human melanoma, in the presence of added
substrates, exhibited a slight inhibition of oxygen
uptake during exposure at 430.

An Erlich ascites tumour, propagated in Swiss
mice, exhibited a depression of respiration during
exposure at 44°C in the absence of substrates, but
with added substrates, exhibitéd\respiration rates
' greater than the controls incubated at 38°C.
Anaerobic glycolysis was unaffected by hyperthermia,

Respiration and anaerobic glycolysis, in
normal liver of rats, was unaffected during hyperthermia
at 42°C, both with and without the presence of
additional substrates.

' The resPirafion rate of regenerating rat's
liver was higher than that of normal liver and only
marginally affected during hypérthermia at 4200,
both with or without substrates. However, if the
‘rate of respiration was measured after hyperthermia
exposure, the respiration rate was unaffected by
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even 3.5 hours at 44°, The rate of anaerobic
glycolysis, higher than in the normal lines, was
unaffected by hyperthermia.

A minimum deviation 5123, hepatoma of the rat
exhibited a rate of anaerobic glycolysis, less than
that of the normal liver, that was insensitive to
hyperthermia, Similarly the rate of respiration
during hyperthermia was not affected by temperatures
of 430 both with and without substrates. However,
if the respiration rate was measured at 3800 after
3.5 hours at 43°C, there was a significant depression.

A Novikoff hepatoma of the rat exhibited no
effect of hyperthermia on respiration during incubation
at 42°C, but exhibited a significant depression
after a 90 minute exposure at 43°., If the cells
were heated anaerobically there was no effect on
anaerobic glycolysis either during or afdter exposure
at 43°c. ‘However, if the exposure at 43°C was
under aerobic conditions, a 25% reduction in anaerobic
glycolysis was observed.

It was observed for the Novikoff hepatoma that,
if the cells were heated at 38°C and 43°C and then
disrupted and homogenized, a differential effect
on oxygen uptake still existed. In contrast, if
the cells were disrupted and homogenized before
exposure to either 380 or 4300, oxygen uptake was
observed, but there was no differential for the two
temperatures. -
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I1l.2 The Effects of Hyperthermia on Nucleic Acid
and Protein Synthesis

Synthetic activity is of obvious importance to
the reproductive integrity of the cell. Protein
synthesis occurs to replace proteins that are
continuously denatured at environmental temperatures.
Some of these proteins, as'enzymes, catalyse the
biochemical reactions in the cell. The acid
hydrolases catalyse the replication of DNA required
for division and the formation of the various RNAs.
required for protein synthesis in the first place.
This synthetic system is then a feedback system in
‘which effects in one stage of the feedback loop
necessarily affect the other stages.

Dickson and Shah (1972); investigating a
malignant cell line, derived from a chemically
induced rat - breast carcinoma, observed significant
reductions in the incorporation of labelled precursors
‘of RNA, DNA, and protein, after exposure to elevated
temperatures. The effect of hyperthermia was most
severe on cells that were actively traversing the
cell cycle. Six hours at 420 resulted in an in-
hibition of DNA, RNA and protein synthesis.  Three
hours at 420, however, resulted in an inhibition of
RNA synthesis only. Despite DNA and protein levels
‘being unaffected there was no cell division until
RNA synthesis had returned to near control levels.

Palzer and Heidelberger (1973 a) using Hela
cells determined that, during a 2 hour exposure at
42°¢, the incorporation of DNA, RNA and protein
precursors was inhibited. In contrast to Dickson's
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(1972) observations, they observed that DNA synthesis
was the most affected, protein the least, and RNA
was intermediate.

Levine and Robbins {(1970) measured precursor
uptakes during heating at 42° in 2 heteroﬁloid
lines; Hela and KB, and 5 human diploid lines.

For Hela cells after two hours, only the DNA precursor
uptake was low, RNA and protein precursors being

above the control level. After six hours, RNA
synthesis had only marginally decreased. After

24 hours at 420, all three synthesis rates were

about 10% of control levels.

The precursor uptakes of the contact-inhibited
human diploid lines were markedly different. After
48 hours at 42°, one of the lines exhibited a
marginal depression of DNA and protein synthesis.
After five days at 420, all three precursor
uptake rates were at about 25% of control levels.
After nine days at 420, DNA synthesis was at control
levels, RNA synthesis exceeded control levels, and
only protein synthesis remained low at 22% of the
control value, ‘

If the human diploid lines were heated while
still actively dividing, they exhibited a response
“betweén that given for HelLa and contact-inhibited
diploids." :

Mondovi et. al. (1969) investigated nucleic
‘acid and protein synthesis during and after hyperthermic
exposure of normal and neoplastic tissue of the rat
and a human osteosarcoma. A depression of precursor
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uptake was observed, both during and after hyperthermic
exposure in the Novikoff hepatoma. Measurements made
on the minimal deviation 5123 hepatdma and a human
osteosarcoma after hyperthermic exposure demonstrated
similar depression of synthetic activity. Regenerating
liver cells exposed at 43° for two hours, in contrast,
showed increased thymidine and amino acid uptake and
less than a 10% depression of uridine uptake.

A cell free homogenate exhibited unchanged uptake
of thymidine after exposure at 430 for two hours, in
contrast to the intact cells.

The effects of a number of inhibitory and
stimulatory drugs on hyperthermic response add
additional insight. Giovanella and Heidelberger
(1968) observed that FUDR, a DNA inhibitor, increased
11210 cells'resistance to hyperthermia. L-erythro-

& g8 —dihydroxybutyraldehyde doubled DNA synthesis at
\420 and sensitized regenerating liver cells to 42°
exposures.

BUDR, an analogue of thymidine, is synthesized
in DNA molecules, The incorporation of BUDR sensitizes
cells to radiation, but Schindler et.al. (1966) reported
that BUDR d4id not sensitize cells to hyperthermia,

Palzer and Heidelberger (1973 a,b) observed that
some chemicals, that inhibited DNA and protein synthesis,
protected Hela cells from hyperthermia at 4200.

All chemicals tested that inhibited RNA" synthe51s,
sensitized the cells to 42°C. '

McCormick and Penman (1969) observed a rapid
disaggregation of polyribosomes in Hela cells incubated
at 42°C. The breakdown of the polyribosomes, observed
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'by ultracentrifugation of cytoplasmic extracts in
sucrose gradients, was associated with a decrease in
protein synthesis, as measured by electrophoretic
separation of labelled proteins.  After about 60
minutes at 42°, polyribosomes were observed 10
reform and the rate of protéin synthesis returned
to the control rate. If the cells were cooled to
37° after 10 minutes (maximum disaggregration) at
420, polyribosomes were observed to reappear in-
dependently of RNA synthesis, determined by adding
-Actinomycin D, an inhibitor of RNA polymerase .
after the hyperthermia insult. However,if
Actinomycin D was added while the cells were at
420, the reformation of polyribosomes and subsequent
restoration of protein synthesis was not observed.
Warocquier and Scherrer (1969), also
investigating Hela cells exposed to temperatures of
4200, observed that a particularly stable form of
RNA, thought to be ribosomal RNA, is not formed,
although labelled uridine is incorporated at a
near normal rate. Using sucrose gradient technigues,
they observed that labelled‘455 rRNA precursor was
not be;ng converted to functional .28S and 185 forms
at the elevated temperature, whereas non-ribosomal
RNA appeared in the cytoplasm at the normal rate.
Heine et.al (1971) investigated changes in the
ENA components of Hela cells after hyperthermic
exposure. At 41°C there was little effect on either
the cytology or in the distribution of RNA components.,
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At 42° - 43°C, electron microscopy revealed a

partial loss of the granular component of the nucleolus
and that the polyribosomes had disaggregated.

" Formation of 45S precursor rRNA was only partially
inhibited at 43°C, but the conversion %o the

active forms was inhibited, whether or not the 4585
form was synthesised at 43° or 37°. After 24 hours,
the cells had regained their original cytological
characteristics.

Simard and Bernhard (1967), investigating
nucleolar lesions due fo hyperthermic exposure of
BHK cells, observed & loss of granular component
which they identified as ribonucleoprotein. They
observed a loss of intranucleolar chromatin and a
disappearance of the nucleolar reticulum. High
resolution auto-radiography revealed that labelled
uridine, incorporated after 60 minutes at 430, was
only marginally incorporated into the nucleolus,
whereas the nuclear incorporation was only down by
20%., Uridine being present 30 minutes before heating
resulted in normal nucleolar labelling at both 37°
or 430. The authors hypothesized that hyperthermia
inhibited the nucleolar synthesis of rRNA precursor
and that this synthesis was DNA dependent.

Simard (1969) and Almaric (1969), together
with Zalta, observed similar results in ascites
tumour cells of the rat. They attributed the
disappearance of the granular'ribonucleoprotein
and the resulting inhibition of the 455 -~ 308
“transition occurring at 450, to a thermodynamic
equilibrium between the fibrillar and granular forms.,
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Love, Soriano, and Walsh (1970) observed similar
cytological changes in Hela cells, BHK 21 cells, and
three lines of human diploid cells after exposure to
46°C for 15 to 60 minutes. They noted the disappearance
of nucleolar DNA. The granular component of the
nucleolus disappeared while the fibrillar component
became diffusely distributed. Again, polyribosome
disaggregation was observed. They observed cytoplasmic
inclusions in cells that contained nucleoli and
hypothesized that these were derived from the nucleoli
due to the similar appearance of the inclusions and
the nucleoli,

Similar observations have been made on several
species of protozoa, Schiebel et.al (1969) observed
a disaggregation of polyribosomes and an associated
decrease in protein synthesis for exposure of
Physaram polycephalum to a temperature of 409 for
10 or 30 minutes. The-normal incubation temperature
was 27°C. (

Levy et.al (1969) observing the effect of a
temperature of 34°C on Tetrahymena pyriformis, observed
the disappearance of the rough endoplasfic reticulum
and an associated inhibition of protein synthesis.
Again Tetrahymena reproduces at 27°C.

Byfield and Scherbaum (1966 a, b; 1967a,b),
investigating hyperthermic treatments of Tetrahymena
pyriformis, observed a temperature dependent decay
of acid insolublé RNA within the cell. At 34°, as
opposed to a growth temperature of 29°C, RNA synthesis
was not greatly inhibited. If Actinomycin D was
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was administered, stopping RNA synthesis, RNA levels
in cells at 29°C remained constant, but at 34° a
'decay of RNA was observed. Bernstein and Zeuthen
(1966) observed an inhibition of RNA synthesis at
34° for Tetrahymena.

The observations on the protozoa are not in~ * .
consistent with and in some instances, are identical
with the observations made on mammalian cells,
despite the hyperthermic temperature being 10°¢
lower for the protozoan observations. This fact
coupled with the two observations by Mondovi et.al
(1969) and Cavaliere et.al. (1967), that DNA synthesis
and oxygen uptake of cell free homogenates of '
Novikoff hepatoma are unaffected by hyperthermia,
suggests that rather than being the result of a pure
thermodynamic effect on a physico-chemical equilibrium
the observed effects, as suggested by Mondovi, are the
result of disruption of cellular organization,
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I 1.3 The Effects of Hyperthermia on
Membranes and Lysosomes
Cellular membranes are thought to be composed
of lipids and possibly. proteins. In the older
literature a theory of "lipoid liberation " was

. put forward as a mechanism for heat injury. This

theory proposed that heat injury comes about as a
result of melting the lipid components of the
membrane. Lipids do in fact show crysﬁalline to
liquid-crystalline to liquid transitions at
temperatures related to‘the~degree of unsaturation
in hydrocarbon chains, but the temperature at which
these occur varies by more +than 70°C for different
types of lipids, It is further thought that
‘membranes may actually require liguid lipids
(Chapman 1967).

The effect of hyperthermia on lysosomes has
been included in this section on the sﬁpposition
that lysosomal action is regulated by the permeability
and integrity of the lysosomal membrane.

Turano et.al. (1970) investigated the thermal
lability of lysosomes isolated from normal and
neoplastic tissues of rats. While the isolated
lysosomes were labile at 3800, incubation at 43°C
increased the rate of release of RNAase, cathepsins,
acid phosphatasé, and DNAase. The lysosomes from
Novikoff hepatoma cells were more sensitive than
either normal or regenerating liver cells, both
at 38° ana 43°c. Damaging the lysosomes by
photolysié, while depressing the reépiration of
intact Novikoff hepatoma cells, did not prevent a
further inhibition of respiration by hyperthermic
exposure. ‘
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Similarly inhibition of the lysosome action by
trypan blue did not prevent respiratory inhibition
by hyperthermia.

Overgaard and Overgaard (1972b) measured the
amounts of acid phosphatase and cathepsin D in a
homogenate from a mouse mammary tumour. An immediate
increase of the acid hydrolases after 30 minutes at
42.500, was observed, in contrast to slightly reduced
levels after a radiation dose of 800 rads. .

Levine and Robbins (1970) observed no cytological
change in the appearance of the lysosomes in Hela
cells after 42° exposures. Contact-~inhibited
humen diploid lines took up choline and linoleic
acid, presumably for lipid synthesis, at a higher
rate at 430 than at 3700. Burger and Fuhrman
(1964b) found very little acid phosphatase accumulstion
in normal rat tissue at temperatures from 380 to
4200, but observed potassium leakage at these
temperatures. Dickson and Shah (1972) observed
cellular leakage of lactate dehydrogenase in SDB
cells after 3 hours at 42°C. Hahn, Braun, and
Har-Kedar (1975) observed that at 43°C the drugs,
Adriamycin and Bleomycin penetrated the cellular
membrane of HAl cells more readily. ‘

Levy, Gollon, and Elliott (1969) observed that
after Tetrahymena pyriformis were exposed at 34°C
7° above the optimum growth point, there was no
gross evidence of an effect on lysosomal engzymes,
in that 80% of acid phosphatase and proteinase
remained bound. Byfield and Scherbaum (1967b)
observed that, in contrast to the decreased protein
synthesis at 3400 of Tetrahymena, labelled glycerol
~incorporation into lipids was enhanced. Rosenbaum,
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Beach, and Holz (1966) found that in a strain of
Tetrahymena, adapted for full growth at 370, the
addition of phospholipid or neutral lipids, but
not phospholipid precursors, to the medium enabled
the organisms to divide at 40°¢c. |

Dye exclusion tests for cell viability reflect
the competence of certain cellular membranes.
Harris (1966) demonstrated that staining with either
trypan blue or erythrosin B, after hyperthermia, -
indicated higher viability than was obtained by a
direct assay of colony formation. Similar
observations have been made with L1210 cells in
an in vitro - in vivo assay with VX-2 tumour in
vivo, and SDB cells in vitro (Giovanella, Lohman,
and Heidelberger 1970; Muckle and Dickson 1971;
Dickson and Shah 1972).
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I 1.4 The Effects of Hyperthermia on
the Mitotic Cycle and Mitosis
An agent that brings about a decrease in

reproductive integrity must necessarily have a gross
effeet on the mitotic cycle and mitosis. Hyperthermia
has been demonstrated to have very marked effects

even for sublethal doses. The effects of mitotic
activity and the cell cycle position on cellular
sensitivity have been noted above. Effects on the
duration of the mitotic cycle, the duplication
fidelity, the induced delay before mitosis have also
been reported.

Rao and Engelberg (1965), observing Hela cells,
and Sisken (1965) observing human amnion cells in
vitro, noted an increase in the duration of the
complete mitotic cycle for temperatures above or
below the normal growth temperature of 37°C.

In both cases, the duration of mitosis was most
critically affected. Sisken further obéérved,

of the various stages of mitosis, that metaphase

was the most sensitive, prophase was intermediate,

and the duration of anaphase was virtually independent
of the temperature from 34° to 40°C.

Ostertag (1964) exposed human epidermis cells
in culture to a temperature of 5600 for 1 hour.

The 95% diploid line, after one month, was observed

to be over 50% tetraploid and 20% octoploid. After
six months the cell$ line had returned to its original
ploidy, presumably due to a decreased division
probability of the polyploid cells.
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Kase and Hahn (1975) subjected normal and
virus-transformed embryonic lung fibroblasts to
a temperature of 43°C. They observed that, 24
hours after a four hour exposure at the elevated
temperature, a large proportion of the normal cells
contained approximately double the DNA content of
unheated normal cells. The transformed cells had
a high incidence of tetraploidy before heating, but
46 hours after a one and a half hour exposure, the
tetraploid population increased with a corresponding
decrease in diploid numbers. Westra and Dewey (1971)
found that six minutes at 45.5°C induced 90%
tétraploidy in CHO cells.,

Westra and Dewey also observed that there was
delay of about one mitotic period before cell
division commenced. Similar observations have
been made (Dickson and Shah 1972; Palzer and
Heidelberger 19733 Leeper and Henle.19'74; Kal,
Hatfield, and Hahn 1975). Wang (1974) observed
that temperature sensitive mutant CH cells were
blocked in metaphase at 3900. The mitotic figures,
being similar in appearance to those observed after
a Colchicine block, suggested that hyperthermia may
be affecting the mitotic spindle. :

Several investigations of the application of
repeated hyperthermia exposures as an inducer of :
synchronous division have been reported (Martin and
Schloerb 1964; Bernstein and Zeuthen 19663 Sapozink,
Deschﬁer, and Hahn 1973; Dietzel 1974).

Evidence from these and the preceding reports

suggests that there is a gross effect of hyperthermia
‘ on important cellular mechanisms, and that normal
tissues are less sensitive than neoplastic tissues.
I+t has not been demonstrated that these are primary,'
as opposed to abscopal, effects of hyperthermiaa
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I 2 The Effects of Hyperthermia on Chromosomes
and the Repair of DNA Damage

Chromosome aberrations, microscopically visible
defects in condensed chromatin, have been well
correlated with lethality in at least one x-radiation
system (Dewey, Furman, and Miller 1970; - Dewey,
Miller, and Leeper 1971). That is, a radiation dose
that reduced the survival to e"l produced on average
one chromosome aberration per cell irrespective of
cell phase'or sensitization with Colcemid or BUAR.

The same authors (Dewey, Westra, Miller and Nagasawa
1971), in contrast, observed that chromosome aberrations
were well correlated” erly during S phase after heat
treatment at 45.5°C. Both during M and Gl phase

the number of chromosome aberrations was too low to
account for the lethality observed. This, hdwever,
does not rule out damage to the DNA as the principle
target of inactivation since there may be more subtle
damage involved that has not, as yet, been demonsirated.

Ben-Hur and Elkind (1974b) investigated the effect
of hyperthermia on the repair of DNA damage due to
radiation. Using a technique of ultracentrifugation
of lysed DNA in a sucrose density gradient, they
were able to separate different molecular weight
fractions of the DNA present in irradiated cells.
Small radiation doses (17Gy) are sufficient to break-
down a fraction with a molecular weight of approximately
ten times that of single stranded DNA. The authors
refer to this fraction as the DNA complex. Larger
doses cause breaks in the single strands resulting
in even smaller fractions to be separated.

Interestingly enough, incubation at 42 C after
radlatlon (58Gy) resulted in faster repalr of single
strand breaks compared to repair at 37 C.
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The V79 cells were capable of rejoining approximately
90% of the single strand breaks. At 42° this was
complete in 40 minutes, however further incubation
at this tempefature t0 5 hours resulted in the
reappearance of a small molecular Weight fraction
indicating further degradation of the DNA.:

After small radiation doses (17Gy), repair of
the complex at 37° was complete in 45 minutes as
evidenced by the disappearance of the single strand
peak and réappearance of the complex peak at the
bottom of the gradient. At 42°C, after 90
minutes, the single strand DNA peak had disappeared,
butlreformation of the complex was judged to be -

atypical, due to the non-reappearance of a single
complex peak.

A comparable dose at.a low dose rate, (.12Gy/
min) resulted in little effect on the complex at 370,

- but a comp}ete disappearance of the complex at 420.
This illustrated that at low dose rates repair of
the complex was occurring and hyperthermic exposure
suppressed this repair. This further supported
their contention that the effect of hyperthermia
on radiation sensitivity is due in part to a
‘suppression of repair of sublethal damage. - (Ben-
Hur, Brenk, Elkind 1972).

Similar investigations of the interaction. of
hyperthermia and methyl methanesulfonate, MiS, a
radiomimetic alkylating agent, have been reported
(Ben-Hur and Elkind 1974a ; Bronk, Wilkins and
Regan 1975). The authors did not investigate the
drug intracellular concentration (Hahn et.al. 1975)
or the activation enthalpy for the drug reactions
"(Johnson and Pavelec 1973) so that the mechanism
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of synergistic action is disputable. The authors
however suggest that the interaction arises, in

part, due to0 a éuppression of SLD repair and corroborate
this with effects on the repair of single strand

breaks and of:-the complex at elevated temperatures,
which are similar to those previously examined.

They did observe, however, that the extent of

repair of DNA was not well correlated with cell
survival. '
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IT Materials and Methods
IT 1 Cell Media and Reagents
The media below were made exclusively from Gibco-

Biocult products. Each item is listed with the Gibceo
reference number (1976/1977 catalogue).

Hams F10
500 ml Hams F10 W L-Glutamine (155;

88 ml Newborn Calf Serum (601)
1.5 ml Phenol red (502)
Hams Fl2

40 ml Hams F1l2 10 x (Special)

10 m1 1M Hepes-Buffer (Special)
5.6 ml NaHCO, 7.5% (508)

5 ml IL-Glutamine (503)
5 ml Non-—essential Amino Acids (114)
80 ml Newborn Calf Serum (601)

360 ml Distilled Deionized Water

The special formulation of Hams Fl2 reproduces
the 10x medium originally supplied by Bio-cult, but
no longer produced by the amalgamated firm Gibco-
Biocult. The special Hepes-buffer (pH-8) compensates
for the decreased pH of the F1l2 mediunm.,. This
combination was found to give better pH stability than
the standard Gibco-Biocult 1x Hams F12 (176) and
Hepes-buffer (563)

Miscellaneous Reagents

Trypsin - EDTA 10x | (540 G.B.)
Earles Balanced Salt Solution

(Ca and Mg free) (416 G.B.)
Phosphate Buffered Saline 10x (406 G.B.)
Gentamycin : . (Biocult)
Colchicine ' (27805 BDH

3. Chemicals Ltd.)
Me-"H +thymidine (TRA 120
' Radiochemical

Centre, Amersham)
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IT 2 Trypsinization Procedure

The flasks containing the attached cells were
rinsed once and then incubated at 370 in five mlsof
Trypsin - EDTA solution. Three minutes were sufficient
t0 release the cells from the plastic. The trypsin
was inactivated by the addition of 5 ml of growth
medium. The resultant suspension was repea$9dly
pipetted until a monodispersed cell suspension was
obtained.

I1° 3 Chromosome Preparations

'~ Mitotic cells were collected at metaphase after
a 2 hour incubation with Colchicine (1#g/ml). These
cells were harvested by gentle shaking, and washed

once with PBS. The nuclear membrane was burst by a
hypotonic treatment in 0.7% sodium citrate for 13
minutes. The cells were fixed twice with cold
Carnoy% fixative, spread on chilled, wet microscope
slides, dried over a flame and stained with Aceto-
Orcein stain for 5 minutes.,

The mitotic index was determined by treaf&yg
the cells as above, except that Colchicine was used.
The cells were stored at 4°C for approximately 25
minutes after harvesting and before hypotonic shock.
I1 4 Labelling Index
, For autoradiography 104 cells per flask were
plated and pulse labelled with (3H) TdR for 15 minutes
at the concentration of EﬂCi/ml. After labelling,
the cells were washed with PBS and fixed twice with

Carnoy's fixative for 15 minutes. The bottoms of

the T30 flasks were cut off and coated with Kodak
NTB=3 nuclear emulsion. Plates were exposed for

five days at room temperature in a light-tight,
dessicated. container. The plétes were developed

and thqn stained in 10% carbol fuchsin for 5 minutes. . -
Labelling index determinations were made by counting

at least 400 cells per point.
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Figure III.l. The effect of hyperthermia on
Elkind repair.

Ounheated cells 6.00Gy - t = 3.00Gy
@60 min 42°¢C H = 30min-4.75Gy - t - 2.75Gy
B 60 min 42°C H - 30min -~ t -~ 7.50Gy

The cells were maintained at room temperature,
after hyperthermia, until five minutes after

the second radiation dose. Data points represent
the mean and standard error of three observations,




ITT Miscellaneous Observations
IITI 1 The Effect of Hyperthermia on Elkind Repair
The data in figure 3.5 suggest, due to the

enhanced extrapolation numbers observed for cel%s
heated to 46° before irradiation, that hyperthe%mia
might actually enhance the apparent ability to repair
sublethal damage. To test this hypothesis, the
following experiment was performed.

CHO cells in Hams F12 were plated into T30 flasks,
and incubated at 37°C for two hours. Half of the
flasks were immersed in a 42°C waterbath for 60
minutes. Thirty minutes after the hyperthermia
exposure was terminated, all of the heated flasks,
except for the hyperthermia controls, were irradiated
simultaneously with 4 MeV x-rays, at a dose rate of
0.95 Gy/min, to a total dose of 4.75 Gy. These
flasks then received a further 2,75 Gy immediately,
or at 1 hour intervals, during which time they were
maintained at room temperature. Concurrently,
unheated flasks were given split doses of 6 + 3 Gy,
again being maintained at room temperature between
doses. The plates were incubated at 3700 five
minutes after the second radiation exposure terminated.
The results are illustrated in figuré II1T.1. The
first experiment did not include the heated single
dose points at three and five hour separations.

These were included in the second and third'experiment

when the large recovery factor for the heated cells
was noted. The recovery factors, corrected for the
increase in heated-single ‘dose survivals, are 1.3 and
1.6 fespectively. This difference is not significant.
The results of this type of experiment are
difficult to analyse, as mentioned in the introduction,
in as much as the first rediation dose may be inhibiting
the repair of hyperthermia ISD thereby reducing- the
apparent repair capability.
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as a function of cell age. Cell survival, S, for 60
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The sensitization factor, F, is the ratio of the product
fand A to@. The labelling index, L, is the percent of
TdR labelled cells at a given time after harvesting.
mitotic cells. Data points represent a single experiment.
All irradiations were carried out at room temperature,
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111, 2 The Effect of Cell Age on Interactiéh
lammalian cells exhibit a complementary dependency

on cell age in their response to radiation and

hyperthermia;(Westra and Dewey 1972). This complementary

response, in which a cell of a particular age is

sensitive to one agent, but not the other, may result

in an apparent sepsitization by population selectlon

despite the absence 'of a genuine interaction

Mitotic CHO cells were harvested from an L
exponentially growing culture by gentle shaking and
plated into T30 flasks, at a concentration of 1000
cells/Tlask. The mitotic index at harvest was found
to be 88%. '

At hourly 1ntervals, repllcate flasks were either
given a radiation (6OCOY, ~96 Gy/min) dose of 4.5 Gy
at room femperature, a heat exposure of 60 minutes at
42 C, or a radiation dose of 4.5 Gy followed five
minutes later by a heat exposure of 60 minutes at 42 C.

The result of a single experiment is illustrated
in figure III.Z2. It is observed that the interaction
is cell age dependent, but occurs to some dégree for
all cell ages. 'The interaction is observed to be
greatest at § phase, determined by the labelling
index. The results are in partial agreement with
those observed by Gerweck et.al. (1975) and Een-Hur
et.al. (1974) who obser?ed that S phase CHO cells and

V79 cells were sensitized to the greatest extent,
but, however, remained the least sensitive age
grdup. The'synchronization'procedures used by
these authors might explain the discrepancy.
Ben-Hur used hydroxyurea, and Gerweck used the
shaking method coupled with storage at 400, to
obtain the higher cell yields required for their
experiments,
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While it has been determined and affirmed
that there is an interaction independent of cell
age effects, one cannot rule out a cross sensitivity
effect. Therefore in order to appreciate the
. magnitude of this cross sensitivity effect a
numerical model of a hypothetical interaction -
system was analysed.

As a simple model, cells were assumed to
be distributed uniformly about the cell cycle and
that the cell survival parameters were smooth ’
sinusoids. , _ R

Survival for cells of age,o, after a dose,D
from the first agent is described by

l’

—Dl/(l+awsin(9)))2+b-sin(e) |

sl(nl,e) = 1-(1l-e . ITT.1
Survival for cells of age,e, after a dose,D2, from
the second agent is described by
. ~D2/(l+a-sin(6+m)) 241 -sin(8+Q)
S (D,,0,0) = 1-(1-e ) : II1.2
Survival in the asynchronous population to a dose
D, and D2 is then described by .
5(D1,0,,0) = 1/2 § $,(Dy,8) ° 5,(D,,6,0) * a® 111.3

The parameter © is the cell age .parameter, while

d is the phase angle between the sensitivity patterns
for the two agents. Thus when ® is gero, the
sensitivity patterns are identical and when @ is .
180° the sensitivity patterns are exactly opposite
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(i.e. cells that are most sensitive to Dy ére the
mogst resistant to D2). Observe that the mean DO
for both agents is 1 and the mean extrapolation
number is 2. |

Equation IIT.2 was numerically integrated
on a digital computer %o yield survival data for
values of Dy of 1, 2, 3, 4, and 5 units. (L unit
= D,). The gradient of the logarithm of survival,
d1ns/dDy was determined by a linear least sguares
fit to the calculated survival data. This was:
repeated for values of D, from 0.to' 5 units yielding
the following sensitization curves.

The result of this computation for the situation
in, which only the value of DO changes with cell age
is illustrated in figure III.3. The amplitude of
the variation is 0.3 (i.e. DO changes from 0.7 to
1.3) for both agents. It is observed that when the
phase angle between the sensitivity functions is
zero (i.e. identical cell age sensitivity pattern)
the effect of increasing Dy is to apparently protect
against the killing effects of DIy as indicated by
the decrease in d1nS/dD,. When § is 90° there is
no interaction between the agents for any dose D2.
When @ is 180° +the apparent interaction is synergistic.
Figure III.4 illustrates the effect of a change only
in extrapolation number with cell age. This is
observed to be virtually without effect for other
than a small sensitizing dose. Figure III«5’

illustrates the effect of combined changes in
.sensitivity and extrapolation number. Figure II1.6
illustrates the effect of varying the amplitude of
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ddn® 0.9
dD,

0.8

0.7

Figure IIT.3. Sensitigation curves illustrating
the effect of phase angle assuming a constant
extrapolation number and varying sensitivity.



dinS 1.0
~dD.

0.9

0.8

Figure I1I.4., Sensitization curves illustrating
the effect of phase angle assuming a constant .
sensitivity and varying extrapolation number.
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45°
0.7 — 0°

Figure I1XI.5. Sensitization curves illustrating
the effect of phase angle assuming both a varying
gengitivity and a varying extrapolation number,
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Figure III.6. Sensitization curves illustrating
the effect of the amplitude of variation in

sensitivity assuming the sensitivity spectrums
are 180° out of phase.,



variation insensitivity for sensitivity patterns
180° out of phase.

The experiments described in chapters_four
to siz demonstrated that it was possible to double
or triple the sensitivity due to radiation or
hyperthermia with a hyperthermia or radiation dose
corresponding to 3 or 3.5 Do's. An examination of
figure III.5 reveals that this degree of sensitization
would require an amplitude of .9 (i.e¢ assuming a mean
DO of 2 Gy the variation in Do would be from .2 to
3.8 Gy). This amplitude seems unrealistic and if
we assume a more reasonable value of .3 which roughly
corresponds to that observed by Terasima & Tolmach
(1963) the cross sensitivity could account for no
more than a 25% sensitization.
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4.

v Simplex Program
The data obtained from the matrix experiments

were stored in digital form on paper tape and

magnetic disc. Various routines were used to
manipilate and analyse ‘these data. These have not
_been included as part of this thesis since these
‘represent non-essential and unsophisticated programming
that could be easily duplicated by anyone desiring to
do so. '

| The nonlinear dose transformations required. for . -
equation 4.11 and the large number of parameters ...

necessitated a very efficient iterative search technique. -

Such a technique was suggested by Nelder and Mead (;965)
and implemented in BASIC by the author. This technigue
allowed the minimization of chi-square for 7 parameters
and 70 data points in approximately one hour of

computér time. A listing of a simplified version, that
does not ihclude the dise input-output routines, follows,
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0001
0002
0003
0004
6005
0015
0020
0025
0030
0040
0050
0060
0070
0080
0085
0090
0100
0110
0120
0130

01 40

0150
0160
0170
0200
0210
0220
0230
0240
0250
0260
0270
0280
0290
0300
0310
0320
0330
0340
0350
0340
0370
0380
0390
0400
0410
0420
0430
0440

- 0430

0460
0470
0480
0490
0500
0510
0520
0530
0540
0550
0560

REM FROGRAM SIMPLEXFIT GENERAL NONLINEAR ITERATIVE FIT
REM BASIC IMPLEMENTATION OF MOVING SIMFLEX ITERATIUE SEARCH
REM NELDER», J.A. & MEAL» R.» (1965)
REM A SIMFLEX METHOD'FOR FUNCTION MINIMIZATION.
REM THE COMFUTER JOURNAL» 7» 308-313.
GOTO 1050 '
LET N=2
LET N3=25 .
DIM ACN+1yN+12yREN+1 1 CON+1]»ECN+L]
MAT A=CON
MAT A=(1E+10)*A
FOR I=1 TO N
FRINT I .
FRINT “STARTING VALUE FARAMETER ~31
INFUT BLI]
LET E[IJ—BEIJ
NEXT 1
GOSUR Q900
GOSUR 0490
FOR Ji=1 TO N-
LET ELCJ1J=8BxBCJ11/9
GOSUB 0200
GOSUR 04690
NEXT J1
FOR I=1 TO N
LET CCIJ=0
FOR J=2 TO N+1
LET CLIJ=CLIJ+ALT»J]
NEXT J
LET CLIJ=CLI]/N
NEXT I
REM CALCULAT T=2C-W ANDI EVALUATE
FOR I=1 TO N
LET BLIJ=2%CLIJ-ALI.11
LET ECYI1=RCI]
NEXT 1
GOSUE 0900
LET BCN+11=ECN+11
IF RCN+13{ACN+1,2] THEN GOTO 0500
IF ACN+113<REN+1] THEN GOTO 0430
FOR I=1 TO N
LET EEI]=.5%(RCII+CLI])
NEXT I
LET N3=N3-1
GOSUE 0900
GOSUER 0490 .
GOTO 0860
FOR I=1 TO N
LET ELIJ=.5%(ACT»13+CLID])
NEXT 1
LET N3=N3-1
GOSUR 0900
GOSUER 0690
GOTO 0860
IF ECN+1J<AIN+1,N+11 THEN GOTO 0520
GOTO 0600
FOR I=1 TO N
LET ELI3=2%RLI]-CLI]
NEXT I '
GOSUR 0900
IF ELCN+11) ALN+1,21 THEN GOTO 0600
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0570
0580
0590
04600
0610
0620
0630
0640
0650
0660
0670
0680
0690
0700
0710
0720
0730
0740
0730
0760
0770
0780
0790
0800
0810
0820
08205
0830
0840
0850
08460
0865
0866
0870
0875
0880
0890
09200
0701
09202
0903
0904
0705
09206
0708
0909
0910
0990
0995
1000
1002
1004
1010
1030
1040
1050
1055
1060
1070
1080
1090

LET N3=N3+1
GOSUER 0690
GOTO 0860
FOR I=1 TO N+i i
LET ELI3=RLI]
NEXT 1
GOSUER 0470
GOTO 0840
GOSUE 0700
REM SORT FARAMETER MATRIX
GOSUB 0690
GOTO 0860
FOR J=2 TO N+1
IF ECN+11<ALCN+1,J1 THEN GOTO 0730
FOR I=1 7O N1
LET ACI»J-13=ECI]
NEXT I
RETURN
FOR I=1 TCO N+1
LET ACIsJ-11=ACI»J]
NEXT 1
IF J<N+1 THEN GOTO 0830
FOR I=1 TO N+i
LET ACI»JI=ELI]
FRINT ELI]y
NEXT I
FRINT N3
NEXT J
RETURN
FRINT N3
IF N3O THEN GOTO 0200
FRINT “SEARCH COMPLETE --- PARAMETER MATRIX"
REM REST FIT PARAMETERS IN COLUMN N+1
MAT FRINT A '
FRINT "FOR LONGER SEARCH INCREASE VALUE OF N3 STATEMENT 257
C1.0SE
STOF
LET ECN+11=0
REM E(1)=18T FARAMETER
REM E(2)=2NDI FARAMETER
REM E(N)=NTH FARAMETER
REM E(N+1)=CHI SQUARE OR ANY OTHER VARIAELE TO BE MINIMISED
REM D{I»1)=ITH LOSE
REM Y(I»1)=ITH NUMEER OF CLONES COUNTEID
REM W(I,1)=ITH NUMEBER OF CELLS PLATELD
REM E(1)=KR» E(2)=IRQ )
FOR I=1 TO N1
REM EXAMFLE OF SIMFLE SHOULDERED SURVIVAL CURUE
REM CHANGE STATEMENT 20 TO REFLECT TOTAL NUMEER OF FPARAMETERS
LET Di=DCI.13-EC2]
IF D1<0 THEN LET =0
LET S=WLI,1I%EXP(-D1%EL1])
LET ECN+1)=ETN+13+(Y[I,13~ S)*(YEI;i] 8)/8
NEXT I
RETURN
DIM YE100:1JrDElOO;lJvN[lOOrI]
FRINT “INFUT DATA”
INFUT “% OF FOINTS™ N2
FOR I=1 TO N2 :
INPUT "DOSE ? CELLS ? CLONES ?"vB[IrlJyN[Ivl]vY[I:i]
NEXT 1
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0900 LET ELN+11=0

0905 REM ROUTINE FOR FIRST ORDER INTERACTION MOLEL EQ.4.11
0910 FOR I=1 TO N1

0920 LET D1=DCI,11-ELC4] !

0930 LET D2=DLI,11-EL6]

0940 LET T1i=TLI»11-EL5]

0930 LET T2=TCI.11-EL7]

0960  IF D1<0 THEN LET Ii=0

0970  IF DI2<0 THEN LET D2=0

0980 IF T1<0 THEN LET Ti=0

0990 IF T2<0 THEN LET T2=0

1000  LET S=WLIs1I*EXP(-D1*EC1I-TI*EL2]-T2%12%EL3])
1010  LET ELCN+1J=ELN+13+(YLI+11-8)%(YLI,11-5)/8
1030 NEXT I

1040 RETURN
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