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1. INTRODUCTION

The cancer therapy research effort have for many years been directed

towards more effective methods for therapy; more lethal for tumor but

saving normal tissue and more indulgent for the patient. With regard to

radio- and chemotherapy, sensitizing agents have been developed. A large

class of radiosensitizers are electron-affinic compounds like Op, H^O»,

quinone and metronidazoles, which pick up the hydrated electron e produced

in the hydration reaction y(energy) + water^rOH' + H* + e* + »••, which

then strongly drives the reaction toward the right, resulting in more stabile

transient OH"-radical-ion (Adams and Dewey 1963, Greenstock et al 1974,

Vladescu and Apetroae 1983). Unfortunately mcst electron-affinic agents are

difficult to handle or are highly toxic for the patient. Another sensitizing

method has been the utilization of supra normal temperatures; hyperthermia

in conjugation with radiation and drugs (for reviews see e.g. Cavaliere et al

1967, Dietzel 1975, Dewey et al 1977, Miller et al 1977, Field and Bleehen

1979, Tubiana 1982, Perez 1984).

Other possible ways of sensitizing could be the use of compounds which

affect the level of damage and repair introduced by radiation or a cyto-

toxic agent, i.e. various enzyme inhiDiu>rs (Nduka et al 1980, Durkacz et

al 1980, Stratford et al 1981).

Besides these biochemical and biophysical sensitizers, there are also

"biological response modifiers", which stimulate the immune system like

interferon and lymphokines; i.e. agents that inhibit suppressor T-cell func-

tion and affect differentiation of tumor cells. Such modifiers may be of

importance in the future (see review by Ruddon 1981).

A common component of the mechanism of action of radiosensitizers

is that they allow a greater accumulation of DNA damage in irradiated cells.

Therefore we have looked for the molecular mechanism of fadiosensitizers



to be interfering with the DNA repair mechanisms, y-radiation is known to

kill cells due to the accumulation of DNA strand breaks and adenosine di-

phosphate ribosyl transferase (ADPRT) is known to be strongly activated

by and dependent on DNA strand breaks.

This thesis deals with the effects of two types of radiosensitizers

namely hyperthermia and inhibitors of ADPRT especially in relationship to

their effects on DNA repair that in turn regulate cytotoxicity j_n vivo and

in vitro.



2. DNA DAMAGE AND REPAIR

Living cells have a complex machinery for replication, synthesis of

numerous substances, energy production and for self defense (for review

see e.g. Kornberg 1980). Consequently, there are many structures that when

disturbed or damaged could be lethal for the cell or interact with its

normal function. Knowledge of damage processes, cellular repair processes

and about possibilities to interfere with these processes is of greatest

importance for understanding of carcinogenesis as well as for developing

methods for cancer therapy.

DNA is usually thought to be the most critical target for transforma-

tion processes. The double helical DNA molecule, together with a variety

of associated proteins, constitute the main components of the chromatin.

The DNA contain the genetic code, as expressed by the coden (i.e.

one nucleotide triplet = one amino acid) read in the C-5 to C-3 direction
*

of the four bases adenine, guanine, cytosine and thymine whose integrety

is of greatest importance for cell reproduction and cellular metabolism.

The number of nucleotide pairs in a single mammalian cell is expected to
q

be about 4 x 10 (hapolid set) meaning a total length of double helical

DNA to be about 1.5 m (diameter about 20 Å). The chromatin proteins con-

sist of the histones (at least five classes) on which DNA is winded and

supercoiled and hundreds of non-histone proteins. Damage to the DNA that

'•' prevents accurate base pairing can result in serious consequences for the

j cell or host organism such as cell death or transformation of the normal

.; cell to a cancer cell with its uncontrolled growth.



Y-radiat ion

UV-radiation

Certain chemicals

DNA DNA-damage
Error-free repair

Error-prone repa i r / rep l i ca t ion .

Mutation

Biological effects

Cancer

Cell death

Error-prone repair is due to disturbed proof-reading function and

modified polymerization of the DNA (Byrnes et a l . 1977), and mutation is

due to changes in the sequences of bases.

Different agents induce different kinds of damage to the DNA; Y-radia-

tion mainly create hydroxyl radicals (OH') which in turn induce single or

double strand breaks, cross links or eventual miscellaneous base damage

(Ward 1977, 1981, Painter 1979), UV-radiation produce thymidine dimers

(Setlow 1966), the carcinogen N-acetoxy-2-acetylaminofluorene is an alkyla-

tor, which covalently binds to the bases (guanine, C-8 position) giving con-

formational distortions in the DNA helix (Kriek 1974, Westra et al 1976,

Miller 1978). Ethylene oxide alkylates DNA (guanine C-7 position) and thereby

induces DNA strand breaks (Ehrenberg and Hussain 1981). Typically carcino-

genic substances are electrophilic and attack nucleophilic sites in the

bases of the DNA.

However, cells whose DNA have been damaged by exposure to genotoxic

agents and radiation of the various kinds mentioned above possess a great

power to repair this damage. Following damage to the DNA, the c e l l , as

expressed lyr ica l ly , "switch on the SOS-response in which several enzymes



function in concert" (Howard-Flanders 1981).

Much of our knowledge about the various steps and enzymes involved

in DNA repair has been obtained by the use of mutant strains of bacterial

cells which have lost a particular repair function (i.e. E. col i mutants

uvr A-C, which are deficient of endonuclease) (Grossman et al 1975). Much

less is known about repair in mammalian cells, although some information

has been obtained from studies of some recessive inherited human disorders

associated with defects in the ability of the cells to repair certain kinds

of damage to their DNA; Xeroderma pigmentosum, Ataxia telangiectasia and

Fanconi's anemia (e.g. review by Setlow 1978).

Patients with Xeroderma pigmentosum (XP) develop UV induced skin cancer

with a prevalence among whites at age 20 of almost 100 %. Cells from these

patients are also extremely sensitive to nitrogen mustard. Contrarily, these

cells repair damage from y-radiation. Studies with extracts from XP cells have

shown that the extracts are capable of removing damage in purified DNA but

not in their own chromatin.

The so called excision repair processes involve: recognition of damage

with a lesion specific endonuclease, excision of damaged DNA bases by exo-

nuclease, DNA-new-synthesis by polymerase and finally ligation of the new

patch to original DNA strand by ligase, Fig. 1 (Cerutti 1974, Kornberg

1980).

The repair enzymes are found among the non-histone proteins associated

to the chromatin. The rate limiting event in this excision repair chain

seems to be the incision step (Erixon 1980). Arguments for this is the

observation that various damage has been found to be additive in normal

human cells, even at doses where each agent saturates the repair capacity.

This would imply that there are different rate limiting events. Erixon in-

troduces an accessibility factor which together with endonuclease determines

the rate of incision and repair (Erixon 1980). This accessibility factor
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Fig. 1. DNA-repair mechanisms

(figure inspired from a drawing by J.E. Cleaver on the cover of Cancer

Res. vol. 43, June 1983).

might in normal cells be present in abundance, but the endonucleascs are

limited in number. XP cells have been found to have a defect in the inci-

sion step and could according to Erixon be deficient in the accessibility

factor - "the XP-lacking factor", and are then limited in repair capacity

for all types of damage requiring excess of endonuclease.

As soon as incision is performed at the site of damage, the DNA super-

coiling loop is released and the repair enzymes become accessible to the

DNA strand. The loop will stay in this state as long as the nick is present;

i.e. until the new synthetized patch is sealed by ligation. Then the super-

helical structure is restored.

UV radiation of low wavelength (< 300 nm) give also rise to pyrimidine

dimers supposed to be repaired via a DNA-photolyase, which recognize the

damage, excises the dimers and restore the DNA structure. This repair mecha-



nism dependent on visible light is called photo enzymatic repair (Setlow

1966). Still another repair mechanism is the so called post replication

repair where the DNA replicates with the damage which, however, later might

be repaired by genetic recombination (see review by Lehman 1974).

Different types of damage are recognized with different efficiency

by the cell and this may result in different lengths of excision (Amacher

et al 1977). For y-radiation and the alkylator etylene oxide a nick is

introduced with only a few nucleotides removed by exonuclease, resulting

in "small patch repair" (Reagan and Setlow 1974). Sawada and Okada (1970)

report on a direct rejoining mechanism of single-strand breaks of DNA

without preceeding repair synthesis. Other genotoxic agents like N-acetoxy-

2-acetylaminofluorene (NA-AAF) and also UV-radi.ation involve a 100 nucleo-

tides and result in so called "large patch repair" (Cleaver 1973, Reagan

and Setlow 1974). Bad "recognition of damage" and large patch repair are

repaired more slowly than easily recognized and short patch repair. This

is also clearly demonstrated in Fig. 2, which shows repair as measured by

UDS

(% OF MAXIMUM)

100-

50 _

0 5 10 15 20 25

REPAIR INCUBATION TIME AT 37*C (h)

Fig. 2. Unscheduled DNA synthesis versus time of incubation

at 37°C following damage by y- (Jonsson 1982), UV-radiation

and NA-AAF (Pero and östlund 1980).



unscheduled DNA synthesis (UDS), following exposure of human mononuclear

leukocytes to y-radiation, UV-radiation and NA-AAF versus repair incubation

time (t).

The solid drawn curves are fits to the experimental data of the formula

UDS (X) = 100 [l-exp(-kt)], where k = ln2/t5O5, and t^Q% the time for repair

to 50% of maximum. For y-radiation, UV-radiation and NA-AAF the t5Q0,-values

are about 1, 2 and 8 hours respectively.

However, repair kinetics are probably more complex than expressed by

this simple relation. For y-radiation on human lymphocytes a fast and a

slow component of repair has been identified. The fast step is supposed to

be fulfilled within about 1 h, the slow within about 10 h (Spiegler and

Norman 1969).

DNA repair processes are extremely complex and only some fragments

are understood. Almost nothing is known about regulatory functions, although

there is evidence that phosphorylation, methylation, acetylation and poly

ADP-ribosylation have roles in DNA replication and repair (Shall et al 1977,

Lindahl 1982).

It has also been suggested that cAMP and drugs that elevate intra-

cellular cAMP by activating adenylate cyclase or inhibiting phosphodiesterase

play roies in cell proliferation, differentiation and repair (Ryan and Heidrick

1968, Pastan et al 1975, Tolmac et al 1977, 1980).

Modification by poly ADP-ribosylation is remarkable because of the big

size and highly negative charge of the polymer and thus might cause distor-

sions in the chromatin and in turn facilitate repair processes (Lindahl

1982).



3. ROLE OF HYPERTHERMIA

Hyperthermia is defined as temperature exceeding the physiological

body temperature - in this thesis the range 37-46°C was studied.

Hyperthermia as a therapeutic agent by itself against cancer was

suspected already more than 100 years ago. The earliest reports delt with

cancer patients who accidentally got repeated attacks of erysipelas and

thus high fever where one surprisingly in some cases found spontaneous

regression of the tumors (Busch 1866, Coley 1893, Rohdenburg 1918). De-

liberated fever induced mainly by erysipelas, but also by malaria, was

then used by many clinicans to treat various types of tumors (Warren 1935,

Braunstein 1929, Nauts et al 1953). Nauts and collaborators (1953) made an

analysis of protocols of 30 cancer patients treated with highly pyrogenic

toxin extracted from Streptococcus erysipelatis and Bacillus prodiqiosus

(Coley's toxin). 25 of these patients were alive and free of disease more

than 10 years afterwards! The effects induced by pyrogenes were of course

yery difficult to predict and control. Passive total-body heating was

tried, which, however, also gave undesired effects on homestasis and on

the endocrine and immune systems. This approach is nontheless still being

utilized. Therefore, the interest was directed towards the use of local

hyperthermia. The first experiment with local heating was in fact done

already in 1898 by Westermark in the treatment of cervix cancer (see re-

view by Cavaliere et al 1967).

Hyperthermia as a radiosensitizing agent was suggested by Schmidt

1909. This method has since then been explored by many authors (see e.g.

Overgaard 1935, Mliller 1912) and is now used in many hospitals (U et al

1980, Perez et al 1981, Manning et al 1982, Lindholm et al 1982,

Arcangeli et al 1983, Tubiana 1982, Perez 1984, Luk et al 1984).

Similarly, hyperthermia has been tried together with cytostatics
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with promising results (Woodhall et al 1960, Giovanella et al 1970,

Stehlin et al 1975, Krementz et al 1977, Hahn 1979, Dethlefsen and Dewey

1982, Hugander 1983).

Today it is possible with refined techniques to study both experimen-

tal tumors and cells growing in culture, and it is equally possible to in-

vestigate effects of various treatments at the macroscopic as well as the

molecular level.

Many experiments indicate that there is a synergistic effect of radia-

tion and hyperthermia; i.e. the cytotoxicity of the combined treatment is

larger than the sum of toxicities of hyperthermia and radiation alone

(Ben-Hur et al 1972, Overgaard and Overgaard 1974, Dewey et al 1977,

Sapareto et al 1978, Raaphorst et al 1979). It is interesting to note

that cells are most sensitive to hyperthermia treatment in late S-phase

where the cells are most radio-resistent. Dividing cells are most radio-

sensitive at or close to mitosis (Westra and Dewey 1971, Dewey et al 1978,

Mittler 1981).

One important question is if there is any selectivity of hyperthermia

on tumor tissue when compared to normal tissue. There are confusing discre-

pancies regarding this question with papers indicating that tumor cells

should be more sensitive to heat than normal cells (Overgaard 1976, Kase

and Hahn 1975, Giovanella et al 1976), but the opposite has also been pro-

posed (Harisiadis et al 1977).

Of course, when increasing the temperature high enough all cells are

killed, although some tissue types (e.g. intestine) are more sensitive than

others (e.g. skin). Temperature (T) and the heating time (t) for any bio-

logical effect are in the temperature region 41-47°C connected via an approxi-

mately exponential relation; t ~ exp(k-T), where the constant k has been

found to be typically about -0.7°C (Henle and Dethlefsen 1980). This means

that when increasing the temperature with 1°C, the heating time can be re-
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duced to about half to give the same biologic effect. Lymphocytes seem to

be more sensitive to thermal injury than many other cell types (Agarwal

et al 1983). Lymphocytes exposed to 42°C for 4 hours lowered thymidine

incorporation at early times after PHA stimulation but the cells recovered

when returning to 37°C. However, at 43°C exposure for even 1 hour caused

irreversible damage. The data by Henle and Dethlefsen (1980), indicate

that there is no greater sensitivity of tumor cells than of normal tissue.

However, the authors point out that a selective effect of combined treat-

ment on tumor tissue can be achieved if environmental factors, such as the

already low tumor pH is taken into account and by utilization of radiation

fractionation procedures. The importance of host response in the destruc-

tion of tumor was also stated by Dickson and Calderwood (1980). High tem-

pertures, which by itself cause damage, given before radiation was found

to induce greater cytotoxicity than heat after radiation (Sapareto et al

1978). This was proposed to be due to inhibition of repair of radiation

damage. Hyperthermia given in immediate connection to radiation selectively

reduces survival of radio resistent S-phase cells.

The background of the hyperthermia effect is by no means fully under-

stood. There are probably effects on micro circulation on the tissue level

affecting oxygen tension, pH and nutrition.on immune system, on the sub-

cellular level and on the molecular level. There is also a possibility that

hyperthermia alone can produce a small number of DNA strand breaks at high

heat doses (Juarez-Salines et al 1984).

When plotting the inverse of the 37% dose Siope parameter of survival

curves versus the inverse of the hyperthermia temperature (°K~ ) in a so

called Arrhenius representation, one typically finds a change of slope at

about 43°C for the majority of cell types studied (see analysis of various

data by Henle and Dethlefsen, 1980). From the slopes the inactivation ener-

gies associated with the decreasing survival can be deduced. For heat treat-
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ments in the range below 43°C the inactivation energy is about 300-400

kcal/mole. In the temperature range 43-46°C the inactivation energy is

typically between 100 and 150 kcal/mole. The observed inactivation energy

at high temperatures is about of the same size as inactivation energies

of several enzymes and proteins and suggest that heat inactivation could

be due to denaturation of a critical protein (Dewey et al 1977). Different

inactivation energies might indicate different mechanisms of cell killing

i.e. different targets for cytotoxicity in the two temperature regions

(Dikomey 1981). In addition, different effects on the proliferative capa-

city and/or repair have also been observed in the combined treatment of

Y-radiation with hyperthermia at 42 and 45°C, respectively (Dikomey 1981).

Analogous to damage by radiation, Henle and Dethlefsen (1980) and Roti Roti

and Henle (1980) postulate that below and above 43°C the inactivation energy

could be associated with a dominance of muliple-hit events and single-hit

lethal events, respectively, although no such mechanisms have been identi-

fied yet.

Furthermore there is the concept of thermotolerance meaning that mamma-

lian cells, at least when grown in vitro, can develop tolerance to thermal

damage after heat conditioning (see review Henle and Dethlefsen 1978). At

temperatures below 43°C survival of cells decrease rapidly with increasing

temperature followed by onset of tolerance after a few hours of heating. At

temperatures above 43°C thermotolerance is not observed. Li et al (1982)

show that the change of slope in most Arrhenius plots probably results from

development of thermotolerance at temperatures below 43°C and that there

then should be only one mechanism responsible for inducing cell death in

the whole temperature range (4O-47°C).

It is important to know about all these effects to be able to opti-

mize conditions for combined treatment of hyperthermia with radiation or

with chemotherapy; when and how much heat should be given, role of frac-
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tionation protocols, etc.

Circulatory effects. At temperatures above 37°C but below 43 C the tissue

response is vasodilatation and increased micro blood flow which means in-

creased oxygen tension (Bisher et al 1980). Since r-radiation interacts

with tissues mainly via production of free hydroxyl radicals, then increased

oxygen tension means more stabile ion-radicals and more damage is induced.

Above 43°C vasoconstriction takes place, resulting in cessation of blood

flow. This give reduced oxygen tension and reduction of the already low

tumor pH, which by itself, may be more lethal for tumor than for normal

tissues (Bisher et al 1980, Vaupel et al 1980, Song 1982).

Effects on the immune system. It was suggested by Crile (1963) that the

spontaneous regression of tumors noted to follow infections might not be

due to hyperthermia per se, but caused by some components involved in the

inflammatory reaction. Dickson and Shah (1980) proposed that the remarkable

cures of patients treated with pyrogenes (see page 9) were caused by stimula-

tion of immune system. Micro organisms or their products inducing the in-

flammatory reaction could have a direct destructive effect on the cancer

cells, possibly even rending them immunogenic. In animal systems and whole-

body heating, hyperthermia has been found to increase the incidence of meta-

stasis (Yerushalmi 1976, Dickson and Ellis 1976), which was assumed by Dickson

and Shah (1980) to be due to direct damage of the lymphoid tissue of the

experimental animals. Consistent with this is the finding that hyperthermia

suppresses human Natural Killer (NK) cell activity probably more than other

lymphocyte sub classes (Azocar et al 1982, Kalland and Dahlqvist 1983). Both

recognition of target cell as well as the NK-mediated lytic processes are

affected (Kalland and Dahlqvist 1983).
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However, following local heating of tumors, changes in the cell mem-

branes and also products from heat killed cells have been suggested to in-

deed increase immunogenicity of tumor cells (Mondovi et al 1972, Pantazatos

et al 1978). It has also been reported that distant metastases disappear

after giving local hypertbermia of the primary tumor in animal model systems

(Schechter et al 1978, Shah and Dickson 1978).

There are only a few studies of the immune system for hyperthermic treat-

ments of human tumors in vivo. De Horatius et al (1977) found in patients

with malignant diseases exposed to whole-body hyperthermia (42°C for 2 hours)

an increase in the number of T-lymphocytes and a decrease in complement acti-

vity. In a similar study Koga et al (1983) noted a decrease of the hosts

immune response i.e. decreased lymphocyte blastogenesis, lymphocyte rosette

formation, Ig G and C3c component, although these parameters returned to the

pretreatment level about a week after hyperthermia treatment. Combined local

hyperthermia and y-radiation of cutaneous tumors have also been found to have

a reversible suppressive effect on NK cells (Kall?nd 1985).

Subcelluiar

(a) Cell membranes. Hyperthermia may affect lipid composition, fluidity, protein

and ion permeability of the cell membrane. Coss et al (1979) found with electron

microscopy large evaginations at the plasma membrane indicating weakening of

the membrane. Changes in the surface morphology probably affect surface anti-

gens and other receptors. When cells grow at high temperatures, their unsatu-

rated fatty acid content declines and more saturated fatty acids are incor-

porated into the phospholipids and thermotolerance increases (Me Elhaney and

Souza 1976). It has been reported (Yatvin 1977) that the sensitivity of

bacteria (E. col i) to hyperthermia depends on the amount of unsaturated fatty

acids in the membranes; i.e. the higher the unsaturated fatty acid content
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the higher the heat sensitivity leading to membrane disorganisation and cell

death. There is also a strong correlation between the heat sensitivity and

decreased cholesterol content of cell membranes in different mammalian cell

lines (Cress et al 1978). The cholesterol concentration decreases with dura-

tion of hyperthermic treatment as survival decrease. Dynamics of lipids, as

measured by electron spin label mobility, is similarly dependent on lipid

composition and temperature (King et al 1977). Transport systems for purines

(Harms-Ringdahl 1984) and amino acids (Kwock et al 1978) are susceptible to

heat exposure and depend on lipid composition. The amino acid transport kine-

tic parameter V (rate of turnover) is reduced, but carrier affinity K is

unaffected, which indicates that hyperthermia either reduces the number of

carriers in the membrane and/or the rate of transport across the membrane

(Kwock et al 1978). Furthermore, Na+ -K+ -ATPase activity is temperature

sensitive (Wisnieski et al 1974), which in turn could be one explanation

to the finding that the intracellular K is lost and Na gained irreversibly

as temperature is increased above 42°C (Yi 1979, Yi et al 1983a).

(b) Heat shock proteins and thermotoierance. Following a wide variety of

environmental stresses, cells of almost all organisms have been shown to

within minutes synthetize a family of proteins (polypeptides) with well

defined molecular weights named "heat shock proteins" hsps (Ashburner and

Bonner 1979, Vincent and Tanguay 1979, Currie and Unite 1981, Rubin et al

1982, ichlesinger et al 1982, Tomasovic et al 1983, Li 1983). The stress

could be heat, chronic hypoxia, ethanol, lidocain, or energy deprivation and

yet the same proteins could be formed (Ashburger and Bonner 1979, Li 1983).

Stress affects the genome by both initiating and repressing the synthesis of

specific RNA at several different levels. This result:; in translation of a

set of specific polypeptides while other macomolecular synthetic processes
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are shut down (Schlesinger et al 1982, Ashburger and Bonner 1979). The role

of these hsps is not clear, but it seems as if these proteins protect the

cell against a still further lethal temperature challenge or other environ-

mental stresses; i.e. thermotolerance has developed (Li and Werb 1982, Li

1983). The onset of thermal resistance was found to take place earlier with

slow temperature increases than with rapid transient temperature changes

(Tomasovic et al 1983). Rubin and collaborators (1982) have suggested that

one or more of the hsps are protein kinases which could modify post trans-

lational proteins by phosphorylation. Schlesinger et al (1982) postulate

that at least some of the hsps can modify nuclear and cytoplasmatic cyto-

skeletons so that the metabolic apparatus is protected from further stress.

(c) Effects on lysosomes. Various studies have given evidence that lysosomal

activity may be involved in hyperthermia killing. Overgaard (1976) found an

increased number of lysosomes in transplanted mouse mammary carcinoma within

the first hours after treatment with 42.5°C for 30 min. Many authors have,

with hi stochemical staining methods, in various tissues and cells, found at

least temporary increased activity of the lysosomal enzymes acid phosphatase

and &-glucoronidase (Hume et al 1978, Barratt and Wills 1979, Myers et al

1981). Myers et al (1981), using cartilage of baby rat tails, also studied

the effect of y-radiation and found no effect on 3-glucuronidase activity.

However, the combined treatment of y-radiation (4 Gy) given immediately

after heat treatment (44 C for 15 min) caused a greater and more prolonged

activity of the enzyme than heat alone. It is of interest to note that y-

radiation given immediately before heat treatment gave no such synergistic

effect. Contrary to these findings, Tamulevicius and Streffer (1983) found

no effect of hyperthermia on these enzyme activities using biochemical

techniques, even at temperatures of 43°C for 45 min. This confusing
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discrepancy was explained to be due to the different experimental techniques

used! Magun (1981) reported that lysosomal function, as measured by the

ability to degradate epidermal growth factor in cultured rat fibroblasts,

was considerably inhibited by hyperthermia of 45°C for 30 min. The lysosomal

function recovered only partially, even up to 14 h after heat exposure.

(d) Hyperthermia and DNA damage and repair. The first quantitative studies

were done by Ben-Hur et al (1972, 1974). They reported that radiation

response is enhanced by hyperthermia and appear to result from an inhibition

of the repair of sub-lethal damage as well as an enhancement of lethal damage.

This finding has been later confirmed by many authors (Dewey et al 1978,

Warters and Roti Roti 1979, 1981, Lunec et al 1981, Clark et al 1981, Mills

and Meyn 1981, Spiro et al 1982, 1983, Davis et al 1983 etc.).

Warters and Roti Roti (1979) suggested that the sub-cellular mechanism

for heat-induced inhibition of excision repair capacity is damage to chroma-

tin rather than denaturation of the enzymes involved. This suggestion was

based on the finding that excision enzymes from heated cells (45°C for 30

min) were able to recognize y-ray induced damage of unheated chromatin. The

idea was also supported by Clark et al (1981) who concluded that the reduc-

tion in rates of rejoining of DNA strand breaks involved structural changes

in DNA (i.e. the supercoiling). The reduced activity of repair enzymes was

supposed to result from decreased enzyme-substrate affinity rather than

denaturation of enzyme molecules. Hyperthermia above 42°C increases the re-

lative amount of proteins associated with DNA and the^e will also be a higher

amount of none-histone proteins bound to the DNA (Clark et al 1981, Mills

and Meyn 1981, Wheeler and Warters 1982). Lunec et al (1981) found that sub-

sequent rate and extent of DNA strand break repair are significantly reduced

by pre-irradiation heat treatment (44°C for 30 min). However, this effect

was abolished when an incubation period of 1 h at 37°C was introduced between
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heat treatment and irradiation. Obviously the recovery from hyperthermia

treatment is quite rapid. Mills and Meyn (1981) found both initially in-

creased amount of DNA strand breaks as well as substantial inhibition of

DNA strand rejoining after combined treatment of hyperthermia and radiation.

Heat radiosensitization has also been found to correlate with loss of intra-

cellular DNA polymerase-0 activity (Spiro et al. 1982, 1983).

(e) Hyperthermia and energy production. DNA repair requires energy in the

form of ATP (Waldstein et al 1974, Kaufmann et al 1982, Dresler and

Lieberman 1983). Heat stress has been found to reduce cellular ATP (Frances-

coni and Mager 1979, Ohyama and Yamada 1980, Lunec and Cresswell 1983).

However, ATP reduction following treatment with hyperthermia probably does

not take place in all cell types. Henle et al (1984) found no significant

depletion of ATP in HeLa cells given hyperthermia, neither at 41.5 nor at

45 C, although there is a strong decrease in survival at the highest tem-

perature (Henle and Dethlefsen 1978). Heat has an inhibitory effect on cell

respiration (Muckle and Dickson 1971, Cavaliere et at 1967, Mondovi et al

1969), which in curn also may affect ATP production. Damaged energy produc-

tion mechanisms could explain the decreased oxygen uptake found at tempera-

tures above 42°C (Muckle and Dickson 1971, Dickson and Shah 1972). At high

glucose levels, hyperthermia at 44°C has been found to increase the anaerobic

utilization by 130% above the level at 38°C (von Ardenne and Reitnauer 1966).

Quite logically hyperthermia has been reported to enhance killing of glucose-

deprived hypoxic cells with much smaller effects on glucose-deprived cells

under aerobic conditions (Kim et al 1978, Song et al 1979, Laval and Michel

1982). However, when there is a demand of energy, which is the case after DNA

damage, the energy production might be critical.

Combinations of the mechanisms described above may contribute to the in-

creased cytotoxicity of the combined treatment of hyperthermia and radiation.



19

Damage to the plasma membrane and the nuclear membrane can cause changes

in intracellular ion contents, which in turn can alter the activity of

repair enzymes (Spiro 1983). Damaged lysosomes release proteases, which

also may affect enzymes e.g. polymerase-0. Hyperthermia has an inhibitory

effect on RNA synthesis which in turn may affect protein synthesis and DNA

repair (see paragraph about heat shock proteins).

In consiusion, agents that allow greater accumulation of DNA strand

breaks could act as a sensitizer when combined with Y-radiation.

The results presented in this thesis indicate that hyperthermia and

ADPRT inhibitors could both behave like such agents!
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4. ROLE OF ADEN0S1NE DIPHOSPHATE RIBOSYL TRANSFERASE

A substantial amount of research has been directed toward investigating

the possible role of poly ADP-ribosylation in cell proliferation and DNA

excision repair (see reviews by Hi 1z and Stone 1976, Hayaishi and Ueda 1977,

Purnell et al 1980, Miwa et al 1983).

Adenosine diphosphate ribosyl transferase - ADPRT, also named poly (ADP-

ribose) synthetase or poly (ADP-ribose) polymerase, is a nuclear enzyme, which

covalently attaches ADP-ribose moieties derived from NAD to chromatin proteins,

resultning in a homopolymer of ADP-ribose residues linked by C-l, C-2 ribose-

ribose bounds, Fig. 3. The enzyme was discovered by Chambon et al (1963) who,

however, believed that ATP was the immediate substrate. This conclusion was

supported by Fujimura et al (1967). The same year Nishizuka et al (1967)

found that NAD , rather than ATP, was the substrate for the enzyme and that

ATP was not incorporated until it was converted to NAD+. They also found the

concomitant release of nicotinamide. Whether the enzyme catalyzes the trans-

fer of an ADP-ribose residue to the acceptor protein is not clear although

both initiation and elongation has been proposed (Hilz and Stone 1976).

NICOTINAMIDE AOENINE'

' NUCLEAR \ I R I B 'O S E RIBOSE
PROTEIN I * n • R | B ° S E HIBQ5S

[NAO'J

ADENINE AOENINE ADENINE

R | B 0 S E R ) B 0 S E ( C 2 ) - ( C D RIBOSE RIBOSE RIBOSE RIBOSE • n NICOTINAMIDE • n • H*

Lp PJ LP pJ LP PJ

[ADP-RffiOSE],

Fig. 3. Synthesis of the poly (ADP-ribose)-protein complex
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ADPRT has been purified about 10 fold from pig thymus and found to

have a molecular weight of about 60.000 (Tsopanakis et al 1978). The enzyme

is dependent on DNA and hi stones for activity and is strongly stimulated by

DNA strand breaks, thereby causing accumulation of poly (ADP-ribose) and

concomitant consumption of the cellular NAD pool. NAD is not only substrate

for ADPRT, it participates in numerous enzymatically catalyzed oxidation-

reduction reactions. Maintaining a high level of NAD is therefore of great

importance for cellular life. There are in mammalian cells essentially three

different precursors for NAD biosynthesis; the amino acid tryptophan and

the vitamins nicotinamide and nicotinic acid (Preiss and Handler 1958, Nishi-

guka and Hayaishi 1963, Ijichi et al 1966, Hillyard et al 1973, Jacobson et

al 1979, Foster and Moat 1980, Johnson 1980). The biosynthesis of NAD+ is

dependent on ATP.

Recently, it has been reported that the (ADP-ribose) -polymer both jri

vitro and in vivo has a branched structure (Miwa et al 1981, Juarez-Salinas

et al 1982, 1983). The number of ADP-ribose moities has been found to vary

from only a few up to about 200.

The polymer is degradated by at least two classes of enzymes; (i) phos-

phodiesterases, catalyzing the hydrolysis of the pyrophosphate bonds

with the release of PR-AMP (Futai et al 1967) and (ii) poly (ADP-ribose)

glycohydrolases, which split the glycosidic C-l, C-2 ribose bounds producing

ADP-ribose residues (Miwa and Sugimura 1971, Hi 1z and Stone 1976).

The nature of the bounds linking poly (ADP-ribose) to acceptor proteins

is not known although ester glycosidic bounds have been suggested (Purnell

et al 1980).

A variety of proteins have been suggested to serve as acceptors of the

ADP-ribose tail; (i) Ca++-, Mg++- dependent endonuclease, with concomitent

inhibition of the enzyme activity (Yoshihara et al 1975, Nomura et al 1981),

(ii) ligase which either needs direct ADP-ribosylation for activity (Creissen
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and Shall 1982) or by counteracting inhibition of ligase by histones (Ohashi

et al 1983) thus facilitating rejoining of broken DNA strands, (iii) histones

(Tanuma et al 1977), (iv) RNA polymerases, or automodification of ADPRT it-

self (Hilz and Stone 1976, Yosihara et al 1977, Ohashi et al 1983).

The level of poly ADP-ribosylation has been found to vary with the cell

cycle. For nuclear systems the level of poly (ADP-ribose) peaks in the G2-

M phases and is lowest in the S phase (Hilz and Stone 1976). Similar results

have been found for partially purified enzyme preparations. These results

indicate that poly-ADP-ribosylation of nuclear proteins may play a funda-

mental role during chromosome condensation (Hilz and Stone 1976).

The role of ADPRT in cells, i.e. of poly (ADP-ribose) or ADP-ribosylation

of chromosomal proteins is not fully understood, although there have been

convincing data reported of its involvement in DNA repair, cellular differen-

tiation, gene expression and perhaps in carcinogenesis (Miwa et al 1983).

These different functions of ADPRT are probably due to various sub-

classes of poly (ADP-ribose)-protein conjugates; e.g. mono ADP-ribosylated

proteins are associated with cell proliferation and differentiation, while

poly ADP-ribosylated protein conjugates are restricted to the nucleus and

associated with DNA strand breaks and repair (Hilz et al 1978, Wielckens et

al 1982a).

The role of NAD as a cosubstrate in regulating ADPRT activity in cell

division and differentiation is demonstrated by the finding that NAD levels

are significantly lower in dividing cells than in non-dividing cells. A

variety of proliferating tissues such as tumors, fetal tissue and regenera-

ting liver also contain lower NAD+ levels than low proliferating tissues

(Jacobson and Jacobson 1976). Since NAD+ is a co-substrate for ADPRT then

quite logically its activity has been found to be higher in regenerating

liver, in hepatoma cells, leukemic cells and in mitogenic stimulated lympho-

cytes than in normal cells (Kidwell and Mage 1976). Berger et al (1978a)
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found a mean basal level of ADPRT activity in chronic lymphocytic leukemia

lymphocytes to be 2,5 times higher then the activity in lymphocytes from

healthy blood donors. When DNase treated the leukemic cells got 2,9 times

higher ADPRT activity than normal lymphocytes treated similarly. The

authors argue that the high ADPRT activity could be due to the presence

of immature proliferating lymphocytes in the peripheral blood from patients

with leukemia or the presence of leukemic cells with damaged or disordered

DNA.

The possible connection of ADPRT to NAD+ pools in cellular differentia-

tion have been used to explain the congenital abnormalities and decreased

ability to recover from DNA damage that is characteristic of cells *rom

patients with Fanconi's anemia (Berger et al 1982a). Cells from these

patients show more spontaneous chromosome aberrations and are also much

more sensitive to certain carcinogens than normal cells which indicate

some defect in DNA repair. Lymphocytes derived from such patients were

shown to activate ADPRT following UV irradiation as well as following

treatment with N-methyl-N'-nitro-N-nitrosoguanidine, but the cells were

found to have very low NAD+ levels and after damage the NAD+ pools dropped

to values much lower than in similarly treated cells from normal donors.

This may severely impair the ability of Fanconi's anemia cells to maintain

their energy metabolism during the period required for normal DNA repair

(Berger et al 1982a).

Role of ADPRT in DNA damage and repair. DNA-damaging agents which induce

strand breaks and thereby stimulate the enzyme cause a rapid but temporary

depletion of the cellular NAD+ pools (e.g. Roitt 1956, Campagnari et al 1966,

Skidmore et al 1979, Jacobson et al 1980, Rankin et al 1980, Busbee et al

1980, Durkacz et al 1980, wiel ekens et al 1982b, Sims et al 1982, Jacobson

et al 1983,1984a, Ben-Hur and El kind 1984). In order to keep poly (ADP-ribose)
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residues high during DNA repair, a high turnover of poly (ADP-ribose) and

a high capacity of NAD resynthesis are required. The activity of fully

stimulated ADPRT in human lymphocytes has been found to have the capacity

to consume the total cellular NAD within minutes (Wielckens et al 1980)1

The requirement of nicked DNA for increased ADPRT activity has been

shown by Berger et al (1980b) in an elegant experiment on lymphocytes from

patients with XP. These XP cells were found not to respond with increased

ADPRT activity following UV irradiation. This defect was suggested to be

secondary to the failure of these cells to create DNA strand breaks in the

region of UV-induced DNA damage (i.e. excise the thymidine dimers - see

page 6). The XP cells exhibit normal increased poly (ADP-ribose) synthesis

following treatment with N-methyl-N'-nitro-N-nitrosoguanidine. Similar

results were found be McCurry and Jacobsson (1981) when they also studied

NAD+ pools in XP cells.

It should, however, be noted that there are inconsistencies in the

data dealing with the role of ADP-ribosylation in DNA syntheis, where some

papers report increased coincident incorporation of H-labeled thymidine

into damaged DNA, and other papers report decreased incorporation or even

no effect at all (Purnell et al 1980). Most of these experiments were done

on isolated cell nuclei because the substrate NAD does not penetrate intact

cells. Berger et al (1978b) and Halldorsson et al (1978) have suggested that

permeabilized cells are better in reflecting the situation in vivo because

the chromatin then is less damaged than in isolated nuclei.

Jacobson and collaborators 0984b) worked with intact cells utilizating

immobilized boronate resins which absorb both polymeric and monomeric ADP-

ribose fron the cell. The adenine-containing compounds are then transformed

to highly fluorescent derivatives which can be determined at the pmol level.

It was then found that DNA damaging agents cause a rapid conversion of NAD

to poly (ADP-ribose) also in vivo.
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Another approach using intact cells for studying the role of ADP-ribo-

sylation is the use of inhibitors to the enzyme. There are many compounds

that can inhibit the ADPRT activity; NAD-analogs, nicotinamide analogs (nico-

tinamide, nicotinic acid, benzamide and other aromatic amides), methylxanthi-

nes and thymidine and their analogs (Hilz and Stone 1976, Althaus 1982, Sims

et al 1982). The drop in cellular NAD+ following treatment of cells with

damaging agents is prevented by these inhibitors (Skidmore et al 1979, Jacob-

son et al 1980, Busbee et al 1980, Durkacz et al 1980, Wielckens et al 1982b,

Sims et al 1982, Jacobson et al 1983,1984a). The effectiveness of the inhibi-

tors in blocking the comsumption of the NAD+ in intact cells has been found

to be roughly related to their apparent K.-values (K. = inhibitor constant

in the Michaelis-Menten formalism) in isolated nuclei (Shall et al 1977). A

low K.-value means effective inhibitor (K.[nicotinamide] = 11-15 pM),and a

high K.-value defines a weak inhibitor (K.[caffeine] = 200-275 JJK). Benzamide

is found to be the most effective inhibitor with a 50% reduction of cell ADPRT

activity already at a concentration of about 5x10 M (Oikawa et al 1980).

Nicotinamide and theophylline need a concentration in the order of 10" M

(Jonsson 1982).

It is reasonable to believe that inhibitors to ADPRT could influence

the ability of DNA repair and thereby increase the cytotoxicity of DNA

damaging agents. This has also been found in many experiments. For example:

(1) Calcutt et al (1970) reported a radiosensitizing effect of nico-

tinamide (400 jug/kg) on transplanted sarcoma S.180 tumors in BALB/c

mice.

(2) Smulson et al (1977) found that nicotinamide (500 jjg/kg) increased

the enhancement of survival of mice injected with LI210 mouse

leukemia lymphoblast cells treated with various doses of N-methyl-

N-nitrosourea, compared to animals given N-methyl-N-nitrosourea

alone. They also reported that nicotinamide (100 mM) increased
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degradation of DNA from HeLa nuclei damaged with the same carcinogen.

(3) Shall et al (1977) showed that co-administration of 5-methyl-nico-

tinamide or theophylline considerably increased the cytotoxicity

of streptozotocin in L5178 Y cells.

(4) Nduka et al (1980) found that 2 mM 5-methyl-nicotinamide dramatically

enhanced the cytotoxicity of MNU and to a lesser extent also of Y-

radiation in LI210 cells. Also methylxanthines and thymidine enhanced

the cytotoxicity of the carcinogen.

(5) Durkacz et al (1980) reported that 2 mM 3-aminobenzamide greatly in-

creased the cytotoxicity of dimethyl sulphate in LI210 cells.

(6) Theophylline and 1-3-Bis (2-chloroethyl)-l-nitrosourea act synergis-

tically to kill L1210 leukemia cells in vivo (De Wys and Bathina 1980).

(7) Zwelling et al (1982) reported that 10 mM 5-methyl-nicotinamide and

5 mM 3-aminobenzamide slow the re-sealing of y-ray induced DNA strand

breaks in LI210 cells.

(8) Barra et al (1982) concluded that 20 mM nicotinamide and isonicotin-

amide both can inhibit unscheduled DNA synthesis in HTC cells as well

as in hepatocytes incubated with bleomycin, although they had only

little effect on the DNA structure.

(9) The anti-tumor effect of bleomycin was strongly potentiated by ADPRT

inhibitors in intraperitoneally inplanted Ehrlich ascites carcinoma

cells in ICR mice, more strongly with benzamide and to a lesser ex-

tent by nicotinamide (Sakamoto et al 1983, Miwa et al 1983).

(10) When combined with MNU, 2 mM aminobenzamide almost completely reduced

the cloning efficiency of CHO cells (Kidwell and Purnell 1983). Further-

more, ADPRT inhibitors alone in mM-concentrations was shown to reduce

cell growth for CHO and HeLa cells.

(11) Tolmach and his group (Beetham and Tolmach 1984) have looked at the

action of caffeine on X-irradiated HeLa cells. 10 mM caffeine was
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present for 6 hrs after irradiation of the cells with 2 Gy X-rays.

The authors conclude that X-rays do not sensitize the cells to

caffeine, but rather that caffeine enhances the expression of

potentially lethal radiation-induced damage.

(12) Heartlein and Preston (1985) found that there is an enhancing effect

of 3-aminobenzamide (5 mM) on X-ray induced chromosome aberration fre-

quency (about 2-fold) in human lymphocytes, although only when pre-

treated with PHA (and in G, phase of the cell cycle). The data demon-

strate the importance of cycling cells for ADPRT inhibitors to exert

their enhancing effect. No such potentiating effect was found in

lymphocytes irrsdiated with fission neutrons in the presence of

enzyme inhibitor.

There are, however, experiments showing the direct opposite effects of

ADPRT inhibitors, i.e. enhanced viability or no cytotoxicity:

(1) Bohr and Klenow (1981) reported that 3-aminobenzamide stimulate DNA

repair in human lymphocytes but inhibit repair in LI210 cells.

(2) James and Lehman (1982) found no effect of 5 mM 3-aminobenzamide on

viability of UV irradiated diploid fibroblast cells.

(3) For mammary epitelial cells 3 mM aminobenzamide have been found to

stimulate growth and increase collagen synthesis (Kidwell and Purnell

1983).

(4) Kol and Ben-Hur (1983) conclude from their experiments on mitogen-

stimulated human lymphocytes that nicotinamide protect the cells from

damage by y- and UV-radiation.

Thus it seems as if the response of cells to various ADPRT inhibitors

vary with cell type, growing conditions and treatment. There are also possi-

bilities that these inhibitors could affect other vital cellular activities

than blocking the ADPRT acitivity.
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In conclusion we note that ADP-ribosylation of nuclear proteins is by

no means well understood, and that ADP-ribosylation possibly is involved in

many different cellular events. Many data indicate that ADP-ribosylation

has a role in DNA repair and that inhibitors of ADPRT do increase the cyto-

toxicity of DNA damaging agents. There is some evidence that ADPRT activity

might not be directly necessary for repair replication ^Nolan and Kidwell

1982, Jacobson et al 1983). However, ADP-ribosylation is certainly some-

how involved in DNA damage and repair, either (i) in the initial step by

affecting chromatin structure and incision, (ii) in later steps by facilita-

ting ligase activity and re-sealing or (iii) in by-passing some regulatory

function associated with repair. As pointed out by States and Janekidevi

(1983) and also by Juarez-Salinas et al (1984) it is possible that poly

(ADP-ribose) synthesis is part of a general response to environmental stress

making the cell more resistent to further damage. The role of poly ADP-ribo-

sylation (due to big size and large negative charge) could very well be in

affecting chromatin higher order structure. Inhibition of ADPRT then may

affect recovery from damage; i.e. via disturbing excision repair, control

of DNA replication or cause a cell cycle hold.

Since many of the ADPRT inhibitors are not very toxic and easy to

administrate (like nicotinamide) these substances could have a role as

sensitizers in cancer therapy.
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5. AIMS OF THIS THESIS

(i) To study how various DNA damaging agents, which induce different

rates of UDS, differ in capacity to stimulate ADPRT in cultured

human mononuclear leukocytes.

(ii) To investigate effects of ADPRT inhibitors (nicotinamide and

benzamide) on UDS following various types of DNA damage.

(iii) To look for effects of hyperthermia on UDS and nucleotides essential

for DNA repair.

(iv) To investigate the role of ADPRT in hyperthermia as well as the

role of inhibitors of ADPRT as mechanisms of radiosensitization.

i
4

(v) To look at intracellular levels of some ions in human mononuclear

leukocytes following exposure of hyperthermia. Changes in intra-

cellular ionic levels are namely of greatest importance for regula-

ting pH, cell volume, DNA repair enzymes etc. The method of Proton

Induced X-ray Emission is used for determination of ionic concentra-

tions and the validity of this method for multielemental analysis

in biological systems is stressed.

(vi) To investigate effects of one ADPRT inhibitor (nicotinamide) as a

radiosensitizer in vjWq, utilizing transplanted C3H mouse mammary

adenocarcinomas as model system. Effects on normal tissue is also

studied in a tail stunting experiment on BALB/CA mice.

From the data obtained one model for the effects of hyperthermia on

mononuclear leukocytes is discussed.
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6. EXPERIMENTAL DETAILS

A. IN VITRO experiments using human mononuclear leukocytes (papers I - IV)

(1) CeVI_cultiM^s. Human venous blood was collected from apparently healthy

doners. The platelet rich plasma was removed by centrifugation at 100 x g

for 10 min. More than 90% of the platelets were removed from the plasma by

a further centrifugation at 400 x g for about 30 irpr. Mononuclear leukocytes

were collected from the interphase zone of an Isopaque-Ficoll gradient (Böjum

1968) after centrifugation of the cell fraction for 30 min at 400 x g.

A typical volume distribution of the leukocytes is shown in Fig. 4. The

spectrum is measured with a Coulter Counter multichannel analyzer system

(Coulter Electronics LTD).

NUMBER OF CELLS

( RELATIVE SCALE )

LYMPHOCYTES

MONOCYTES

CELL VOLUME ( RELATIVE SCALE )

Fig. 4. Spectrum of human mononuclear leukocytes as obtained

by the use of Isopaque-Ficoll separation.

The fraction of monocytes is normally around 20%. Cell cultures were
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usually arranged to contain about 10x10 cells in 5 ml medium. The standard

culture medium in most experiments was 4 ml Eagle's MEM with Hank's salts

(Gibco) plus 1 ml autologous platelet poor plasma, pH 7.2-7.6.

(2) The Lise of_Uj)S_a^ an_ijidH:atc)r_of AD^RT ac;tiv_ity_(£apers_I_and_IIJ. In

paper I is described experiments on mononuclear leukocytes exposed to N-

acetoxy-2-acetylaminofluorene (NA-AAF), etylene oxide (E0), UV- and y-radia-

tion.

The NA-AAF was supplied gratis from Frederich Cancer Research Center

(National Cancer Institute, USA) and dissolved in dimethyl sulfoxide (DMSO).

Pure E0 solutions(Merck) were diluted in Ringer's solution immediately before

addition to the cell culture. The cells were exposed for these carcinogens

at various concentrations for 1 h. The volume of the carcinogen solution was

always smaller than 100 ̂ il and the DMSO concentration in the NA-AAF experiment

never exceeded 2%. After exposure the cells were spun down, washed and re-

suspended in fresh medium.

For UV-irradiation the cells were suspended in 1 ml Ringer's solution

and placed in a Petri dish with a diameter of 5 cm. The cell suspension layer

was then about 0.5 mm thick and irradiated to various doses at a rate of
-2 -11 J-m -sec (R-52, Ultraviolet Products Inc.). Immediately after irradiation

the cells were transferred to Falcon tubes and culture medium added.

y-irradiation was performed at room temperature in a Cs y-ray source

(Scandiatronix "Gammard 900", 0.8 Gy/min). The irradiation field was homogenous

tc 95% within a circle of radius 8 cm in horisontal plane and to +/- 3 cm in

vertical plane.

For estimation of DNA repair synthesis the culture media were supplemented

with 10 mM hydroxyurea (HU) and tritium-labeled thym.dine and the cells were

incubated for 18 hr at 37°C in a carefully adjusted incubator.

HU at a concentration of 10 mM is known to suppress the ordinary repli-
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ted. In control experiments (paper I) it was shown that, as expected, this

high concentration of HU did not influence the UDS induced by the genotoxic

agents studied.

After appropriate repair incubation the cells were harvested by centri-

fugation. The DNA was extracted by a modified method of Marmur (Pero et al 1976).

Briefly, the membranes were opened by sodium dodecyl sulphate, the nucleic

acids extracted into the aqueous phase after mixture with CHClj-isoamyi alco-

hol. The nucleic acids were adsorbed onto hydroxyapatite and then the ribonu-

cleic acid preferentially removed by washing with 0.2 M phosphate buffer. The

DNA was then removed in 0.4 M phosphate buffer, precipitated with 7% TCA and

collected on nitrocellulose filters. The dried filters were counted in a

toluene scintillation mixture. After counting the amount of DNA was determined

by a diphenylamine procedure. The UDS was obtained as cpm [ H]-dThd/;ug DNA

after subtracting the background level of scheduled DNA synthesis determined

in an untreated control culture.

(3) Measurement. £f_UJJS_f£l J[o w i n̂g hy pje rt h^rm i a ami Y-radiatjcm Xpaperl I).

For these experiments, the cells '/ere preincubated in water baths at various

temperatures with controls at 37°C and then put on ice for irradiation. Incuba-

tion in an ice bath retards the DNA repair processes and makes it possible to

compare results obtained, for example, with different dose rates.

After treatment, HU and H-dThd were added, the cells incubated and UDS

determined as above.

(4) Measurement £f_ArjPR!T_a£ti_vjH:,y_ j(_P£P£r£ I *.nfl 1}D• T"e cells were cultured

in 4 ml Ringer's solution plus 1 ml autologous platelet poor plasma.

After treatment with the genotoxic agents and eventual repair incubation

at 37°C, the cells were harvested. The cells were permeabilized in hypotonic
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buffer, t H]-NAD+, labeled in the adenine moiety and reaction buffer added

using the procedure of Berger (1978c) with a few modifications as described

in paper I. Following an incubation period of 15 min at 30 C the proteins

were precipitated with ice cold TCA. The precipitates (containing H-adenine

ADP-ribosylated proteins - see Fig. 3) were then prepared for scintillation

counting. Data were recorded as cpm t H]-NAD+/jjg DNA.

(5) Meas^jremen_ts_of riu£l£oti^e_pools_(papej2S_I2 £nd^ H ^ ) • Nucleotides were

extracted and homogenized with perchloric acid and methanol as described in

paper II. The neutralized supernatant was analysed by isotachophoresis on an

LKB 2127 Tachophor equipment with an UV-absorbance detector. The principle

of isotachophoresis is based on migration of ions in an electric field (see

e.g. Everaerts et al 1976). The sample (ion mobilities of constituents rrv.)

is injected between a leading medium (ion mobility m. ) and a terminating

medium (ion mobility trw), so that the relation of the ion mobilities is

given by m,. < m,, < m. . The sample ions S. (S,, S2, ...) will then be separa-

ted according to their effective ion mobilities, which in turn are determined

by shape and charge of the ion, solvation, dielectric constant and viscosity

of the solvent, pH, degree of dissociation and temperature. Utilization of

intermediate mobile compounds with effective ion mobilities between those of

the ion species to be separated (i.e. so called spacers) result in UV-absor-

bance spectra with discrete peaks whose areas correspond to the quantity of

nucleotides. After calibration, nucleotide concentrations were obtained in

pmol/106 cells.

(6) £s_tima_ti^n_o£ cel_l_V2abil_i^ti^s_(£a£e^ 2 U - ^ convenient criterium of "cell

viability" is the ability of the cell to exclude certain dyes such as trypan

blue "the trypan blue exclusion method". However, as pointed out by Schrek

(1965) the number of cells capable of division (i.e. "vitality" of the cell)
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is probably less than the number of viable cells measured by a due exclu-

sion test. Measurement of the reproductive death involves methods of bio-

assay techniques, i.e. cloning capacity. However, cytocidal effects of

hyperthermia on various normal and malignant cell types measured by dye

exclusion test have also been confirmed by bioassay methods (Schrek 1979).

We have used the trypan blue exclusion method since mononuclear leuko-

cytes are mainly in the GO phase of the cell cycle. The PHA stimulation

method is usually not suitable for this type of experiments since this

means addition of mitogenic substances which in itself may interfere with

the treatments given.

We have found (Fig. 7 in paper II) that damage to mononuclear leuko-

cytes is not immediately apparent on trypan blue dye exclusion. Damage to

the cells is first seen after about 10 h incubation at 37°C. After 24 h

incubation at 37°C the effect on viability of the various treatments can

be evaluated with good reproducibility.
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B. IN VIVO experiments using a transplanted C3H mouse mammary adenocarcinoma

(papers V and VI).

The background of these experiments was to test the radiosensitizing

potential of one inhibitor of ADPRT in vivo.

The model system used was C3H mice with transplants from a single mouse

mammary adenocarcinoma occurring spontaneously in this type of mouse. The

tumor had successively been transplanted for 30 generations before these

experiments. The tumor line was kindly supplied to us from Department of

Tumor Biology, Karolinska Institutet in Stockholm.

Viable pieces were selected and pressed through a Borell strainer into

Parker tissue medium (Gibco). After washing in medium the cell suspension

was adjusted to about 2x10 cells/ml and 0.15 ml aliquot injected subcutaneous-

ly above the right gastrocnemicus muscle of full-grown C3H mice who were about

2 months old and had average body weights of about 20 g. Tumor take was nearly

100%. The tumors were usually palpable after 5 days. The tumors were regarded

as prolate spheroids with minor and major axis a and b, respectively, measured

in the sagital plane of the animal. The tumor volume (V) is then given by

In our papers we simply compared average growth as given by the tumor

volumes of the untreated controls, to those given various doses of radiation

and to those given ADPRT inhibitor (i.e. nicotinamide) plus various doses of

radiation at various times after treatment.

Histologic studies of tumors after various treatments are reported in

paper VI.

Effects of the various treatments were also studied on normal tissue

in a so called tail stunting experiment. The stunting of growth of tail

vertebrae of baby mice (or rats) is a convenient parameter for assessing
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the effects of radiation and sensitizers on normal tissue (Wright and

Howard-Flanders 1956, Dixon 1967, Field et al 1977, Hahn et al 1980, Hume

et al 1982). Seven days old BALB mice were given the same dose of ADPRT

inhibitor (i.e. nicotinamide, 0.2 g/kg), intraperitoneally and the tails

were irradiated. The length of the tails were then followed for about 2

months and then the various treated sub-groups were compared.

Nicotinamide was chosen as an inhibitor of ADPRT because it is essen-

tially free from side effects and very high doses can be tolerated by the

experimental animal. Nicotinamide at a concentration of 2 mM has been found

to be optimum to inhibit ADPRT in cultured cells treated with genotoxic agents

(Berger and Sikorski 1980a). This concentration corresponds to about 0.2 g

nicotinamide per kg, which is far below the LDj-n=1.68 g/kg found for rats

(MERCK INDEX, 9 ed 1976). This dose was not lethal for C3H mice. The nico-

tinamide was injected intraperitoneally about 45 min before irradiation in

200 >J! aliquots as a 0.2 M saline solution. This time was shown in paper VI

to be optimum for distribution of nicotinamide within the animals.
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7. RESULTS AND REVIEW OF THE PAPERS

Paper I. Here are compared, in resting human mononuclear leukocytes, the

effect on DN^ repair, as measured by UDS, and on ADPRT activity following

DNA damage by Y-radiation, UV-radiation, EO and NA-AAF. Inhibition of ADPRT

by nicotinamide and benzamide result in considerable increase of UDS induced

by Y-radiation, UV-radiation and EO. However, the level of NA-AAF-ir,duced

UDS was not affected by these ADPRT-inhibitors.

Many authors have found that ADPRT inhibitors stimulate UDS (Berger and

Sikorski 1980, Althaus et al 1980, Miwa et al 1981, Durkacz et al 1981).

However, Jacobson et al (1983) argue that the stimulatory effect of ADPRT

inhibitors obsprved might be due to the presence of the high concentration

of HU (10 mM) used to suppress the background of replicative DNA synthesis.

Jacobson et al found namely that 10 mM HU alone reduced H-thymidine incor-
2

poration in normal human diploid fibroblast CF-3 cells irradiated with 5 J/m

UV by 36%. However, in the presence of 3 mM 3-aminobenzamide the DNA repair

replication capacity was not inhibited by HU. Thus, only in the presence of

HU, 3-aminobenzamide caused an apparent stimulation of repair replication.
2

We note in our work at this low dose of UV radiation (5 J/m ) only a

small stimulation of UDS in the presence of 2 mM nicotinamide (about 10%

increase). The stimulation of UV-induced UDS increased with increasing dose

of UV radiation (about 60% stimulation at 20 J/m 2). We find at this high UV

dose a similar stimulating effect on UDS by 2 mM nicotinamide in the presence

of HU at a concentration as low as 1 mM. This was also true for the other DNA

damaging agents studied, y-radiation, E0 and NA-AAF, where we found almost

the same UDS levels in the presence of 1 mM or 10 mM HU. Thus our data indi-

cate that at least at high doses of DNA damaging agents, the concentration

of HU does not significantly affect the UDS level obtained in the presence

or absence of ADPRT inhibitors. Similarly Sims et al (1982) found that 10 mM
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HU did not alter nicotinamide-induced (2 mM) stimulation of UDS in lympho-
2

cytes damaged by 50 J/m UV-radiation or 136 /iM N-methyl-N'-nitro-N-nitroso-

guanidine.

The ADPRT activity was stimulated in a dose dependent manner with ir-

radiation, UV-radiation and E0 but NA-AAF did not induce any significant

enzyme activity.

Our hypothesis is that the absence of NA-AAF stimulation of UDS may be

explained from the number of DNA strand breaks that exist at any time during

excision repair is low because the rate limiting event in excision repair is

recognition of damage. NA-AAF damage to DNA is badly recognized and endonu-

clease activity will then be low. Hence, inhibition of ADPRT has only a small

effect on NA-AAF-induced UDS because of the few DNA strand breaks that accu-

mulate, and as a result low activation of the enzyme occurs.
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Paper II. Effects of y-radiation and hyperthermia on DNA repair synthesis

(UDS) and on the levels of nucleotide pools in cultured human mononuclear

leukocytes were investigated.

It was found that y-radiation induced UDS decreased with increasing

temperature (37-45°C). The reduced repair capacity found following hyper-

thermia treatment could be due to reduced DNA glycocylase or exonuclease

activity, reduced intracellular levels of nucleotide pools or due to less

effective polymerase 3 activity. Spiro et al (1982) have studied the effect

of hyperthermia on polymerase a and polymerase 3 activities in CHO cells.

They found a correlation between inhibition of UDS and loss of polymerase

3 activity. Inactivation of polymerase 0 could be due to thermal denatura-

tion of the enzyme or from changes in the intracellular milieu resulting

from damage of other cellular structures (e.g. biomembranes, ionic levels,

etc) (Spiro et al 1982, 1983).

The nucleotides were measured with the aid of isotachophoresis. One

important advantage of this method is that many nucleotides can be measured

in one experiment. However, many cells (10-20*10 ) are needed to get data

with good accuracy. Our data are compared with corresponding values published

in the literature (Table I):



Table I.

CONCENTRATION OF RIBONUCLEOTIDES IN RESTING HUMAN MONONUCLEAR LEUKOCYTES (LYMPHOCYTES).

Values in pmole/10 cells (- S.D.). Number of individuals used within brackets.

o

Nucleotide

AMP

ADP

ATP

Energy charge

ATP/ADP

NAD+

* Enprav chara

Paper I I of this
thesis [18]

69-11

211-46

1140*188

0.88-0.02

5.4±0.5

118±17

_ 1 ,[ADP] + 2[ATP]

Berger et al (1982b)
[20]

-

-

-

-

-

69.9-21.7

^ fAtkin<;nn lPfifi^.

deAbreu et al (1982)
[21]

25±11

53±40

500-140

0.90±0.04

13±7

-

Peters et al (1983)
[11]

43±26

302^64

855±159

0.84^0.02

2.9-0.5

102^89

L



All authors used blood collected in heparin except Berger et al (1982b),

who defibrinated the blood and removed the platelets by swirling with glass

beads. Peters et al (1983) and deAbreu (1982) used high performance liquid

chromatography for quantitating the nucleotides. Berger et al (1982b) measured

the pyridine nucleotides by enzymatic cycling techniques. The different nu-

cleotide levels obtained might be due to the different techniques used and

contaminations of the leukocytes with platelets or a variable fraction of

monocytes present. This point indicates the absolute necessity of preparing

the cell cultures as similar as possible for a succession of experiments.

Following y-ray damage the NAD+ pools drop to very low values but return

to their original level within about 5 hrs. After moderate hyperthermia

(42.5°C for 45 min) and y-ray damage, the NAD+ pool recovered only to about

70% of the original level even after 8 hrs repair incubation at 37°C. Following

treatment with 44°C prior to y-radiation the cells did not recover at all.

It was also shown that ATP pools following 30 Gy y-radiation were depleted

but regenerated at normal temperatures (i.e. 37°C). When hyperthermia was

given prior to radiation, the cells were unable to restore their pools; the

higher the temperature the larger the lack of regeneration.

Hyperthermia in combination with y-radiation also resulted in reduced

viability of the leukocytes compared to these treatments alone. The data

clearly demonstrate the correlation between DNA repair and poly ADP ribo-

sylation. When the demand for NAD is great because of excessive DNA strand

breaks following y-irradiation, then the function of ADPRT becomes critical.

A limited supply of ATP during peak ADPRT activity limits the regeneration

of NAD , which in turn means less substrate for the enzyme and increased

cytotoxicity from the radiation (see page 21). It should also be noted that

NAD is a co-factor in numerous cellular reactions. Maintaining the level of

NAD is therefore of greatest importance for cellular life.
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Paper III. Our hypothesis from paper II regarding one possible effect of

hyperthermia on DNA damage and repair is further investigated here. The

report describes effects on ADPRT activity, NAD+ and ATP levels and ultra-

structure in human mononuclear leukocytes subject to irradiation and heat,

y-radiation was found to activate ADPRT considerably, but we find no further

effect on the activation level when the cells were exposed to hyperthermia

prior to radiation. Our results on leukocytes are in agreement with data

obtained by Juarez-Salinas et al (1984), who measured ADPRT activity in

SVT2 cells following hyperthermia treatments as high as 45°C. These authors

found no significant changes in enzyme activity although there were large

accumulations of poly (ADP-ribose). However, Noland and Kidwell (1983) found

for Drosophila nuclei where the temperature optimum is 20°C that ADPRT acti-

vity was quite lost at 37°C. Similarly, Kidwell and Purnell (1983) reported

that exposure of HeLa cells to 43°C resulted in inactivation of ADPRT.

Juarez-Salinas et al (1984) argue that hyperthermia by itself does in-

duce some DNA fragmentation which could activate the enzyme enough to yield

the poly (ADP-ribose) measured. The authors further suggest that hyperthermia

might inactivate the (ADP-ribose)-polymer-degrading enzyme poly (ADP-ribose)

giycohydrolase (see page 21) which then would also result in a high level of

poly (ADP-ribose). In order tp test the role of ATP as one precursor to NAD

ani its role on poly (ADP-ribose) metabolism, we uncoupled the oxidative

phosphorylation with 2,4-dinitrophenol (DNP) and examined the level of NAD

after damaging the cells with y-radiation. Interestingly, we find that cells

given y-radiation did not get reduced NAD poo^ unless glucose was omitted

from the culture medium. Our data indicate that ATP production from glycolysis

is sufficient to prevent HAD+ depletion from y-radiation but not after hyper-

thermia treatment. We also show that exogenously supplied adenosine could not

be fully utilized for ATP production after combined treatment of ths leukocytes

with hyperthermia and y-radiation.
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The large decline of NAD observed following treatment with heat and

T-radiation is important because the level of NAD then probably wi1! be

rate limiting for ADPRT activity. The NAD+ pool in the mononuclear leuko-

cytes is about 120 pmole/10 cells (Table I page 40). With a volume of the

leukocytes of about 300 f1, we find the NAD+ concentration to be about

400 vM. At least at the reduced levels we obtain after damaging the cells

with hyperthermia and radiation, ADPRT-activity will not be saturated, the

K^ value in permeabilized cells being 328-127 JJM (Durkacz et al 1980). It

should be mentioned that NAD pools and ATP metabolism are cojpled via

equilibria relations so that the red-ox NAD /NADH-ratio fits its function

in the energy producing systems. Hence, ATP production is also limited and

this limitation may also play a role in other steps involving DNA repair

(Kaufmann et al 1982, Dresler and Lieberman 1983).

When looking at the morphology of lymphocytes with electron microscope,

it was found that mitochondrial cristae and endop'sasmic membranes are dilated

following combined treatments with heat and y-radiation. This point further

supports the hypothesis that hyperthermia primarily affects energy production

in mononuclear leukocytes. As one mechanism of the action of hyperthermia, we

suggest that hyperthermia induces a sequence of events whereby suppression

of ATP production leads to NAD+ decline and substrate starvation for ADPRT.

Thus it is possible that hyperthermia and ADPRT inhibitors act in a similar

way to influence DNA damage and/or repair. Inhibitors of the enzyme (i.e. by

nicotinamide) or suppression of substrate regeneration for the enzyme (i.e.

by hyperthermia) might mean accumulation of Y-ray-induced DNA damage and

increased cytotoxicity.

Heat has been found to reduce cellular ATP also in other cell lines

(Francesconi and Mager 1979, Ohyama and Yamada 1980, Lunec and Cresswall

1983). Findly et al (1983) report 50% decrease in ATP levels of Tetrahyma

species exposed to heat which correlated well w^th simultaneous synthesis of
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heat shock proteins (page 15;. From their data the authors conclude that the

main effect of hyperthermia is hydrolysis of ATP to free nucleosides. Ohyatna

and Yamada (1980) argue that heat might both stimulate ATP synthesis and

cause its degradation.

However, decrease of ATP is probably not a universal response of cells

following heat treatment. Henle et al (1984) found no significant depletion

of ATP in HeLa cells given hyperthermia, although there was a strong decrease

of survival at high temperatures (Henle and Dethlefsen 1978, Henle et al 1984),

Also in Ehlich ascites cells energy production appears to be more heat resis-

tent than survival. Gerweck et al (1984) found no immediate decrease in ATP

following treatment with moderate hyperthermia. This obvious differential

sensitivity of various cell types to heat may be of importance when identi-

fying target cells for hyperthermia effects.
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Paper IV. Numerous studies support the hypothesis that the plasma membrane

is one critical target for heat inactivation of cells (see page 14). Not

only is the membrane lipid composition affected but also the morphological

structure is changed. This means that diffusion, permeability and other

transport processes across the membranes can be disturbed.

In this paper levels of some intracellular ions are measured after

exposure of human lymphocytes to hyperthermia up to 46°C. At temperatures

above 43°C the level of K decreased rapidly with increasing temperature and

there was a simultaneous but smaller gain of Na. Unfortunately, the level of

Cl could not be measured. We find no significant effect of heat on protein

bound ions.

The heat ion currents across the eel 1 membrane are, of course, related

to each other to conserve electrical charge. Our results, together with data

by Yi et al (1983a), indicate that, following heat treatment (above 42.5°C),

there must be an inflow of hydrogen ions into the cell which will lower the

intracellular pH. Several studies show that hyperthermia strongly influences

the intracellular pH with a shift to lower pH the higher the temperature (see

e.g. Gerweck 1977). Since pH in tumors is about 0.5 units lower than in normal

tissue (Bicher et al 1980), a further reduction of tumor pH might lead to

increased lethality.

In line with earlier papers discussed above, we argue that the reduced

efficiency of ion pumping observed might be due to suppressed ATP production

in the lymphocytes, although other mechanisms must also be considered. One

possible mechanism for the observed effects could be diffusion of the ions

along their concentration gradients. A third explanation was suggested by

Yi et al (1983b). They found that the total intracellular pool of amino acids

increased significantly after hyperthermia treatment of mastocytoma cells.

The increased pools of amino acids could then act as a source of osmolarity

maintaining the cellular volume almost intact. The efflux of K following
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hyperthermia was then interpreted as a cellular response to the increased

osmolarity.

This paper is also methodological and describes the method of Particle-

Induced X-ray Emission (PIXE). Ionic levels in lymphocytes measured by the

PIXE method are compared with similar data obtained from the same blood

donors with atomic absorption spectrometer. We stress in the paper the role

of this very sensitive PIXE method as a tool for routine multi-elemental

trace analysis for biological samples.

Lymphocytes are very suitable cells to study because they are easy to

collect and they are quite metabolically active. It is possible that lympho-

cytes, rather than plasma or serum concentrations of ions, reflect much better

the intracellular or total body levels of elements. For example, lymphocyte

K levels have also been found to reflect the K status of cardiac and skeletal

muscle (Counihan et al 1978). In addition, patients with chronic congestive

heart failure treated with loop block diuretics have been reported to have

significantly reduced lymphocyte Mg and K levels compared to control subjects

(Ryan et al 1978).



47

Papers V and VI. The apparent role of ADPRT inhibitors as potentiators

of lethality of DNA damaging agents suggest experiments investigating

eventual effects of nicotinamide as a radiosensitizer also in vivo.

Already before the role of ADPRT was known one experiment was carried

out by Calcutt et al (1967) where nicotinamide was found to function as a

radiosensitizer on sarcoma S.180 tumors transplanted to BALB/C mice. Of 25

animals pretreated with nicotinamide (400 mg/kg given intraperitoneally

3.5 hrs before irradiation with 45 Gy), 24 regressed completely leaving

only a scar. Also the LDgg/3Q-dose was lowered with about 0.5 Gy when the

animals were irradiated 3.5 hrs after treatment with nicotinamide. For

control animals not given nicotinamide the LD50/30-dose was found to be

7.15 Gy. Calcuttet al (1967) further found that nicotinamide at 450 mg/kg

caused a slight increase in weight of the mice compared to untreated con-

trols, indicating lack of direct toxic effects of nicotinamide.

In our experiments we used transplanted C3H mouse mammary adenocar-

cinomas as a model system. Five days after transplantation the tumors were

usually easily palpable.

There is a wide variation in tumor growth from animal to animal. Fig.

5 shows the average tumor volumes versus time after transplantation for the

untreated control animals from papers V - Group 1 and VI - Group 2.
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Fig. 5. Average tumor volume versus time after transplantation of

untreated control animals. Group 1 from paper (V) and Group 2

from paper (VI). Error bars indicate - SEM. The numbers next

to data points show how many mice were living at that time.

Characteristically the growth rates of the untreated tumors are at first

rapid, almost exponential, and then slow off progressively. The curves in

Fig. 5 are least squares fits to the experimental data of a Gompertz formula

(Laird 1964):

V = VQ e x p £ [1 - exp (- at)] ,

where V is the tumor volume (mm ) at time (hrs) after transplantation. V^ is

the extrapolated "tumor volume" at time zero. A and a are constants; A related

to the initial growth and a a retarding factor. This formula has been found

Gompertz (1825) originally deduced this type of formula from studies of

human mortality and age.



49

to very well describe the growth pattern of many animal tumors (Laird 1964,

1965, McCredie et al 1965). At initial growth [1 - exp (-at)]w at, which

gives the formula for exponential growth V = V exp (A-t). The three para-

meters from the two set of data are given in Table II.

Table II

C3H tumor

Group 1

Group 2

A

0.

0.

(hrs'

10-0.

06-0.

])

06

04

a

0.

0.

(hrs"1

008-0.

006-0.

)

002

002

VQ (mm3)

0.04

0.3

These parameters can be compared to similar data reported by Laird (1964,

1965) and McCredie et al (1965). With a cell diameter of 10 jjm, the volume of

tumor cells transplanted is about 0.2 mm , which corresponds roughly to the

V -values in the table!

The tumor doubling time T ? at time t after transplantation is given by

the parameters in the Gompertz formula as

Tx2 = - a - l n C 1 - exp (a-t)] .

Doubling times for our two experimental groups are shown in Fig. 6 versus

age of tumor.
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Fig. 6. Tumor doubling time versus age of tumor for the two

animal groups studied.

Tde reason for increasing doubling time with age of tumor could be due

to: (i) increasing duration of cell cycle time with tumor growth, (ii) de-

creasing fraction of proliferating cells, (iii) increasing loss of cells from

tumor volume (cell death and dead cell resorption) and (iv) combinations of

(i) - (iii).

When analysing the percentage of labeled mitoses in a population at various

times after injection of radioactive label incorporated in DNA, one usually

find no discrete cell cycle time but a cell cycle time distribution among the

proliferating cells. Frindel et al (1967) concluded from their and other data

that the average duration of cell cycle is probably a characteristic of the

type of cell which does not change during tumor growth. Denekamp (1970) report

for various carcinomas that there is no significant variation of the cell cycle

times with their doubling times. For C3H mouse mammary carcinoma Denekamp (1970)
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found an average cell cycle time of about 15 hrs with a large spread. If

we use the Gompertz formula for small t, i.e. where we have exponential

growth, a rough estimate of cell cycle time (Tp) is expected to be given

by Tr = - 2 — , which for our experimental animal groups 1 and 2 give

Tp « 7 and 12 hrs respectively, which values seem too short to be realistic

(Bresciani 1965). Anyway, cell cycle time appears very short compared to late

tumor volume doubling times, which means that other factors must be of impor-

tance for growth.

The growth fraction, defined as the ratio of proliferating cells (i.e.

actively involved in the mitotic cycle) to the total number of proliferating

and non-proliferating cells in the population, seems fairly constant with

tumor volume doubling times, being about 50% for a big material of sarcomas

and carcinomas (Denekamp 1970). Mendelsohn (1962) report for multiple auto-

transplants of C3H mammary tumors a growth fraction of about 40%. About the

same value was found for undisturbed primary tumors with no correlation bet-

ween growth fraction and tumor size. Denekamp (1970) found for C3H a growth

fraction estimated with two different methods to be 30 and 37% respectively.

Thus it is to be expected that the fraction of cells which are lost from

tumor volume should increase with tumor doubling time. This has also been

found for various sarcomas and carcinomas (Denekamp 1970).

Of importance for the factors determining tumor growth is the vascular

capacity for supply of oxygen and nutrients to the tumor cells. A necrotic

center will develop as the tumor outgrows from its blood supply (see Fig. 1

in paper VI).Tumor cells will grow only in a thin layer around the necrosis.

Immunological factors might also be of importance for tumor growth and cell

loss.

When irradiated with a single dose the tumors shrink at least temporarily

followed by regrowth (Figs. 1 and 2 in papers V and VI respectively) (Suit and
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Walker 1980). When nicotinamide was administered prior to radiation there

is for high doses of radiation even more prominent shrinkage and a clear

delay of regrowth. Other endpoints studied are tumor volume ratios and

increase of life span. In paper VI we also study the effect of the combined

treatment on normal tissue in a tail stunting experiment utilizing BALB/CA

mice.

One widely used endpoint in studies of radiosensitizing agents is the

TCD50 value (Begg et al 1974, Sheldon et al 1974, Fowler et al 1974). The

TCDrQ dose is the dose at which 50% of the tumors are locally controlled

(e.g. cure of patient or animal) which then could be used to give radiosensi-

tizing enhancement ratios. To get accurate TCD™ values, the curative effects

must be studied at many doses of radiation and followed for long time periods

after treatment. However, a rough estimate of TCD50 calues was deduced from

the tumor remission data valid one month after treatment (Table I in paper VI).

Using Poisson distributions for tumor remission probability (Overgaard 1985,

personal communication) we find TCD™ values beeing about 36 Gy for y-radiation

alone and 29 Gy for the combined treatment of nicotinamide plus y-radiation.

These values give a nicotinamide-induced enhancement ratio of about 1.2,

which is comparable to radiosensitization by metronidazole in the same

animal model system (Begg et al 1974).

The collected data of papers V and VI indicate a radiosensitizing effect

of nicotinamide on tumors as well as on normal tissue.

Normal tissue damage is the major limiting factor in any approach to

treatment of malignant tumors. However, it ic ^asonable to belive that ADPRT

inhibitors should have larger effect on tumor tissue because of the lower

level of NAD+ found in a varity of tumors, fetal tissue and regenerating

liver compared to normal and adult tissue (Jacobson and Jacobson 1976) (see

also page 22).

Thus our results indicate a possible use of ADPRT inhibitors together

with y-radiation (or cytotoxic drugs) in the treatment of malignant tumors.
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8. SUMMARY AND CONCLUSION

The molecular mechanisms behind the effect of hyperthermia and ADPRT

inhibitors interfering with DNA damage and/or repair have been studied. Human

tnononuclear leukocytes in vitro and a C3H mouse mammary adenocarcinoma jm vivo

were used as model systems. The following parameters were studied HI vitro:

(1) DNA repair capacity was measured using the assay system of quantifying

UDS; i.e. measuring incorporation of H-thymidine into DNA of non-S

phase cells.

(2) ADPRT activity with and without the presence of inhibitors of the enzyme

was studied following DNA damage induced by various agents.

(3) The intracellular level of NAD+, which is a co-substrate for ADPRT during

DNA repair, was measured together with the pools of ATP.

(4) Membrane effects of hyperthermia were studied by measuring intracellular

ionic levels (especially potassium).

(5) Cell viability was estimated with trypan blue exclusion method.

The data indicate that these parameters are sensitive to heat, at least,

above 43°C where there is a strong decrease in the level of each parameter with

increasing temperature. Obviously there exists an onset of some fundamental

inactivation mechanism at this temperature, which we have suggested limits

ADPRT activity.

We argue that hyperthermia and ADPRT inhibitors might act via the same

mechanism in preventing poly ADP-ribosylation of one or more chromosomal pro-

teins. ADPRT inhibitors directly prevent poly ADP-ribosylation whereas hyper-

thermia mainly affects ATP production (at least in the mononuclear leukocytes

studied here) and as a result the regeneration of NAD , which in turn means

less substrate for poly ADP-ribosylation. Reduced pools of NAD following
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treatment with heat and radiation is important since the level of NAD will

then probably be rate limiting for ADPRT activity.

The mechanism of rapid (re)generation of NAD for ADP-ribosylation of

chromosomal proteins might be of greatest importance in regulation of DNA

damage and/or repair.

As a model for this hypothesis, we have demonstrated jji vivo that C3H

tumors are radiosensitized in the presence of the ADPRT inhib-'tor riicotinamide.

If there proves to be some additivity of the toxic effects of ADPRT

inhibitors and hyperthermia when combined with y-i"adiation (or cytotoxic drugs),

then this would be of great importance for improving the results of the treat-

ment of malignant tumors.



55

ACKNOWLEDGEMENTS

The studies presented in this dissertation were performed at the

Wallenberg Laboratory, University of Lund and at the Department of Oncology,

University Hospital, Lund, Sweden, during the years 1981 to 1985. The work

was supported by grants from the Swedish Cancer Society, John and Augusta

Persson's Foundation for Scientific Medical Research, King Gustaf V:s

Jubilee Fund and from various foundations for cancer research at the

University Hospital in Lund.

I wish to express my sincere gratitude to:

Docent Ronald W. Pero for excellent guidance and collaboration. His

never failing enthusiasm has been my greatest source of encouragement.

Professor Dick Killander for his continuous support, encouragement and

constructive criticism on various aspects of this work.

Professor Bertil Persson for his interest and support.

My collaborators Elisabeth Kjellén, Göran Eriksson, Lennart Persson, Anders

Olsson, Robert Cameron, Ann-Kristin Ekholm, Jan Pallon and Sven A.E. Johansson.

Mrs Kristin Holmgren, Mrs Margaretha Olsson, Miss Maria Johansson and

Dr Per Nilsson for their skilful technical assistance.

Mrs Lisbeth Boström for typing of manuscripts and for her great patience

during the typing of this thesis.

Mr Jan Strömblad and late Mrs Karin Nilsson for preparing the figures.

All brave blood donors.

My wife Lenchen and my sons Martin and Per for their interest, patience

and support throughout these years.

All colleges and friends at the Wallenberg Laboratory and the Department

of Oncology.

Published papers were reproduced by kind premission of Elsevier Science



56

Publishers B.V. (papers I and V) and of Academic Press Inc. (papers II and

III).

Lund /March 1985.



57

REFERENCES

Adams G.E. and Dewey D.L. Hydrated e l ec t r ons and r a d i o b i o l o g i c a l s e n s i t i s a t i o n .

Biochem. Biophys. Res. Commun. U, 473-477 (1963) .

Agarwal S . S . , Katz E .J . and Loeb L.A. E f f e c t o f hyperthermia on the s u r v i v a l

o f normal human pe r iphe ra l blood mononuclear c e l l s . Cancer Res. 4 2 , 3124-

3126 (1983).

Al thaus F.R., Lawrence S . D . , S a t t l e r G.L. and P i t o t H.C. The e f f e c t o f n i c o -

t inamide on unscheduled DNA syn thes is i n c u l t u r e d hepatocy tes . Biochem.

Biophys. Res. Commun. 95, 1063-1070 (1980) .

Al thaus F.R., Lawrence S .D . , S a t t l e r G.L. and P i t o t H.C. ADP- r i bosy l t rans fe rase

a c t i v i t y in c u l t u r e d hepatocytes. J . B i o l . Chem. 257, 5528-5535 (1982) .

Amacher D.E. , E l l i o t t J .A . and Lieberman M.W. D i f fe rences i n removal o f a c e t y l -

aminof luorene and py r im id ine dimers from the DNA o f c u l t u r e d mammalian

c e l l s . Proc. N a t l . Acad. Sei USA 74, 1553-1557 (1977) .

Arcangel i G., Ci v i d a i 1 i A . , Nervi C , Creton G. , Lov i so lo G. and Mauro F.

Tumor con t ro l and t he rapeu t i c gain w i t h d i f f e r e n t schedules o f combined

rad io therapy and l oca l ex te rna l hyperthermia i n human cancer. I n t . J .

Rad iâ t . Oncol. B i o l . Phys. 9 , 1125-1134 (1983) .

von Ardenne M. and Rei tnauer P.G. Zur Abhängigkei t des Glucosverbrauches von

E h r l i c h Mäuse Asc i t es Krebsze l len in v i t r o von Temperatur und Hyperthermie

Vorbehandlung. Z. Na tu r f o r sch . 2H>, 841-848 (1966) .

Arhburner M. and Bonner J . J . The i n d u c t i o n o f gene a c t i v i t y i n Drosph i la

by heat shock. Cel l V7, 241-254 (1979) .

Atk inson D.E. The energy charge o f the adenylate pool as a r e g u l a t o r y parameter.

I n t e r a c t i o n w i t h feedback m o d i f i e r s . Biochem. 1_, 4030-4034 (1968) .

Azocar J . , Yunis E .J . and Essex M. S e n s i t i v i t y o f human na tu ra l k i l l e r c e l l s

to hyper thermia . Lancet ]_ , 16-17 (1982) .

Barra R., Randolph V . , Sumas M.E., Lanighan K. and Lea M.A. E f f e c t s o f n i c o -

t i n a m i d e , i s o n i c o t i n a m i d e , and bleomycin on DNA syn thes is and r e p a i r i n

ra t hepatocytes and hepatoma c e l l s . JNCI 69 , 1353-13F7 (1982) .



58

Barratt G.M. and Wills E.D. The effect of hyperthermia and radiation on

lysosomal enzyme activity of mouse mammary tumors. Eur. J. Cancer JJ3,

243-250 (1979).

Beetham K.L. and Tolmac L.J. The action of caffeine on X-irradiated HeLa

cells. VII. Evidence that caffeine enhances expression of potentially

lethal radiation damage. Radiat. Res. JIOO, 585-593 (1984).

Begg A.C., Sheldon P.W. and Foster J.L. Demonstration of hypoxic cell

radiosensitization in solid tumors by metronidazole. Br. J. Radiol.

47, 399-404 (1974).

Ban-Hur E., Bronk B.V. and El kind M.M. Thermally enhanced radiosensitivity

of cultured Chinese hamster cells. Nature New Biol. 238, 209-211 (1972).

Ben-Hur E., El kind M.M. and Bronk B.V. Thermally enhanced radioresponse of

cultured Chinese hamster cells: Inhibition of repair of sublethal damage

and enhancement of lethal damage. Radiat. Res. 58, 38-51 (1974).

Ben-Hur E. and Elkind M.M. Poly (ADP-ribose) metabolism in X-irradiated

Chinese hamster cells: Its relation to repair of potentially lethal

damage. Int. J. Radiat. Biol. 45, 515-523 (1984).

Berger N.A., Adams J.W., Sikorski G.W., Petzold S.J. and Shearer W.T. Synthesis

of DNA and poly (adenosine diphosphate ribose) in normal and chronic

lymphocytic leukemia lymphocytes. J. Clin. Invest. SZ, 111-118 (1978a).

Berger N.A., Weber G. and Kaichi A.S. Characterization and comparison of poly

(adenosine diphosphoribose) synthesis and DNA synthesis in nucleotide-

permeable ce l l s . Biochem. Biophys. Acta 51_9, 87-104 (1978b).

Berger N.A. Nucleic acid synthesis in permeabilized eukaryotic ce l l s , In

D.M. Prescott (Ed.) Methods in Cell Biology, Vol. _20, Academic Press, New

York, 325-340 (1978c).

Berger N.A. and Sikorski G.W. Nicotinamide stimulates repair of DNA damage

in human lymphocytes. Biochem. Biophys. Res. Commun. 95, 67-72 (1980a).

Berger N.A., Sikorski G.W., Petzold S.J. and Kurohara K.K. Defective poly

(adenosine diphosphoribose) synthesis in Xeroderma Pigmentosum. Biochemistry

19, 289-293 (1980b).



59

Berger N.A., Berger S.J. and Catino D.M. Abnormal NAD+ levels in cells from

patients with Fanconi's anaemia. Nature 299, 271-273 (1982a)

Berger N.A., Berger S.J., Sikorski G.W. and Catino D.M. Amplification of

pyridine nucleotide pools in mitogen-stimulated human lymphocytes.

Exp. Cell. Res. 237, 79-88 (1982b).

Bicher H.I., rietzel F.W., Sandhu T.S., Frinak S., Vaupel P., O'Hara M.D. and

O'Brien T. Effects of hyptrthermia on normal and tumor microenvironment.

Radiology 137, 523-530 (1980).

Bohr V. and Klenow H. 3-aminobenzamide stimulates unscheduled DNA synthesis

and rejoining of strand breaks in human lymphocytes. Biochem. Biophys.

Res. Commun. 102, 1254-1261 (1981).

Braunstein A. Krebs und Malaria. Z. Krebsforsch. 29, 330-333 (1929).

Braunstein A. Experimentelle und klinische Grundlagen fur Malariabehandlung

des Krebses. Z. Krebsforsch. 29, 486-490 (1929).

Bresciani F. A comparison of the cell generative cycle in normal, hyperplastic

and neoplastic mammary gland of the C3H mouse. Cellular Radiation Biology

pp 547-557 (Williams and Wi1 kins, Baltimore) (1965).

Busbee D.L., Rankin P., Mitchell V.R., Cantrell E.T. and Jacobson M.K. Corre-

lation of carcinogen-induced unscheduled DNA synthesis and NAD reduction

in fresh human lymphocytes. Cancer Lett. 1JU 153-160 (1980).

Busch W. Uber den Einfluss welchen heftigere Erysipelen zuweilen auf organi-

sierte Neubildungen ansliben. Verhandlungen Naturhistorischen Vereines

der Preuss. Rhein. Westphal. 23, 28-30 (1866).

Byrnes J.J., Downey K.M., Que B.G., Lee M.Y.W., Black V.L. and So A.G. Selec-

tive inhibition of the 3' to 5' exnonuclease activity associated with DNA

polymerases: A mechanism of mutagenesis. Biochemistry 1_6, 3740-3746 (1977).

Bbjum A. Separation of leukocytes from blood and bone-marrow. Scand. J. Clin.

Lab. Invest., Suppl. 97 (1968).

Calcutt G., Ting S.M. and Preece A.W. Tissue NAD levels and the response to

irradiation or cytotoxic drugs. Br. J. Cancer 24, 380-388 (1970).



60

Campagnari F. Whitfield J.F. and Bertazzoni U. The effect of X-irradiation

on the nicotinamide adenine dinucleotides (NAD-NADH) content of rat

thymocytes. Exp. Cell Res. 42, 646-656 (1966).

Cavalière R., Ciocatto E.C., Giovanella B.C., Heidelberger C , Johnson R.O.,

Margottini M., Mondovi B., Moricca G. and Rossi-Fanelli A. Selective

heat sensitivity of cancer cells. Biochemical and Clinical Studies.

Cancer 20, 1351-1381 (1967).

Cerutti P.A. Excision repair of DNA base damage. Life Sei. Jj>, 1567-1575

(1974).

Chambon P., Weill J.D. and Mandel P. Nicotinamide mononudeotide activation

of a new DNA-dependent polyadenylic acid synthesizing nuclear enzyme.

Biochem. Biophys. Res. Commun. 1J_, 39-43 (1963).

Clark E.P., Dewey W.C. and Lett J.T. Recovery of CHO cells from hyperthermic

potentiation to X-rays: Repair of DNA and chromatin. Radiât. Res. 8j3,

302-313 (1981).

Cleaver J.E. DNA repair with puriness and pyrimidines in radiation- and

carcinogen-damaged normal and Xeroderma Pigmentosum human cells. Cancer

Res. 33, 362-369 (1973).

Coley W.B. The treatment of malignant tumors by repeated inoculations of

erysipelas - With a report of ten original cases. Am. J. Med. Sei. l_05,

487-511 (1893).

Coss R.A., Dewey W.C. and Bamburg J.R. Effects of hyperthermia (41.5°C) on

Chinese hamster ovary cells analyzed in mitosis. Cancer Res. 39_, 1911-

1918 (1979).

Counihan T.B., Ryan M.F. and Ryan M.P. Non-granular leukocyte potassium during

experimental potassium deficiency and in patients with congestive heart

failure. Irish J. Med. Sei. 147, 82 (1978).

Creissen D. and Shall S. Regulation of DNA ligase activity by poly (ADP-ribose).

Nature 296, 271-272 (1982).



61

Cress A.E., Herman T.S. and Gerner E.W. Cholesterol content and thermal

sensitivity of mammalian cells in vitro. Radiat. Res. 74_, 477 (1978)

(Abstract).

Crile Jr. G. The effects of heat and radiation on cancers inplanted on the

feet of mice. Cancer Res. 23, 372-380 (1963).

Currie R.W. and White F.P. Trauma-induced protein in rat tissues: a physiolo-

gical role for a "heat shock" protein? Science 2J[4, 72-73 (1981).

Davis R.C., Bowden G.T. and Cress A.E. The effect of heat and radiation on

the initiation and elongation processes of DNA synthesis. Int. J. Radiat.

Biol. 43, 379-390 $1983).

DeAbreu R.A., van Baal J.M. and Bakkeren J.A.J.M. High-performance liquid

chromatographic assay for identification and quantisation of nucleotides

in lymphocytes and malignant lymphoblasts. J. Chromatogr. 227, 45-52 (1982).

De Horatius R.J., Hosea J.M., van Epps D.E., Reed W.P., Edwards W.S. and Williams

Jr. R.C. Immunologic function in humans before and after hyperthermia and

chemotherapy for disseminated malignancy. JNCI 58, 905-911 (1977).

Denekamp J. The cellular proliferation kinetics of animal tumors. Cancer Res.

30, 393-400 (1970).

Dethlefsen L.A. and Dewey W.C. (Eds.) Third Int. Symp.: Cancer Therapy by

Hyperthermia, Drugs, and Radiation. Colorado State Univ., Fort Collins,

Colorado, June 22-26, 1980. Natl. Ca. Inst. Monogr. 6| (1982).

Dewey W.C., Hopwood L.E., Sapareto S.A. and Gerweck L.E. Cellular responses

to combinations of hyperthermia and radiation. Radiology ]_2J3, 463-474

(1977).

Dewey W.C., Sapareto S.A. and Betten D.A. Hyperthermic radiosensitization of

synchronous Chinese hamster cells: Relationship between lethality and

chromosomal aberrations. Radiat. Res. 7(3, 48-59 (1978).

DeWys W.D. and Bathina S.H. Synergistic antileukemic effect of theophylline

and 1.3-Bis (2-chloroethyl)-l-nitrosourea. Cancer Res. 40, 2202-2208

(1980).



62

Dickson J.A. and Shah D.M. The effects of hyperthermia (42 C) on the bio-

chemistry and growth of a malignant cell line. Eur. J. Cancer f3, 561 -

571 (1972).

Dickson J.A. and Ellis H.A. The influence of tumor volume and the degree of

heating on the response of the solid Yoshida sarcoma to hyperthermia

(40°-42°). Cancer Res. 36, 1188-1195 (1976).

Dickson J.A. and Shah S.A. Hyperthermia and the immune response in cancer

therapy. Cancer Immunol, immunother. 9, 1-10 (1980).

Dickson J.A. and Claderwood S.K. Temperature range and selective sensitivity

of tumors to hyperthermia: a critical review. Ann. N.Y. Acad. Sci. 335,

180-205 )1980).

Dietzel F. Tumor and Temperatur - Aktuelle Probleme bei der Anwendung

thermischer Verfahren in Onkologie und Strahlentherapie. Urban &

Schwarzenberg (1975).

Dikomey E. Differential cytotoxic effects of hyperthermia below and above

43°C alone or combined with X irradiation. Radiat. Res. 88, 489-501 (1981)

Dixon B. The effect of radiation on the growth of vertebrae in the tails of

rats. I. Single doses of X rays and the effect of oxygen. Int. J. Rad.

Biol. 11, 355-368 (1967).

Dresler S.L. and Lieberman M.W. Requirement of ATP for specific incision of

ultraviolet-damaged DNA during excision repair in permeable human fibro-

blasts. J. Biol. Chem. 258, 12269-12273 (1983).

Durkacz B.W., Omidiji 0., Gray D.A. and Shall S. (ADP-ribose)n participates

in DNA excision repair. Nature 283, 593-596 (1980).

Durkacz B.W., Irwin J. and Shall S. Inhibition of (ADP-ribose) biosynthesis

retards DNA repair but does not inhibit DNA repair synthesis. Biochem.

Biophys. Res. Commun. W\_, 1433-1441 (1981).

Ehrenberg L. and Hussain S. Genetic toxicity of some important epoxides.

Mutat. Res. 86, 1-113 (1981).



63

Erixon K. DNA excision repair in mammalian cells. Thesis Wallenberg Laboratory,

Stockholm (1980).

Everaerts F.M., Beckers J.L. and Verheggen P.E.M. Isotachophoresis; theory,

instrumentation and applications. J. Chromatography Library, Vol. 6,

Elsevier Scientific Publishing Company (1976).

Field S.B., Hume S.P., Law M.P. and Myers R. The response of tissues to com-

bined hyperthermia and X rays. Br. J. Radiol. 50, 129-134 (1977).

Field S.B. and Bleehen N.M. Hyperthermia in the treatment of cancer. Cancer

Treatment Reviews 6, 63-94 (1979).

Findly R.C., Gillies R.J. and Schulman R.G. In vivo phosphorus-31 nuclear

magnetic resonance reveals lowered ATP during heat shock of Tetrahymena.

Science 2J9, 1223-1225 (1983).

Foster J.W. and Moat A.G. Nicotinamide adenine dinucleotide biosynthesis and

pyridine nucleotide cycle metabolism in microbial systems. Microbiol.

Rev. 44, 83-105 (1980).

Fowler J.F., Denekamp J., Sheldon P.W., Smith A.M., Begg A.C., Harris S.R.

and Page A.L. Optimum fractionation in X-ray treatment of C3H mouse

mammary tumors. Br. J. Radiol. 47, 781-789 (1974).

Francesconi R. and Mager M. Heat- and exercise-induced hyperthermia: Effects

on high-energy phosphates. Aviat. Space Environ. Med. 50, 799-802 (1979).

Frindel E., Malaise E.P., Alpen E. and Tubiana M. Kinetics of cell proliferation

of an experimental tumor. Cancer Res. Z7, 1122-1131 (1967).

Fujimura S., Hasegawa S. and Sugimura T. Nicotinamide mononucleotide - dependent

incorporation of ATP into acid-insoluble material in rat liver nuclei

preparation. Biochem. Biophys. Acta ]j|4, 496-499 (1967).

Futai M., Mizuno D. and Sugimura T. Hydrolysis of the polymer formed from

NAD with rat liver phosphodiesterase yielding nucleoside 5'-monophosphate.

Biochem. Biophys. Res. Commun. 28, 395-399 (1967).

Gerweck L.E. Modification of cell lathality at elevated temperatures: the pH

e f f e c t . Radiat . Res. 70, 224-235 (1977).



64

Gerweck L.E., Dahlberg W.K., Epstein L.F. and Shimm D.S. Influence of nutrient

and energy deprivation on cellular response to single and fractionated

heat treatments. Radiat. Res. 99, 573-581 (1984).

Giovanella B.C., Lohmann W.A. and Heidelberger C. Effects of elevated tempera-

tures and drugs on the viability of L1210 leukemia cells. Cancer Res. ̂ 0 ,

1623-1631 (1970).

Giovanella B.C., Stehlin J.S. and Morgan A.C. Selective lethal effect of

supranormal temperatures on human neoplastic cells. Cancer Res. 3j6, 3944-

3950 (1976).

Gompertz B. On the nature of the function expressive of the law of human

mortality and on a new mode of determining the value of life contingencies.

Phil. Trans, of Royal Soc. London, Part II, 513-585 (1825).

Greenstock C.L., Chapman J.D., Raleigh J.A., Shierman E. and Reuvers A.P.

Competive radioprotection and radiosensitization in chemical systems.

Radiat. Res. 59, 556-571 (1974).

Grossman L., Braun A., Feldberg R. and Mahler I. Enzymatic repair of DNA.

Ann. Rev. Biochem. 44, 19-43 (1975).

Hahn E.W., Feingold S.M. and Kim J.H. Single dose radiation and hyperthermia and

growth of the rat tail. Int. J. Radiat. Oncol. Biol. Phys. 6, 457-461 (1980)

Hahn G.M. Potential for therapy of drugs and hyperthermia. Cancer Res. 39,

2264-2268 (1979).

Halldorsson H., Gray D.A. and Shall S. Poly (ADP-ribose) polymer?se activity

in nucleotide permeable cells. FEBS Lett. 85, 349-352 (1978).

Haridiadis L., Sung D. and Hall E.J. Thermal tolerance and repair of thermal

damage by cultured cells. Radiology 1_23, 505-509 (1977).

Harms-Ringdah1 M. Wallenberg Laboratory, Stockholm 1984, Private comrnun.

Hayaishi 0. and Ueda K. Poly (ADP-ribose) and ADP-ribosylation of proteins.

Annu. Rev. Biochem. 46, 95-116 (1977).



65

Heartlein M.W. and Preston R.J. The effect of 3-aminobenzamide on the

frequency of X-ray- or neutron-induced chromosome aberrations in

cycling or non-cycling human lymphocytes. Mutat. Res. J48, 91-97 (1985).

Henle K.J. and Dethlefsen L.A. Heat fractionation and thermotolerance: A

review. Cancer Res. 38, 1843-1851 (1978).

Henle K.J. and Dethlefsen L.A. Time-temperature relationships for heat-induced

killing of mammalian cells. Annals New York Acad. Sci. 3_3j>, 234-253 (1980).

Henle K.J., Nagle W.A., Moss A.J. and Herman T.S. Cellular ATP content of

heated Chinese Hamster Ovary cells. Radiat. Res. 97, 630-633 (1984).

Hillyard D., Rechsteiner M.C. and Olivera B.M. Pyridine nucleotide metabolism

in mammalian cells in culture. J. Cell. Physiol. 82, 165-180 (1973).

Hilz H. and Stone P. Poly (ADP-ribose) and ADP-ribosylation of proteins. Rev.

Physiol. Biochem. Pharmacol. 76, 1-58 (1976).

Hilz H., Adamietz P., Bredehorst R. and Wielckens K. ADP-ribosylation of nuclear

proteins. Adv. Enzyme Reg. Y!_, 195-211 (1978).

Howard-Flanders P. Inducible repair of DNA. Scientific American 2^5, 56-64

(1981).

Hugander A. Hyperthermia and liver tumors - An experimental study in rats.

Thesis. Bulletin No 41 from the Dep. of Surgery, University of Lund (1983).

Hume S.P., Rogers M.A. and Field S.B. Heat-induced thermal resistance and its

relationship to lysosomal response. Int. J. Radiat. Biol. 34, 503-511

(1978).

Hume S.P., Myers 3. and Field S.B. A comparison of thermal enhancement ratios

for fast neutron and X irradiation of two normal tissues in rodents. Br.

J. Radiol. 55, 151-155 (1982).

Ijichi H., Ichiyama A. and Hayaishi 0. Studies on the biosynthesis of nico-

tinamide adenine dinucleotide. III. Comparative jm vivo studies on nico-

rinic acid, nicotinamide, and quinolinic acid as precursors of nicotinamide

adenine dinucleotide. J. Biol. Chem. 24U 3701-3707 (1966).



66

Jacobson E.L. and Jacobson M.K. Pyridine nucleotide levels as a funct ion of

growth in normal and transformed 3T3 c e l l s . Arch. Biochem. Biophys. 175,

627-634 (1976).

Jacobson E.L., Lange R.A. and Jacobson M.K. Pyridine nucleot ide synthesis in

3T3 c e l l s . J . C e l l . Phys ic l . 99, 417-426 (1979).

Jacobson E.L., Antol K.M., Juarez-Salinas H. and Jacobson M.K. Poly (ADP-

ribose) metabolism in u l t r a v i o l e t i r rad ia ted human f i b r o b l a s t s . J . B i o l .

Chem. 258, 103-107 (1983).

Jacobson E.L., Smith J .Y . , Mingmuang M., Meadows R., Sims J .L . and Jacobson

M.K. Ef fect of nicotinamide analogues on recovery from DNA damage in

C3H 10T 1/2 c e l l s . Cancer Res. 44, 2485-2492 (1984a).

Jacobson M.K., Levi V., Juarez-Salinas H. , Barton R.A. and Jacobson E.L.

Effect of carcinogenic N-Alkyl-N-Nitroso compounds on nicotinamide

adenine d inucleot ide metabolism. Cancer Res. 40, 1797-1802 (1980).

Jacobson M.K., Payne D.M., Alvarez-Gonzalez R., Juarez-Salinas H., Sims J .L .

and Jacobson E.L. Determination of vn vivo levels of polymeric and mono-

meric ADP-ribose by fluorescence methods. Methods in Enzymology 106,

483-494 (1984b).

James M.R. and Lehmann A.R. Role of Poly (adenosine diphosphate r ibose) in

deoxyribonucleic acid repair in human f i b r o b l a s t s . Biochemistry 2J ,

4007-4013 (1982).

Johnson G.S. Metabolism of NAD and N -methylnicotinamide in growing and growth

- arrested c e l l s . Eur. J . Biochem. V[2, 635-641 (1980).

Jonsson G.G. Wallenberg Laboratory Lund (1982) Unpublished.

Juarez-Salinas H., Levi V. , Jacobson E.L. and Jacobson M.K. Poly (ADP-ribose)

has a branched st ructure 211 vi^vo. J . B i o l . Chem. £57, 607-609 (1982).

Juarez-Salinas H., Mendoza-Alvarez H., Levi V., Jacobson M.K. and Jacobson E.L.

Simultaneous determination of l i nea r and branched residues in Poly (ADP-

r ibose) . Anal. Biochem. l J U 410-418 (1983).



67

Juarez-Salinas H., Duran-Torres G. and Jacobson M.K. Alteration of poly (ADP-

ribose) metabolism by hyperthermia. Biophys. Res. Commun. 122, 1381-

1388 (1984).

Kalland T. and Dahlqvist I. Effects of in vitro hyperthermia on human natural

killer cells. Cancer Res. 43, 1842-1846 (1983).

Kalland T. Department of Anatomy, Lund 1985, private commun.

Kase K. and Hann G.M. Differential heat response of normal and transformed

human cells in tissue culture. Nature 255, 228-230 (1975).

Kaufmann W.K., Kaufmann D.G., Stenström M. and Frisham J.W. Requirements for

adenosine triphosphate in DNA repair in isolated hepatic nuclei. Biochem.

Biophys. P.es. Commun. ]08, 1040-1047 (1982).

Kidwell W.R. and Mage M.G. Changes in poly (adenosine diphosphate-ribose) and

poly (adenosine diphosphate-ribose) polymerase in synchronous HeLa cells.

Biochemistry lj>, 1213-1217 (1976).

Kidwell W.R. and Purnell M.R. Temperature sensitivity of poly (ADP-ribose)

synthetase in intact cells. ADP-ribosylation, DNA repair and cancer,

M. Miwa et al (Eds.), Japan Sci. Soc. Press. Tokyo/VNU Science Press,

Utrecht, 243-252 (1983).

Kim J.H., Kim S.H. and Hahn E.W. Killing of glucose-deprived hypoxic cells

with moderate hyperthermia. Radiat. Res. 7j>, 448-451 (1978).

King M.E., Stavens B.W. and Spector A.A. Diet - induced changes in plasma

membrane fatty acid composition affect physical properties detected

with a spin-label probe. Biochemistry ]_6, 5280-5285 (1977).

Koga S., Izumi A., Maeta M., Shimizu N., Osaki Y. and Kanayama H. The effects

of total-body hyperthermia combined with anticancer drugs on immunity

in advanced cancer patients. Cancer 52, 1173-1177 (1983).

Kol R. and Ben-Hur E. Radiation protection of stimulated human lymphocytes

by nicotinamide. Radiat. Environm. Biophys. ^ 2 , 133-140 (1983).

Kornberg A. DNA replication. W.H. Freeman and Company. San Fransisco (1980).



68

Krementz E.T., Carter R.D., Sutherland C M . and Hutton I. Chemotherapy of

sarcomas and limbs by regional perfusion. Ann. Surg. H55, 555-564 (1977).

Kriek E. Carcinogenesis by aromatic amines. Biochim. Biophys. Acta 355,

177-203 (1974).

Kwock L., Lin P.-S., Hefter K. and Wallach D.F.H. Impairment of Na -dependent

ami no acid transport in a cultured human T-cell line by hyperthermia and

irradiation. Cancer Res. 38, 83-87 (1978).

Laird A.K. Dynamics of tumor growth. Br. J. Cancer H3, 490-502 (1964).

Laird A.K. Dynamics of tumor growth: comparison of growth rates and extra-

polation of growth curve to one cell. Br. J. Cancer 1_9, 278-291 (1965).

Laval F. and Michel S. Enhencement of hyperthermia-induced cytotoxicity upon

ATP deprivation. Cancer Lett. JJ5, 61-65 (1982).

Lehman A.R. Postreplication repair of DNA in mammalian cells. Life Sci. ]J5,

2005-2016 (1974).

Li G.C., Cameron R.B., Sapareto S.A. and Hahn G.M. Reinterpretation of

Arrhenius analysis of cell inactivation by heat. Nat!. Cancer Inst.

Monogr. 6]_, 111-113 (1982).

Li 6.C. and Werb Z. Correlation between synthesis of heat shock proteins

and development of thermotolerance in Chinese hamster fibroblasts.

Proc. Natl. Acad. Sci. USA 79, 3218-3222 (1982).

Li G.C. Induction of thermotolerance and enhanced heat shock protein synthesis

in Chinese hamster fibroblasts by sodium arsenite and by ethanol. J. Cell.

Physiol. VN>, 116-122 (1983).

Lindal T. Worthy of a detour. Nature 298, 424-425 (1982).

Lindholm C.-E., Kjellén E., Landberg T., Nilsson P. and Persson B. Microwave-

induced hyperthermia and ionizing radiation. Preliminary clinical results.

Acta Radiol. Oncology 21_, 241-254 (1982).

Luk K.H., Francis M.E., Perez C.A. and Johnson R.J. Combined radiation and

hyperthermia: Comparison of two treatment schedules based on date from



69

a registry established by the radiation therapy oncology group (RTOG).

Int. J. Radiat. Oncol. Biol. Phys. K), 801-809 (1984).

Lunec J., Hesslewood I.P., Parker R. and Leaper S. Hyperthermia enhancement

of radiation cell killing in HeLa 33 cells and its effect on the produc-

tion and repair of DNA strand br?aks. Radiat. Res. 85, 116-125 (1981).

Lunec J. and Cresswell S.R. Hea*-induced thermotolerance e:.pressed in the

energy metabolism of mammalian cells. Radiat. Res. 93, 588-597 (1983).

Magun B.E. Inhibition and recovery of macromolecular synthesis, membrane trans-

port, and lysosomal function following exposure of cultured cells to hvper-

thermia. Radiat. Res. 87, 657-669 (1981).

Manning M.R., Cetas T.C., Miller R.C., Oleson J.R., Connor W.G. and Gerner E.W.

Results of a phase I trial employing hyperthermia alone or in combination

with external beam or interstitial radiotherapy. Cancer 49, 205-216 (1982).

McCredie J.A., Inch W.R., Kruuv J. and Watson T.A. The rate of tumor growth

in animals. Growth 29, 331-347 (1965).

McCurry L.S. and Jacobson M.K. Poly (ADP-ribose) synthesis following DNA damage

in cells heterozygous or homozygous for the Xeroderma Pigmentosum genotyp.

J. Biol. Chem. 256, 551-553 (1981).

McElhaney R.N. and Souza K.A. The relationship between environmental temperature,

cell growth and the fluidity and physical state of the membrane lipids in

Bacillus Stearothermophilus. Biochem. et Biophys. Acta 443, 348-359 (1976).

Mendelsohn M.L. Autoradiographic analysis of cell proliferation in spontaneous

breast cancer of C3H mice. III. The growth fraction. J. Natl. Cancer Inst.

28, 1015-1029 (1962).

Miller E.C. Some current perspectives on chemical carcinogenesis in humans and

experimental animals - Presidental address, Cancer Res. 38, 1479-1496 (1978),

Miller R.C., Connor W.G., Heusinkveld R.S. and Boone M.L.M. Prospects for

hyperthermia in human cancer therapy. Part I. Hyperthermic effects in

man an spontaneous animal tumors. Radiology 1^3, 489-495 (1977).

Mills M.D. and Meyn R.E. Effects of hyperthermia on repair of radiation-induced



70

DNA strand breaks. Radiât. Res. 87, 314-328 (1981).

Mittler S. Effect of hyperthermia upon radiation-induced chromosome loss in

mutagen-sensitive Drosophila melanogester. Radiât. Res. £56, 91-101 (1981).

Miwa M. and Sugimura T. Splitting of the ribose-ribose linkage of poly (adeno-

sine-diphosphate-ribose) by a calf thymus extract. J. Biol. Chem. 246,

6362-6364 (1971).

Miwa M., Ishihara M., Takishima S., Takasuka N., Maeda M., Yamaizumi Z., Sugi-

mura T., Yokoyama S. and Miyazawa T. The branching and linear portions of

poly (adenosine diphosphate ribose) have the same a(l-»2) ribose-ribose

linkage. J. Biol. Chem. 256, 2916-2921 (1981).

Miwa M., Kato M., Iijima H., Tanaka Y., Kondo T., Kawamitsu H., Terada M.

and Sugimura T. Poly (ADP-ribose): Structure, quantification, and bio-

logical significance. ADP-ribosylation, DNA repair and cancer. M. Miwa

et al (Eds.) Japan Sei. Soc. Press, Tokyo/VNU Science Press, Utrecht.

27-37 (1983).

Mondovi B., Strom R., Rotilio G. Finazzi Agrô A., Cavalière R. and Rossi-

Fanelli A. The biochemical mechanism of selective heat sensitivity of

cancer cells. I. Studies on cellular respiration. Eur. J. Cancer 5_,

129-136 (1969)

Mondovi B., Santoro A.S., Ström R., Faiola R. and Rossi-Fanelli A. Increased

immunogenicity of Ehrlich ascites cells after heat treatment. Cancor 30,

885-888 (1972).

Muckle D.S. and Dickson J.A. The selective inhibitory effect of hyperthermia

on the metabolism and growth of malignant cells. Br. J. Cancer P_5, 771-

778 (1971).

Müller C. Therapeutische Erfahrungen an 100 mit Kombination von Röntgenstrahlen

und Hochfrequenz, resp. Diathermie behandelten bösartigen Neubildungen.

Münch. Med. Wschr. 28, 1546-1549 (1912).

Myers R., Rogers M.A. and Hume S.P. Histochemical evidence for radiation



71

enhancement of lysosomal response following hyperthermia of tail

cartilage in baby rat. Radiat. Res. 87, 329-340 (1981).

Nauts H.C., Fowler G.A. and Bogatko F.H. A review of the influence of

bacterial infection and of bacterial products (Coley's toxins) on malignant

tumors in tian. Acta Med. Scand. Suppl. 267, 1-103 (1953).

Nduka N., Sh^dmore C.J. and Shall S. The enhancement of cytotoxicity of N-

fiethyl-N-nitrosourea and of y-radiation by inhibitors of poly (ADP-ribose)

poiymerase. Eur. J. Biochem. 105, 525-530 (1980).

Nishizuka Y. and Hayaishi 0. Studies on the biosynthesis of nicotinamide adenine

dinucleotide. I. Enzymatic synthesis of niacin ribonucleotidps from 3-

hydroxyanthranilic acid in mammalian tissues. J. Biol. Chem. £38, 3369-

3377 (1963).

Nishizuka Y., Ueda K., Nakazawa K. and Hayaishi 0. Studies of the polymer of

adenosine diphosphate ribose. J. Biol. Chem. 242, 3164-3171 (1967).

Nolan N.L. and Kidwell W.R. Effect of heat shock on poly (ADP-ribose) synthe-

tase and DNA repair in Drosophila cellb. Radiat. Res. 90, 187-203 (1982).

Nomura H., Tanigawa Y., Kitamura A., Kawakami K. and Shimoyama M. "Poly (ADP-

ribose) -sensitive endonuclease" and the repair of DNA damaged by N-methyl-

N-mtrosourea. Biochem. Biophys. Res. Commun. 98, 806-814 (1981).

Ohashi Y., Ueda K., Kawaichi M. and Hayaishi 0. Activation of DNA ligase by

poly (ADP-ribose) in chromatin. Proc. Natl. Acad. Sci USA 80, 3604-3607

(1983).

Ohyama H. and Yamada T. Reduction of rat thymocyte interphase death by

hyperthermia. Radiat. Res. 82, 342-351 (1980).

Oikawa A., Tohda H., Kanai M., Miwa M. and Sugimura T. Inhibitors of poly

(adenosine diphosphate ribose) polymerase induce sister chromatid

exchanges. Biochem. Biophys. Res. Commun. 97, 1311-1316 (1980).

Overgaard J. Ultrastructure of a murine mammary carcinoma exposed to hyper-

thermia in vivo. Cancer Res. 36, 983-995 (1976).



12

Overgaard J. Effect of hyperthermia on malignant cells in vivo. A review

and a hypothesis. Cancer 3_9, 2637-2646 (1977).

Overgaard K. Cxperimentelles Liber kombinierte Wärme-Röntgentherapie bösartiger

Tumoren. Acta Radiol. lj>, 461-470 (1935).

Overgaard K. and Overgaard J. Radiation sensitizing effect of heat. Acta

Radiologica V3, 501-511 (1974).

Painter R.B. The role of DNA damage and repair in cell killing induced by

ionizing radiation. In Radiation Biology in Cancer Research (R.E. Meyn

and H.R. Withers, Eds.) 59-68, Raven Press, New York (1980).

Pantazatos P., Tompkins W. and Tick N. Hyperthermia sensitization of a human

colon tumor cell line (HCT-8R) to lysis by antibodies and complement.

Proc. Am. Assoc. Cancer Res. 1_9, 96 (1978).

Pastan I.H., Johnson G.S. and Anderson W.B. Role of cyclic nucleotides in

growth control. Ann. Rev. Biochem. 44, 491-522 (1975).

Perez C.A., Kopecky W., Rao D.V., Baglan R. and Mann J. Local microwave

hyperthermia and irradiation in cancer therapy: preliminary observations

and directions for future clinical trials. Int. J. Radiat. Oncol. Biol.

Phys. 7, 765-772 (1981).

Perez C.A. Clinical hyperthermia: mirage or reality? Int. J. Radiat. Oncol.

Biol. Phys. K), 935-937 (1984).

Pero R.W., Bryngelsson C , Mitelman F., Thulin T. and Norden Å. High blood

pressure -?la*oH to c-.rcinogen-induced unscheduled DNA synthesis, DNA

carcinogen binding, and chromosomal aberrations in human lymphocytes.

Proc. N a t l . Acad. S c i . USA 73, 2496-2500 (1976).

Pero R.W. and öst lund C. D i rec t ^ mparison, i n human res t i ng lymphocytes, of

the inter-individual variations in unscheduled DNA synthesis induced by

N-*retoxy-2-acetylaminof1uorene and ultraviolet irradiation. Mutat. Res.

73, 349-361 (1980).

Peters G.J., deAbreu R.A., Oosterhof A. and Veerkamp J.H. Concentration of



73

nucleotides in deoxynucleotides in pheripheral and phytohemagglutinin-

stimulated mammalian lymphocytes. Biochim. Biophys. Acta 759, 7-15 (1983).

Preiss J. and Handler P. Biosyntheis of diphosphopyridine nucleotides. I.

Identification of the intermediates. II. Enzymatic aspects. J. Biol.

Chem. 232» 483-500 (1958).

Purnell M.R., Slone P.R. and Whish W.J.D. ADP-ribosylation of nuclear proteins.

Biochem. Soc. Trans. 8, 215-227 (1980).

Raaphorst G.P., Freeman M.L. and Dewey W.C. Radiosensitivity and recovery from

radiation damage in cultured CHO cells exposed to hypprthermia at 42.5

and 45.5°C. Radiât. Res. 1J_, 390-402 (1979).

Rankin P.W., Jacobson M.K., Mitchell V.R. and Busbee D.L. Reduction of nico-

tinamide adenine dinucleotide levels by ultimate carcinogens in human

lymphocytes. Cancer Res. 40, 1803-1807 (1980).

Regan J.D. and Setlow R.B. Two forms of repair in the DNA of human cells

damaged by chemical carcinogens and mutagens. Cancer Res. 34, 3318-

3325 (1974).

Rohdenburg G.L. Fluctuations in the growth energy of malignant tumors in man,

with especial reference to spontaneous recession. J. Cancer Res. 2> 193-

225 (1918).

Roitt I.M. The inhibition of carbohydrate metabolism in ascites-tumor cells

by ethyleneimines. Biochem. J. 63, 300-307 (1956).

Roti Roti J.L. and Henle K.J. Comparison of two mathematical models for

describing heat-induced cell killing. Radiât. Res. 8J[, 374-383 (1980).

Rubin I., Getz G. and Swift H. Alteration of protein synthesis and induction

of specific protein phosphorylation by hyperthermia. Cancer Res. 42,

1395-1398 (1982).

Ruddon R.W. Cancer Biology. Oxford University Press 1981.

Ryan W.L. and Heidrick M.L. Inhibition of cell growth in vitro by adenosine

3',5'-monophosphato. Science 162, 1484-1485 (1968).



74

Ryan M.P., Ryan M.F. and Counihan T.B. The effect of diuretics on lymphocyte

magnesium and potassium. In Proc. of a Symposium in Stockholm, Sweden,

Nov. 7, 1980 on Electrolytes and Cardiac Arrhytmias (B.W. Johansson, Ed.).

Acta Medica Scand., Suppl. 647, 153-161 (1980).

Sakamoto H., Kawamitsu H., Miwa M., Terada M. and Sugimura T. Enhancement of

antitumor activity of bleomycin by benzamide jji vitro and jji vivo. J.

Antibiot. 36, 296-300 (1983).

Sapareto S.A., Hopwood L.E. and Dewey W.C. Combined effects of X irradiation

and hyperthermia on CHO cells for various temperatures and orders of

application. Radiat. Res. 73, 221-233 (1978).

Sawada S. and Okada S. Rejoining of single-strand breaks of DNA in cultured

mammalian cells. Radiat. Res. 40, 145-162 (1970).

Schechter M., Stowe S.M. and Moroson H. Effects of hyperthermia on primary

and metastatic tumor growth and host immune response in rats. Cancer Res.

38, 498-502 (1978).

Schlesinger M.J., Aliperti G. and Kelley P.M. The response of cells to heat

shock. Trends in Biochem. Sciences 1_, 222-225 (1982).

Schmidt H.E. Zur Rontgenbehandlung tiefliegender Tumoren. Fortschr. Röntgenstr.

]4, 134-136 (1909).

Schrek P.. In vitro methods for.measuring viability and vitality of lymphocytes

exposed to 45°, 47° and 50°C. Cryobiology 2, 122-128 (1965).

Schrek R. Utility and efficiency of viable cell counts. Cancer Res. 39, 4288

(1979).

Setlow R.B. The molecular basis of biological effects of ultra-violet radia-

tion and photo-reactivation. Curr. Top. Radiat. Res. 2, 195-248 (1966).

Setlow R.B. Repair deficient human disorders and cancer. Nature 271_, 713-

717 (1978).

Shah S.A. and Dickson J.A. Effect of hyperthermia on the immunocompetence of

VX2 tumor-bearing rabbits. Cancer Res. 38, 3523-3531 (1978).



75

Shall S., Goodwin P., Halldorsson H., Khan G., Skidmore C. and Tsopanakis C.

Post-synthetic modifications of nuclear macromolecules. Biochem. Soc.

Synp. 42, 103-116 (1977).

Sheldon P.W., Foster J.L. and Fowler J.F. Radiosensitization of C3H mouse

mammary tumors by a 2-nitroimidazole drug. Br. J. Cancer 30, 560-565

(1974).

Sims J.L., Sikorski G.W., Catino D.M., Berger S.J. and Berger N.A. Poly

(adenosinediphosporibose) polymerase inhibitors stimulate inscheduled

deoxyribonucleic acid synthesis in normal human lymphocytes. Biochemistry

21_, 1813-1821 (1982).

Skidmore C.J.. Davies M.I., Goodwin P.M., Halldorsson H., Lewis P.J., Shall S.

and Zia'ee A.-A. The involvement of poly (ADP-ribose) polymerase in the

degradation of NAD caused by -»--radiation and N-methyl-N-nitrosourea. Eur.

J. Biochem. 101_, 135-142 (1979).

Smulson M.E., Stark P., Gazzoli M. and Robert J. Release of template restric-

tion for DNA synthesis by poly ADP (ribose) polymerase during the HeLa

cell cycle. Exp. Cell Res. 90, 175-182 (1975).

Smulson M.E., Schein P., Mull ins D.W. and Sudhakar S. A putative role for

nicotinamide adenine dinucleotide-promoted nuclear protein modification

in the antitumor activity of N-methyl-N-nitrosourea. Cancer Res. 37,

3006-3012 (1977).

Song C.W., Guertin D.P. and Levitt S.H. Potentiation of cytotoxicity of 5-

thio-D-glucose on hypoxic cells by hyperthermia. Int. J. Radiat. Oncol,

Biol. Phys. 5, 965-970 (1979).

Song C.W. Physiological factors in hyperthermia. Natl. Ca. Inst. Monogr. 61_,

169-176 (1982).

Spiegler P. and Norman A. Kinetics of unscheduled DNA synthesis induced by

ionizing radiation in human lymphocytes. Radiat. Res. <3_i» 400-412 (1969).

Spiro I.J., Denman D.L. and Dewey W.C. Effect of hyperthermia on CHO DNA poly-

merases a and p. Radiat. Res. 89, 134-149 (1982).



76

Spiro I.J., Denman D.L. and Dewey W.C. Effect of hyperthermia on isolated DNA

polymerase-0. Radiat. Res. 95, 68-77 (1983).

States C. and Janakidevi K. Increased thermal stability of solubilized chroma-

tin after poly (ADP-ribose) synthesis. Bioscience Reports 3_> 847-856 (1983).

Stehlin Jr J.S., Giovanella B.C., de Ipolyi P.D., Muenz L.R. and Anderson R.F.

Results of hyperthermic perfusion for melanoma of the extremities. Surg.

Gynecol. Obstet. U0, 339-348 (1975).

Stratford I.J., Williamson C , Hoe S. and Adams G.E. Radiosensitizing and cyto-

toxicity studies with CB 1954 fi.4-dinitro-5-aziridinylbenzamide). Radiat.

Res. 88, 502-509 (198"!).

Suit H.D. and Walke.- A.M. Assessment of the response of tumors to radiation:

clinical and experimental studies. Br. J. Cancer 4_NSuppl. IV, 1-10

(1980).

Tamulevicius P. and Streffer C. Does hyperthermia produce increased lysosomal

enzyme activity? Int. J. Radiat. Biol. 43, 321-327 (1983).

Tanuma $., Enomoto T. and Yamada M. Distribution of poly (ADP-ribose) in

histones of HeLa cell nuclei. Biochem. Biophys. Res. Commun. 74_, 599-605

(1977).

Tolmach L.J., Jones R.W. and Busse P.M. The action of caffeine on X-irradiated

HeLa cells. I. Delayed inhibition of DNA synthesis. Radiat. Res. 71̂ , 653-

665 (1977).

lolmach L.J. and Busse P.M. The action of caffeine on X-irradiated HeLa cells.

IV. Progression delays and enhanced cell killing at high caffeine con-

centrations. Radiat. Res. 82, 374-392 (1980).

Tomasovic S.P., Steck P.A. and Heitzman D. Heat-stress proteins and thermal

resistance in rat mammary tumor cells. Radiat. Res. 95, 399-413 (1983).

Tsopanakis C , Leeson E., Tsopanakis A. and Shall S. Purification and properties

of poly (ADP-ribose) polymerase from pig-thymus nuclei. Eur. J. Biochem.

90, 337-345 (1978).



77

Tubiana M. The future of hyperthermia. In cancer therapy by hyperthermia,

drugs and radiation. Natl. Ca. Inst. Monogr. 6T_, 539-543 (1982).

U R., Noell K.T., Woodward K.T., Worde B.T., Fishburn R.I. and Miller L.S.

Microwave-induced local hyperthermia in combination with radiotherapy

of human malignant tumors. Cancer 4jj, 638-646 (1980).

Vaupel P., Ostheimer K. and Muller-Klieser W. Circulatory and metabolic

response of malignant tumors during localized hyperthermia. J. Cancer Res.

Clin. Oncol. 8, 15-29 (1980).

Vincent M. and Tanguay R.M. Heat-shock induced proteins present in the cell

nucleus of Chironomus tentans salivary gland. Nature 28JU 501-503 (1979).

Vladescu C. and Apetroae M. Biophysical radiosensitization. Radiat. Environ.

Biophys. 22, 141-148 (1983).

Waldstein E.A., Sharon R. and Ben-Ishai R. Role of ATP in excision repair of

ultraviolet radiation damage in Escherichia col i. Proc. Natl. Acad. Sci.

USA 21, 2651-2654 (1974).

Ward J.F. Molecular mechanisms of radiation-induced damage to nucleic acids.

Adv. Radiat. Biol. 5, 181-239 (1977).

Ward J.F. Some biochemical consequences of the spatial distribution of ionizing

radiation-produced free radicals. Radiat. Res. 86, 185-195 (1981).

Warren S.L. Preliminary study of the effect of artificial fever upon hopeless

tumor cases. Am. J. Roentgen 3i3, 75-87 (1935).

Warters R.L. and Roti Roti J.L. Excision of X-ray-induced thymine damage in

chromatin from heated cells. Radiat. Res. 79, 113-121 (1979).

Warters R.L. and Roti Roti J.L. The effect of hyperthermia on replicating

chromatin. Radiat. Res. 88, 69-78 (1981).

Westermark F. Uber die Behandlung des ulcerirerenden Cervixcarcinoms mittels

konstanter Wärme. Cbl. Gynäk. 49, 1335-1339 (1898).

Westra A. and Dewey W.C. Variation in sensitivity to heat shock during the

cell-cycle of Chinese hamster cells in vitro. Int. J. Radiat. Biol. 1_9,

467-477 (1971).



78

Westra J.G., Kriek E. and Hittenhausen H. Ident i f icat ion of the persistently

bound form of the carinogen N-acetyl-2-aminofluorene to rat l i ve r DNA

in vivo. Chem.-Biol. Interac. 1_5, 149-164 (1976).

Wheeler K.T. and Warters R.L. Influence of heat on the chromatin structure

in HeLa nuclei. Radiat. Res. 90, 204-215 (1982).

Wielckens K., Garbrecht M., K i t t l e r M. and Hilz H. ADP-ribosylation of proteins

in normal lymphocytes and in low-grade malignant non-Hodgkin lymphoma

ce l ls . Eur. J . Biochem. ]04 , 279-287 (1980).

Wielckens K., Bredehorst R., Adamietz P. and Hilz H. Mono ADP-ribosylation and

poly ADP-ribosylation of proteins in normal an<f malignant t issues. Adv.

Enzyme Reg. 20, 23-37 (1982a).

Wielckens K., Schmidt A., George E., Bredehorst R. and Hilz H. DNA fragmentation

and NAD depletion. J . B io l . Chem. 257, 12872-12877 (1982b).

Wisnieski B.J. , Parkes J.G., Huang Y.O. and Fox C.F. Physical and physiological

evidence for two phase transist ions in cytopiasmic membranes of animal

ce l l s . Proc. Natl. Acad. Sci USA 71_, 4381-4385 (1974).

Woodhall B., Pickrel l K.L., Georgiade N.G., Mahaley M.S. and Dukes H.T. Effect

of hyperthermia upon cancer chemotherapy - Application to external cancers

of head and face structures. Ann. Surg. 1_5_[, 750-759 (1960).

Wright E.A. and Howard-Flanders P. The use of the growing mouse t a i l as a test

object in radiobiology. IN: Progress in Radiobiology. Eds. Mitchell J .D.,

Holmes B.E. and Smith C.L. pp 449-455 (Oliver and Boyd, London and Edin-

burgh) (1956).

Yatvin M.B. The influence of membrane l i p i d composition and procaine on hyper-

thermic death of ce l ls . In t . J . Radiat. B io l . 32, 513-521 (1977).

Yerushalmi A. Influence on metastatic spread of whole-body or local tumor

hypertiiermia. Eur. J . Cancer J ^ , 455-463 (1976).

Yi P.N. Cellular ion content changes during and a f te r hyperthe.mia. Biochem.

Biophys. Res. Commun. 91 , 177-182 (1979).



79

Yi P.N., Chang C.S., Tallen M., Bayer W. and Ball S. Hyperthermia-induced

intracellular ionic level changes in tumor cells. Radiat. Res. JO, 534-

544 (1983a).

Yi P.N., Fenn J.O., Dykes B.H., Jarrett J.H., Hempling H.G. Mobilization of

amino acids in tumor cells by hyperthermia . Cell. Biol. Int. Reports

]_, 797-806 (1983b).

Yoshihara K., Tanigawa Y., Burzio L. and Koide S.S. Evidence for adenosine

diphosphate ribosylation of Ca +, Mg +-dependen endonuclease (DNA synthe-

sis/NAD). Proc. Natl. Acad. Sci. USA 72, 289-293 (1975).

Zweliing L.A., Kerrigan D. and Pommier Y. Inhibitors of poly (adenosine

diphosphoribose) synthesis slow the resealing rate of X-ray-induced DNA

strand breaks. Biochem. Biophys. Res. Commun. 104, 897-902 (1982).


