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1. INTRODUCTION

1.1 Specific radiosensitization of tumors containing hypoxic cells

Cells well supplied with oxygen are more sensitive to the effects

of X-or "JlT-ray radiation than hypoxic cells. The classical report

of Gray, Conger, Ebert, Hornsey and Scott (1953) showed that the

radiosensitivity of Ehrlich ascites tumor cells grown _in vitro was

about three times as great when irradiated in a well oxygenated

medium as under hypoxic conditions. Furthermore, when cells of

the same type were grown as tumors in mice, and irradiated while

the mice inhaled various mixtures of oxygen and nitrogen, the tumor

regression produced "by a given radiation dose was greater when the

inhaled gas was oxygen than when it was air. This suggested that

the presence of hypoxic centers in human tumors was a potential

cause of the failure of X- or ̂ -radiation therapy.

Several early reports showed that an increase of the oxygen

concentration above the level in aerated water entailed little or

no increase in radiosensitivity (cf. Gray et al. 1953). This

indicated that a rise in the oxygen tension of normal well-

oxygenated tissues would not result in any further radiosensiti-

zation of the normal tissues. Thus, a differential increase in

tumor sensitivity could be achieved by a general increase in the

oxygen tension in both the normal and the tumor tissues. This

increase in oxygen tension could be attained by having the patient

respire oxygen at an elevated pressure both before and during

irradiation, i.e. hyperbaric oxygen (HPO)treatment (cf. Vaeth (ed.)

1968).

Recent reports have indicated that the clinical success with HPO

treatment is limited when combined with radiation dose fractions

in the usual clinical range, 100-300 rad (Plenk 1977). However,

HPO treatment combined with high radiation dose fractions (600 rad)

conferred some improvement on tumor control. (Sealy, Berry, Ryall,

Mills and Sellars 1977, Siracka, ffurkovsky, Jancina and Reve~sz 1977).

A limitation to the possibilities of effectively sensitizing

tumors with HPO treatment is the fact that oxygen is metabolized

by the tumor cells, and therefore, in spite of increased oxygen
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tension in the plasma, might reach only to a part of the otherwise

hypoxic tissues (Froese 1968). Thus, a more efficient overall

sensitization of the tumor might be attained if a non-metabolizable

chemical exerting a sensitizing effect primarily to the hypoxic

cells could be used instead of oxygen (cf. 3.2).

Chemical radiosensitization specific to hypoxic cells may be

achieved mainly in two different ways.

1.1.1 Oxygen mimetic radiosensitizers

Since the sensitizing effect of oxygon was not increased by an

increase in the oxygen concentration above that of aerated water

(cf. Gray et al. 1953), a chemical exerting a radiosensitizing

effect by mechanisms similar to that of oxygen (an oxygen mimetic

sensitizer) would not be likely to increase the radiosensitivity

of normal well-oxygenated tissues. Thus, by adding a chemical of

this kind to both the tumor and the normal tissues, a differential

increase in the radiosensitivity of the tumor would result.

Logically, oxygen mimetic radiosensitizers would be substances

with chemical affinity similar to oxygen. Molecular oxygen has two

electrons with unpaired spins, and is therefore a biradical with

high affinity for other radicals.' The widely held view is that the

radiosensitizing effect of oxygen is caused by its ability to bind

to radiation induced radical groups (lesions) on molecules essential

to cell survival, thereby irreversibly fixing lesions which might

otherwise be restituted (Howard-Flanders 1957* cf. Dertinger and

Jung 1971). The early search for oxygen mimetic radiosensitizers

therefore concentrated upon molecules with unpaired electrons.

Apart from oxygen the first chemical of this kind shown to be an

efficient radiosensitizer of hypoxic cells was nitric oxide (NO)

(Howard-Flanders 1957, Gray, Green and Hawes 1958, Dewey 1960).

This is, however, a gas which combines readily with oxygen to form

nitrogen peroxide, and can therefore be used only in the absence

of oxygen.

A group of chemicals having electrons with unpaired spins which

were later shown to be effective radiosensitizers of hypoxic cells

in vitro were the stable nitroxyl-free radicals (Emmerson and

Howard-Flanders 1964, Emmerson 1967)(cf. 3.2.1). However, studies
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of pharmacological nature revealed that the half-life iri vivo of

the nitroxyl-free radicals was short (Hill, Fielden, Lillicrap and

Stanley 1975), and in vivo tests for radiosensitizing effects have

"been disappointing.

•The concept of "electron-affinic hypoxic sensitization" of cells

(Adams and Dewey 1963, Adams and Cooke 1969) gave a better indica-

tion as to the type of chemical which might radiosensitize hypoxic

cells. However, although several "electron-affinic" chemicals were

shown to be efficient1 radiosensitizers in vitro (Adams and Cooke

1969, Adams,, Asquith, Dewey, Foster, Michael and Willson 1971) the

first reports on their sensitizing effect in vivo were negative

(Hornsey, Hedges and Bryant 1968, Denekamp and Michael 1972). To

avoid problems related to lack of relevant toxicological and pharma-

cological data, special attention has later been payed to chemicals

with a high redox-potential which were already in clinical use.

A nitroimidazole, metronidazole, used for the treatment of protozoan

infections (Scott-Gray, Kane and Squires 1961, Davies 1967) was shown

to be an efficient radiosensitizer of hypoxic mammalian cells both

in vitro (Asq,uith, Foster, Willson, Ings and McFadzean 1974) and

in vivo (Begg, Sheldon and Foster 1974). Several other nitroimida-

zoles were screened for any radiosensitizing effect of hypoxic

mammalian cells in vitro (Asquith, Watts, Patel, Smithen and Adams

1974). The most promising one was denoted Ro-07-0582 (later named

misonidazole)(cf. 3.2.1).

Several clinical trials of misonidazole have been reported (Gray,

Dische, Adams, Flockhart and Foster 1976, Dische, Gray and Zanelli

1976, Thomlinson, Dische, Gray and Errington 1976, Disohe, Saunders,

Lee, Adams and Flockhart 1977, Urtasun, Band, Chapman, Rabin, Wilson

and Fryer 1977) and the prospect for clinical use is good.

1.1.2 Radiosensitizers acting by suppression of sulfhydryl groups

It has been shown (cf. ReVesz and Bergstrand 1963, Vergroesen,

Budke and Cohen 1964) that the radiosensitivity of mammalian cells

in culture is reduced by the addition of non-protein sulfhydryl

(NPSH) to the medium. As mammalian cells contain high amounts of

NPSH intracellularly, it seems reasonable that a reduction in the

intracellular level of NPSH would lead to an increase in the radio-

sensitivity.
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Experiments on bacteria (E.coli) (Johansen and Howard-Flanders

1965) suggested that NPSH competes with oxygen for radiation-induced

"biomolecule radicals (cf. Johansen 1968). NPSH might therefore

represent a more efficient protection in the absence than in the

presence of oxygen, and a reduction in the intracellular NPSH-

content might induce a stronger increase in radiosensitivity under

hypoxic than under aerobic conditions. The data of Reve'sz, Bergstrand

and Modig (1963) showed that the radiosensitivity of hypoxic

mammalian cells was increased by a reduction in the intracellular

level of NPSH, and that of Harris, Painter and Hahn (1969) showed

that the radiosensitivity of aerobic cells was not influenced by

change in the intracellular level of NPSH. Thus, the possibility

is that chemical suppression of hPSH might.entail specific radio-

sensitization of hypoxic cells.

Bridges (1960) found that N-ethylmaleimide (NEM) sensitized

bacteria, and that the sensitization was greater under hypoxic than

under aerobic conditions. NEM was known to be an antioxidant which

would bind SH-compounds, and the sensitizing effect was at first

ascribed to this property. Later it was found that the sensitizing

effect of MEM involved radiation-chemical free radical processes

in addition to the SH-suppression (Johansen 1968, Adams, Cooke and

Michael 1968).

Other SH-binding chemicals have proved to be effective radio-

sensitizers in vitro (cf. Adams 1973), and one in particular,

dianide, has been payed much interest. Harris, Allen and Teng

(1971) showed that diamide specifically oxidized NPSH in intact

mammalian cells. Later Harris and Power (1973) showed that for

Chinese hamster cells in vitro (V79, CHO, B14FAF) diamide induced

a higher radiosensitization under hypoxic than under aerobic condi-

tions. However, no radiosensitization was apparent at a concentra-

tion of diamide of 20 pM which was sufficient to remove all intra-

cellular NPSH (Harris et al. 1971, Harris and Power 1973). Thus

radiosensitization of diamide cannot be explained simply on the

basis of the removal of intracellular NPSH (Harris and Power 1973).

Common for the SH-suppressive agents presently known is that

the cytotoxic effects on mammalian cells are high at concentrations

required for radiosensitization. Due to toxicological factors,

therefore, the clinical prospects of the SH-suppressive radio-

sensijtizers are so far limited.
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1.2 The main approach of the present work

The main purpose of the present work was to add information

regarding two questions:

i) How does the radiosensitizing effect of oxygen depend upon

oxygen concentration and cellular age? (Chapter 3.1)

ii) How does the radiosensitizing effect of hypoxic cell

sensitizers depend upon concentration of sensitizer and

cellular age? (Chapter 3.2)

(By cellular age is meant the time after mitosis).

Since both oxygenation conditions and cell cycle kinetics are

better controlled _in vitro than in vivo, cells of an in vitro

cellular system (the established human line NHIK 3025) were studied.

Although the aim was to concentrate on answering problems i)

and ii), some experiments were necessary to lead to a better under-

standing of the biological and radiobiological systems used. Thus,

papers I and IV present results concerning the radiomodifying

effects of micro-environmental factors, and paper VII presents a

comprehensive, descriptive characterization of the synchronization

technique and the synchronized cell populations used in the papers

VIII-X. Furthermore, paper VIII presents information about kinetic

and radiobiological characteristics of the cellular system under the

culture conditions used throughout the work.
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2. MATERIALS AND METHODS

2.1 lethal effects of radiation

Mammalian cells, in culture, display many types of damage after

irradiation with X-or #-rays. For the present work the most

relevant criterium on radiation damage is cell survival. However,

cell survival may be measured in different ways. An irradiated

cell may functionate well biochemically, and may also be intact as

far as the cell membrane is concerned, for a long time after irra-

diation. Nevertheless, when it enters mitosis in order to divide,

disintegration may follow. Thus, an irradiated cell may be

functionally intact, although it has lost its ability to divide

(i.e. "reproductive capacity").

Changes in cellular reproductive capacity are considered to be of

major relevance for clinical radiotherapy (cf.Kaplan 1970).Therefore

the method of Puck, Marcus and Cieciura (1956) for measuring changes

in the reproductive capacity of cells by means of testing their

ability to form colonies, was used in the present work. The method

is described in full in paper II, and any changes in this method

are noted in the separate papers.

• 2.2 Cell cultures

Cells of the established human line RHIK 3025 were used (Oftebro

and Wordbye 1969, Nordbye and Oftebro 1969). The'cells were grown

as monolayer cultures in medium E2a (Puck, Cieciura and Fisher 1957)

supplied with 10 per cent horse serum and 20 per cent human serum.

Routinely the cells were recultured every 7th day ("weekly recultured

populations", VIII). "

Experiments reported by Hahn (1968) showed that the radiosensi-

tivity of Chinese hamster (HA-2) cells was influenced by the phase

of growth of the cell population. The culture age (i.e. time after

reculturing) for NHIK 3025-cells used has therefore been kept within

certain limits, which in time were gradually narrowed as our know-

ledge of the cell-cycle characteristics of the system increased.

At first the cells were irradiated one to six days after reculture

, (I,II). However, cell counts (Barker chamber) revealed that expo-

nentia?. growth often ceased at the third to fourth day. Thus,

! later" c"'7 F "?ere irradiated one to four days after reculture (III-V).
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At the time of developing the method for selecting synchronized

populations of NHIK 3025 cells. (VII) a method of estimating the

growth of cell populations was introduced, i.e., cell numbers were

counted directly in the culture flasks (at 37°C) with the aid of an

inverted microscope with phase contrast optics. In addition, a

flow-cytofluorometrie technique for measuring the distribution of

asynchronously growing cells with respect to the phases of the cell

cycle was established at our institute (Lindmo and Steen 1'977).

Using these methods, it was found that constant cell cycle kinetics

were exhibited only by cell populations growing exponentially.

Whereas growth in weekly recultured populations (II,VIII) reached a

plateau after 3 or 4 days (VIII), reculturing on every 2nd or 3rd

day, "frequently" (cf. VIII), was found to keep cell populations in

a phase of exponential growth. Consequently, in the later experi-

ments (VII-X) only cell populations that had been kept in exponential

growth for several weeks were used.

2.3 Control of oxygenation conditions

The hypoxic areas in tumors result partly from cellular respira-

tion. Therefore the possibility exists that the oxygen concentration

in the most hypoxic parts of tumors may be so low that cellular

respiration is essentially zero. Data published by Froese (1962)

showed that the oxygen consumption of Ehrlich ascites tumor cells

cultivated in vitro is half that of the maximal value when the

oxygen concentration is about 2Q0 ppm.

An oxygen concentration of 200-1000 ppm is usually found in

commercially available nitrogen. Such concentrations of oxygen may

also result from diffusion through rubber tubings or unsealed joints,

or, if the cells are attached to plastic dishes, by the pool of

dissolved oxygen in the plastics (Chapman, Sturroch, Boag and

Crookail 1970). Thus, in order to study the radiosensitivity of

cells at the highest degree of hypoxia present in tumors, the

apparatus used for deoxygenation was built in stainless steel and

glass, and only highly purified gases (Ng and CO2) were used.

Because the control of oxygen concentration was considered to be

of utmost importance, the manufacturer's analysis were checked.

No cylinders of nitrogen used for the maintenance of "extremely

hypoxic conditions" were shown to contain more than 3 ppm oxygen

(the majority contained < 1 ppm while a variation of 0.4-3.0 ppm was
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seen). At first, facilities to check the carbon dioxide were not

available and the manufacturer's analysis (<400 ppm Og) was

referred to (II). Later, the level of oxygen contamination in the

C02-gas used in the early experiments was shown to be 31 ppm (IV).

Specially purified carbon dioxide (Norsk Hydro) containing approxima-

tely 3-5 ppm oxygen was used in later experiments.

The concentration of oxygen in the outflowing gas (97 f° Ng and

3 $> COp) under "extremely hypoxic conditions" was shown not to

exceed 4 ppm. Although the concentration of oxygen was not measured

in the cell suspensions, deoxygenation times longer than 30 min

(up to 90 min was tested) did not alter the radiosensitivity of the

cells.

2.4 Irradiation conditions

For irradiation a Siemens "Stabilipan" X-ray unit was operated

at 220 kV with a filter of 0.5 mm Cu- H.V.I. Dose measurements were

performed with a Fricke ferrous sulphate dosemeter and were

described in detail in I and II for cells irradiated attached to

glass dishes and in suspension respectively.

The difference in radiosensitivity of KHIK 3025 cells irradiated
>

attached to either glass or plastic dishes was studied specifically

(i). Later cells have been irradiated either in suspension or

attached to glass dishes.
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3. RESULTS AND DISCUSSION

3.1 Radiosensitizing effect of oxygen

At the onset of this work the radiosensitizing effect of oxygen

on mammalian cells as derived from survival curves had already-

become a controversial theme. The controversies included two

questions of great importance to tumor therapy, both lending

themselves to experimental tests with in. vitro techniques.

3.1.1 Is the radiosensitizing effect of oxygen dose-modifying,

i.e. independent of radiation dose level?

Clinical radiation dose fractions are usually in the range

100-300 rad. In this dose range the level of cell survival is

high and radiosensitizing effects represent only small relative

changes in the survival. Radiosensitizing effects are therefore

difficult to evaluate within this radiation dose range. However,

if the radiosensitizing effect is dose-modifying, studies can be

carried out in any dose range and the results extrapolated to the

dose range of clinical interest.

Several workers, using non-synchronized cell populations, showed

that the radiosensitizing effect of oxygen was nearly dose-modifying

(Elkind and Sutton 1960, Elkind, Swain, Alescio, Sutton and Moses

1965, Parker, Skarsgard and Emmerson 1969, Chapman, Webb and Borsa

1971, Hall 1972, Koch, Kruuv and Prey 1973). In all their reports

the dose-response curves had a shoulder at small doses and were

exponential at higher doses.

Re've'sz and Littbrand (1964) drew a different conclusion based on

their work on three sublines of Ehrlich ascites tumor cells. The

survival curves were strictly exponential under hypoxic conditions

(<L2 ppm Op), but displayed a shoulder under aerobic conditions.

Thus, since the shape of the survival curves were different under

aerobic and extremely hypoxic conditions, the radiosensitizing

effect of oxygen was dose-dependent. This finding was later

confirmed using cells of the same line (Chinese hamster V79)

(Littbrand and Revesz 1967, ReVesz and Littbrand 1969 a) and b),

Littbrand 1970) as was used by several of those workers who reported

a dose-modifying effect of oxygen (Elkind and Sutton 1960, Chapman

et al. 1971, Koch et al. 1973).
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The high degree of hypoxia (< 2 ppm On) achieved by Revesz and

littbrand seemed to a.ccount. for .their .different findings, i^e. the

shape of the survival curve of hypoxic cells is not exponential

until the degree of hypoxia is high. However, Koch (1975) reported

that he and his co-workers had in fact achieved an equally high

degree of hypoxia in the experiments which showed the radiosensi-

tizing effect of oxygen to be nearly dose-modifying (Koch et al.

1973).

M a s , Swallow, Kee'ne and Hodgson (1969» 1970, 1973) reported

X-ray and electron irradiation studies on non-synchronized popula-

tions of HeLa cells which confirmed the finding of Reve'sz and.

Littbrand (1964). It is worth noting that Mas et al. (1973)

rendered their cells hypoxic by pelleting them during incubation

whereby oxygen became depleted by cell respiration. Their results

were supported in studies reported by Djordjevic, Anderson and Kim

(1973) in which HeLa cells and a similar deoxygenation technique

were used. D.jord.ievic et al. (1973) ascribed the lack of a shoulder

under hypoxic conditions to a non-uniform radiosensitivity of cells

depending on the position in the cell cycle. Data relating to the

distribution and radiosensitivity of cells in different phases of

the cell cycle were not presented.

The major criticism against the technique of Nias et al. (1973)

and Djordjevic et al. (1973) is that an oxygen gradient may exist

through the cell pellet. Dewey and Cole (1962) reported that

inhomogenities in radiosensitivity of a population can result in

exponential survival curves, even though the survival curves of

subpopulations might display a shoulder at small doses.

The results of Reve'sz and Littbrand (1964) were confirmed using

NHIK 3025 cells from "weekly recultured populations" (II). The

survival curve for cells irradiated in suspension under aerobic

conditions had a shoulder at low doses and were exponential at

high doses. The survival curve for cells irradiated in suspension

under extremely hypoxic conditions was biphasic (IV), within both

regions the curve appeared to be exponential with the break point

at about 2000 rad. In an attempt to identify the cause of the

"break, it was found that when the medium was preirradiated with

4000 rad, the break point appeared at about 600 rad (IV). Thus it

was proposed that irradiation induced toxic agents in the medium



(IV). It was further suggested that the concentration by which

these products induced effects- on NHIK 3025 cells was normally

reached for radiation doses of about 2000 rad. Thus, "the oxygen

effect" was evaluated specifically for radiation doses below

2000 rad (II,III) and within this range was found to increase with

increasing radiation dose.

In a later report (X) data were presented on the ra.diosensi-

tizing effect of oxygen on synchronised NHIK 3025 cells irradiated

while in specific phases of the cell cycle*. For low doses of

radiation the data showed that cells in G-1 exhibited less sensi-

tization than cells in the other phases. The degree of sensiti-

zation for cells in G1 increased with increasing doses of radia-

tion. The data from studies on cells in S did not exclude a dose-

modifying sensitizing effect of oxygen. Since cells in G1

represent the most resistant subpopulation of a non-synchronized

population of NHIK 3025 cells these data are in line with the

observation in II and III that the sensitizing effect of oxygen

on a non-synchronized population increased with increasing doses

of radiation.

The effect of small concentrations of oxygen (37 and 250 ppm)

was first studied using asynchronous NHIK 3025 cells (Pettersen,

Wibe, Lavhaug, Oftebro and Brustad 1975). A comparison of the

survival curves for cells irradiated (attached to glass dishes)

in the presence of ^, 37 and 250 ppm oxygen, revealed a protec-

tive effect of oxygen at the concentration of 37 and 250 ppm, in

the low radiation dose range (Pettersen, Wibe, Lavhaua;, Oftebro

and Brustad 1975). This was well in line with the prediction of

Reve"sz and Littbrand that oxygen at low concentrations (<^100 ppm)

exerts a dual effect: radioprotective and radiosensitizing at

low and high doses of radiation respectively (Revesz and Littbrand

1967, Littbrand and Revlsz 1969, see chapter 3.1.2). However,

in order to establish whether or not the difference between two

survival curves are significant it is necessary that the experi-

ments are "paired", i.e. that a single population of cells is

divided into two, which are subsequently irradiated simultanously

under the two different conditions. Therefore, since the survival

curves for NHIK 3025 cells irradiated under different concentrations

of oxygen were determined from the pooled data of several different
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experiments (Pettersen et al. 1975) the results are not conclusive

with respect to the question of whether or not there is a

protective effect of oxygen at low radiation doses. Paired

TABLE 1

Surviving fractions of asynchronous NHIK 3025 cells

irradiated with 500 rad in absence or in presence

of 120 ppm 0p ;

Exp. no.

F 3753

F 3755

P 3756

Surviving fraction (- S.E.)

4 ppm 02

0.85 - 0.04

0..96 - 0.06

0.82 - 0.10

120 ppm 0 2

0.83 - 0.05

0.88 - 0.11

0.62 - 0.10

experiments have later been done with asynchronous NHIK 3025

cells irradiated with 500 rad in the absence or in the presence

of 120 ppm (see table 1). The dose -of 500 rad was chosen as

our former experiments (Pettersen et al. 1975) indicated that

this dose would be within the dose range where the "maximal

protection was expected to be found.

Data from paired experiments with synchronized NHIK 3025 cells

irradiated with 1500 or 2000 rad in different phases of the cell

cycle in the presence of 120 or 80 ppm oxygen respectively were

reported in X. The results of table 1 and those of paper X concer-

ning the effect of 120 and 80 'ppm oxygen may be summarized as follows:

i) The data of table 1 indicate that for a non-synchronized

population of NHIK 3025 cells there is no significant

protective or sensitizing effect of oxygen at a concentration

of 120 ppm for a radiation dose of 500 rad.
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ii) The data reported in X indicate that for synchronized NHIK 3025

cells irradiated in G-1 there is no significant protective or

sensitizing effect of oxygen at a concentration of 120 ppm

for a radiation dose of 1500 rad or at a concentration of

80 ppm for a radiation dose of 2000 rad. For synchronized

cells in S and G2_ a weak sensitizing effect was found under

the same conditions.

The results are not conclusive with respect to the question of

whether or not oxygen at low concentration" may exert a protective

effect on NHIK 3025 cells. A conclusive answer to that question

could only tie found from paired experiments 'similar to those

reported in table 1, including a wide range of radiation doses

(0-2000 rad).

In conclusion two observations may be noted:

i) The radiosensitizing effect of oxygen increases for

increasing radiation doses for cells in G-1, which represent

the most radioresistant subpopulation in a population of

non-synchronized KHIK 3025 cells.

ii) Oxygen at concentrations in the region of 100 ppm does rot

exert any radiosensitizing effect on NHIK 3025 cells in G1

for radiation doses up to 2000 rad when the cells are

irradiated attached to glass dishes.

3.1.2 Is the capacity for repair of sublethal damage influenced

by the oxygen concentration during irradiation?

Early experiments (Elkind, Alescio, Swain, Moses and Sutton 1964,

Elkind et al. 1965) indicated ,that the repair capacity of Chinese

hamster V79 cells was independent of the oxygen concentration both

during irradiation and during subsequent incubation. However,

several later reports showed that if the cells were first irradiated

under hypoxic conditions, and subsequently incubated also under

hypoxic conditions repair was reduced or even lost (see Hall 1972

for a review, Koch et al. 1973, Nias et al. 1973).

Re've'sz and Littbrand found for Chinese hamster V79 cells

irradiated under conditions of extreme hypoxia that no recovery
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could be detected even when the subsequent incubation "oook place

under aerobic conditions (Littbrand and Revesz 1967, Revesz and

Littbrand 1969 a) and b), Littbrand 1970). They further showed that

V79 cells irradiated in presence of 100 ppm oxygen and subsequently

incubated under aerobic conditions repaired radiation damage, yet

to a smaller extent than V79 cells which were both irradiated and

incubated under aerobic conditions (Re've'sz and Littbrand 1969 a,

Littbrand and Revesz 1969). Consequently they predicted a dual

effect of oxygen at concentrations in the region of 100 ppm: radio-

protective and radiosensitizing at low and high doses of radiation

respectively (Re've'sz and Littbrand 1967, Littbrand and Revesz 1969).

Data supporting the findings of Revesz and Littbrand have been

published by Hall and Cavanagh (1969), studying Vicia faba seedlings.

The data indicated a significantly lower repair when the seedlings

were irradiated under hypoxia and subsequently incubated under

aerobic conditions.

NHIK 3025 cells irradiated attached to glass dishes under aerobic

conditions were shown to have a similar capacity for repair of

sublethal damage as had V79 cells studied by Elkind and Sutton

(1960) and Littbrand and Revesz (1967) (split dose ratio (SDR) =

2.2) (VI). In the studies of NHIK 3025 cells irradiated under

extremely hypoxic conditions, and incubated under aerobic conditions,

however, the SDR was about unity when the total dose of radiation

was 2320 rad (1160 rad + 1160 rad) or less, and slightly above

unity for a total dose of radiation of 4200 rad (2100 rad + 2100 rad),

(The increase in SDR for high doses of radiation is discussed in VII),

Thus, the repair was substantially reduced when the cells vrere

irradiated under hypoxic conditions and subsequently incubated under

aerobic conditions. This finding is well in line with that reported

by Littbrand and Re've'sz (1967).

In conclusion NHIK 3025 cells irradiated and subsequently incu- •

bated under aerobic conditions have a capacity for repair of

sublethal damage comparable to that of V79 cells. When the

NHIK 3025 cells are irradiated under hypoxic conditions and subse-

quently incubated under aerobic conditions this capacity for repair

is reduced, or even lost.
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3.2 Radiosensitizing. effect of hypoxic cell sensitizers

To be of practical clinical use, a hypoxic cell sensitizer must

meet with the following pharmacological and radiobiological criteria:

1) At therapeutic doses there should be little or, preferably,

no significant side effects.

2) There should be little or, preferably, no radiosensitization

of well oxygenated cells, i.e. of normal tissues.

3) The radiosensitization of hypoxic cells should be high for

doses of radiation in the clinical dose range.

4) The radiosensitizer must be capable of diffusing through

the poorly vascularized regions, and to reach to the hypoxic

areas of a tumor and here to enter the tumor cells.

5) The biological half-life of the sensitizer should be long in

order that an effective concentration of radiosensitizer can

be achieved throughout the tumor.

6) The radiosensitizer should not reduce the existing oxygen

level in the tumor, thereby decreasing the overall radio-

sensitivity of the non-hypoxic cells.

With regard to these criteria investigations on an in vitro

cell system (like the UHIK 3025 cells) are relevant primarily to

points 2 and 3. Regarding point 1 the most interesting sensitizers

would probably induce a high radiosensitizing effect on hypoxic

cells _in vitro when present in concentrations far below the limit

where cytotoxic effects appear.

Two different chemicals, TMPN and misonidazole, which are

classified as oxygen mimetics (Adams 1973), and one, diamide, which

is classified as SH-suppressive, have been studied (cf. Modification

of Radiosensitivitv of Biological Systems. IAEA 1976, pp 207-212).

3.2.1 Oxygen mimetic radiosensitization

The stable nitroxyl-free radical 2,2,6,6-tetramethyl-4-piperidone-

N-oxyl (TAN) was shown to exert a low toxicity towards mice, a

considerable radiosensitizing effect on bacteria under hypoxic

conditions and no effect on bacteria under aerobic conditions
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(Enunerson 1967). Furthermore, Parker, Skarsgard and. Emmerson (1969)

and Revesz and Littbrand (1970) showed that TAN exerted a strong

radiosensitizing effect on mammalian r̂ ells in vitro when irradiated

under hypoxic conditions. However, Emmerson (1970) reported that

TAN was unstable, even in crystalline form. The piperidinol

analogue (TMPN) was found to be more stable, more easily synthesized

and more soluble in water. Thus, at the time when this work was

started TMPN was considered to be of potential clinical use.

The cytotoxic effe'ct of TMPN on NHIK 3025 cells as measured by

reduction in reproductive capacity was studied (III). TMPN was

shown to exert an inactivating effect which was strongly dependent

on exposure time. While the highest non-toxic concentration was

between 3 and 10 mM for 1.5 hours exposure, it was between 0.1 and

0.2 mM for 7 days exposure.

The radiosensitizing effect of TMPN at 4 different concentrations

(viz. 0.5, 1, 3 and 10 mM), of which the highest was found to exert

a weak cytotoxic effect under our conditions (II,III), was studied.

TMPN was found to exert a radiosensitizing and radioprotective

effect at high and low doses of radiation respectively. The data

are discussed in detail in II and III, but a few additional remarks

are necessary. As in the study of the radiosensitizing effect of

oxygen at low concentrations (see 3.1.1)» the survival curves were

determined from the pooled data of several .different experiments

(II,III). Therefore, in order to reach a conclusive answer to

the question of whether or not there is a significant protective

effect of TMPN, paired experiments (as described in 3.1.1) would

have to be done. However, for two reasons further experiments on

TMPN were not initiated.

i) Data on TAN (Hornsey 1972, Olive, Inch and Sutherland 1972,

NPPN (Blackett, Wooliscroft, Fielden and lillicrap 1974, and

TMPN (Hill, ffielden, lillicrap and Stanley 1975) indicated a

rapid elimination of the nitroxyl-free radicals in vivo with

a half-life of just a few minutes in mice (cf. point 5 in 3.2).

ii) Although the question of whether or not there is a protective

effect of TMPN at low doses of radiation is still open, the

studies presented in II and III showed that for a TMPN

concentration up to -10 mM the magnitude of the radiosensitizing

effect was, if anything, very small in the initial dose
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range (0-600 rad). Furthermore, even for radiation doses

above 600 rad the radio.sensitizing effect was small unless

the concentration was within the region where cytotoxic

effects were seen (3-10 mM)(lIl).

Thus, the data on TMPN were not encouraging with respect to the

prospects for clinical use. For further studies on the radio-

sensitizing effect of oxygen mimetic hypoxic cell sensitizers,

the clinically more interesting chemical misonidazole (formerly

Ro-07-0582) was studied.

Recent reports (Thomlinson et al. 1976, Dishe et al. 1977) have

concluded that the clinical prospects for misonidazole is good

and clinical series are currently performed to test its qualities

as a radiotherapy adjuvant. In addition to a radiosensitizing

effect, misonidazole has been shown to exert a greater toxicity

towards hypoxic than aerobic cells (Sutherland 1974, Hall and

Roizin-Towle 1975). This suggests that misonidazole may also have

clinical prospects as a tumor-specific chemotherapeutic agent.

Both the cytotoxic and radiosensitizing effects of misonidazole

were studied on synchronized populations of NHIK 3025 cells in

different phases of the cell cycle (X).

No significant cytotoxic effect was found when the cells were

subjected at room temperature to 30 mM misonidazole under aerobic

conditions for 6 hours during either .G1 or S. When the cells were

subjected to misonidazole at the same concentration under hypoxic

conditions, a cytotoxic effect was seen when the cells were kept

in contact with the drug for more than 1 hour. The cytotoxic effect

was stronger for cells subjected to misonidazole during S«

For cells irradiated in the presence of misonidazole under

aerobic conditions, no radiosensitizing effect was found. For cells

irradiated under extremely hypoxic conditions (<£ 4 ppm O2) misonida-

zole exerted a considerable radiosensitizing effect even at con-

centrations well below the limit where cytotoxic effects appeared.

The radiosensitiuing effect exerted by misonidazole was found to be
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similar to (though weaker) than that exerted by oxygen in all

phases of the cell cycle (IX,X).. For small radiation doses

(<400 rad for cells irradiated in suspension) the radiosensitizing

effect was greater for cells irradiated in S than for cells

irradiated in G1. Furthermore, while the radiosensitizing

effect was near to dose-modifying (cf. 3.1.1) for cells

irradiated in S, it increased with increasing doses of radiation

for cells irradiated in G1.

3.2.2 Radiosonsitization induced by suppression of sulfhydryl groups

Harris and Power (1973) showed that diamide effectively sensi-

tized hypoxic Chinese hamster cells irradiated in a simple buffer

without serum or glucose. Furthermore, the magnitude of the

radiosensitizing effect differed for cells from different lines.

However, it was already known that diamide does not oxidize non-

protein sulfhydryl (NPSH) in the presence of glucose or serum

(Harris, Allen and Teng 1971, Harris and Biaglow 1972). It was

therefore of interest to study the sensitizing effect of diamide

on KHIK 3025 cells irradiated in the presence of serum and glucose.

Both cytotoxic and radiosensitizing effects of diamide on

NHIK 3025 cells were studied. The cells were irradiated in a

mixture of medium E2a (75 7°) and an. isotonic salt solution (25 f°)

with a glucose concentration in the mixture close to that of

human blood, 1 mg/g. Under our conditions the highest non-toxic

concentration of diamide was found to be between 200 and 400 uM.

For a concentration of 200 uM diamide was found not to exert any

radiosensitizing effect on cells irradiated under aerobic condi-

tions. When the cells were irradiated under extremely hypoxic

conditions no radiosensitizing effect was found for radiation

doses in the region below 800 rad. A significant radiosensitizing

effect at higher radiation doses was found only for diamide

concentrations close to the limit where cytctoxic effects were

registered (200 uM). The data are discussed in detail in V.
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4. GENERAL CONCLUSIONS

1) The radiosensitizing effect of oxygen on NHIK 3025 cells in

G1 increased with increasing dose of radiation. For cells

irradiated in S oxygen acted as a dose-modifying agent. For

small doses of radiation the sensitizing effect of oxygen

was weaker for cells irradiated in G-1 than for cells irradiated

in S.

2) The capacity of KEJIK 3025 cells to repair sublethal damage

after irradiation under extremely hypoxic conditions was low

or even lost (even though the cells were subsequently incubated

under aerobic conditions).

3) The radiosensitizing effect conferred by TMPN, diamide and

misonidazole on NHIK 3025 cells was higher at high doses of

radiation than at small doses of radiation (except for the

dose-modifying radiosensitization of cells in S by misonidasole).

This observation supports arguments for using high dose fractions

in fractionated radiotherapy where such chemicals are involved

(cf. X).
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The main problem in radiobiological investigations is to extract the
information inherent in dose-response curves. Such curves are usually
constructed by plotting the surviving fraction on a logarithmic scale versus the
dose on a linear scale. In studies on mammalian cells cultivated by the Puck
clonal technique, there are inconsistencies in the shape of the dose-response
curves, even when the cells are irradiated in presence of oxygen. Some workers
(Barendsen and Walter 1964, Sinclair and Morton 1966, Kruuv and Sinclair
1968) have published curves with negative curvature (without any exponential
part). Others (Elkind and Sutton 1960, Littbrand and Revesz 1971, Hall 1972)
have found curves with a shoulder for small doses and an exponential part for
larger doses.

Since the shape of survival curves are often regarded as evidence for or
against various theoretical models for radiation effects, it is important to make
sure that the curves obtained provide specific information only on the radiation
effects on the cells.

Berry (1964), Bedford and Hall (1966) and Masuda and Wakisaka (1973)
have pointed out two artifacts which may cause apparent bending of the survival
curves: (a) insufficient changing of medium during prolonged incubation; and
(b) seeding of too many cells per Petri dish.

This investigation was undertaken to see if there are other factors that might
influence the shape of the curves. Some workers irradiate the cells suspended
in an appropriate medium, e.g. before cell attachment to a surface, whereas other
workers irradiate attached cells. Furthermore, some workers irradiate cells
attached to plastic dishes, whereas others use glass dishes. In this investigation,
curves were determined where these technical variants were tested under
otherwise identical experimental conditions.

A human cell-line, NHIK 3025 (Nordbye and Oftebro 1969, Oftebro and
Nordbye 1969), derived from an early stage of human cervical carcinoma, was
used. The stock cultures were grown on a glass surface at 37°C in medium E2a
(Puck, Cieciura and Fisher 1957) and subcultured at intervals of seven days.

Cells taken for experiments were trypsinized and diluted in growth medium.
(a) In some experiments the single cells were irradiated in suspension—about

30 min after trypsinization. Immediately after irradiation they were
plated as single cells—in glass (Anumbra, Bohemia Glass, Glassexport,
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Liberc, Czechoslovakia) or plastic (Falcon. Plastics, Gateway, Los
Angeles, U.S.A.) Petri dishes of diameter 50 mm.

(b) In other experiments suspensions of single cells were plated on the two
types of dish immediately after trypsin treatment and irradiated after
five hours of incubation, when all cells were attached.

For irradiation X-rays from a Siemens ' Stabilipan ' was used. The X-ray
unit was operated at 200 kV and 19 mA, with 0-5 mm Cu filter. Doses were
determined by the method of Fricke (Miller 1953), which provides satisfactory
dose determination under conditions where the cells are exposed in suspension.
In experiments where the cells were irradiated attached to the bottom of Petri
dishes (with the X-ray beam vertically upwards), however, the absorbed dose in
the cells is higher than the average doses (as measured by a layer of ferrous
sulphate solution) due to secondary radiation from the bottom of the dishes.
To determine the absorbed dose at the bottom of the glass and plastic dishes,
several dishes containing different volumes of ferrous sulphate were irradiated.
The mean absorbed dose-rates in the solutions were determined and plotted
versus the depth of the solutions irradiated. The curves were extrapolated to
zero depth, and the dose-rates thus derived were used for cells attached to the
bottom. Such extrapolations are, of course uncertain. On the other hand the
dose-rate at the bottom of glass dishes was found to be 1-4 + 0-1 times that at the
bottom of plastic dishes, which is in good agreement with that obtained by ;
Hendee and Kennedy (1967) and Scaife (1969).

Control cells and cells subjected to small doses (< 300 rads) were incubated
for 12 days before the colonies were fixed (3 parts of ethanol, 1 part of acetic acid)
and stained (Boehmers method with haematoxylin, Romeis 1932). Heavily-
irradiated cells were incubated for up to 15 days. Colonies containing more than
40 cells were counted. In each experiment the number of colonies occurring in
5 control Petri dishes and in 5 dishes for each dose were counted. To establish
the dose-response curves presented, 3 to 6 separate experiments for every dose-
point were carried out.

Figure 1 shows the result of experiments in which cells were irradiated
(a) in suspension, and (b) attached to glass. No significant difference appears
to exist between the curves based on the two techniques. Only one curve is,
therefore, drawn.

The curve has a shoulder for low doses and falls off exponentially for higher
doses. Since objections can readily be raised against the dose extrapolation
procedure described earlier, this result cannot be taken as a proof of identical
dose-effect relationships. However, it seems justifiable to conclude that the
shape of the dose-response curve for cells irradiated in suspension and the
curve for cells irradiated when attached to glass are equal. When cells were
irradiated in suspension and subsequently plated either on glass or plastic
dishes, no difference could be detected in this case either.

If the two curves shown in figure 1 are identical, the mechanisms involved in
attachment of the cells to the glass surface must be unaffected by the damage
caused by the absorbed dose. This view is supported by the findings of Nias
(1968) for HeLa cells and Chinese hamster cells. Neither of the two techniques
(irradiation of cells in suspension or fastened to a glass surface) seem to affect
the shape of the dose-response curves.
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The survival curve for cells irradiated when attached to plastic dishes is
shown in figure 2. The dose-response curve has a negative curvature within the
whole dose-range studied. For doses higher than 500 rads, the survival fraction
is significantly lower than that for cells irradiated in suspension or attached to
glass. For smaller doses, however, the survival curve does not seem to differ
significantly from that presented in figure 1.
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Figure 1. Survival curve for NHIK 3025 cells irradiated with 220 kV X-rays, in
suspension or when attached to glass Petri dishes during irradiation.

This particular effect of plastic, which our experiments have revealed, can
also be seen in some of the dose-effect curves published by other workers,
although no author so far has pointed specifically to this effect. Thus Scaife
(1969) irradiated human kidney T-cells attached to glass as well as to silicone
coated plastic—with y-rays from 137Cs and with X-rays (100 kV and 250 kV).
The shapes of the curves are in good agreement with those found in this
investigation (figure 2).

A search of the literature shows that most workers who irradiate cells fastened
to plastic Petri dishes obtain dose-effect curves with negative curvature within
the dose-range studied (Barendsen, Beusker, Vergroesen and Budke 1960,
Kruuv and Sinclair 1968, Todd 1968). On the other hand, most workers who
irradiated cells fastened to glass Petri dishes obtained exponential dose-cffcct
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relationship for high doses (Elkind and Sutton 1960, Revesz and Littbrand 1964,
Hall 1972, Koch, Kruuv and Frey 1973).

Thus, our hypothesis is that plastic affects the dose-effect relationship,
giving rise to the negative curvature, whereas glass does not.

However, some results contrast with this general trend. Thus, Dewey
(1960) and Berry (1967), though they irradiated cells attached to plastic,
presented exponential survival curves with initial shoulders. It should perhaps
be mentioned that the type of plastic used by Dewey was Perspex and that Berry
had no observation for lower surviving fractions than 1 per cent.

Results have also been published where the survival curves have been drawn
as if they were exponential, but where the measurements could equally well be
fitted by a non-exponential curve, as that shown in figure 2 (Legrys and Hall
1969).
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Figure 2. Survival curve for NHIK 3025 cells irradiated with 220 kV X-rays, when

attached to plastic Petri dishes during irradiation. For comparison the curve from
figure 1 is also drawn (upper curve).

The curves in figure 2 indicate that, for doses exceeding 500 rads, the
inactivation of cells are influenced by phenomena associated with the plastic used.
The effect is likely to be a result of certain radiation-induced changes of the
plastic. This view is supported by our observation that cells irradiated in
suspension showed the same radiation response whether they subsequently were
plated and incubated on glass or on plastic dishes.
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A technique is described which permits irradiation of suspensions of human
cells in tissqe culture either aerobically (equilibrated with air) or under extremely
hypoxic conditions (flushed with a mixture of 97 per cent N2 and 3 per cent CO2,
the oxygen content of which was less than 15 p.p.m.).

An established cell-line, NHIK 3025, originally derived from an early stage
of human cancer of the cervix, was used. The Do value of these cells under
aerobic conditions was 130 rads and the extrapolation number about 3. Under
extremely hypoxic conditions, the dose-effect curve was exponential with a
Do value of 600 rads. The o.e.r. derived from the ratio of the Do values was
therefore 4-6.

2,2,6,6,tetramethyl-4-piperidinol-N-oxyl (TMPN) at a concentration of
10~2 M exerted a pronounced sensitizing effect under extremely hypoxic con-
ditions (TMPN e.r. = 2-5), and yielded dose-effect curves with an extrapolation
number of 3. The high radio-resistance of the cell under extremely hypoxic
conditions in the absence of TMPN may be relevant to the evaluation of the
radio-curability of tumours such as squamous cell carcinoma of the cervix uteri.

1. Introduction
Since the pioneering work of Holthusen (1921), evidence has been accumula-

ting that anoxic cells are more resistant than well-oxygenated to inactivation by
ionizing radiation. The relationship between radiosensitivity and the oxygen
tension in the cellular milieu has been extensively studied and shown in general
to follow the mathematical formula proposed by Howard-Flanders and Alper
(1957).

In tumours some cells may be deficient in oxygen owing to distance from the
blood vessels (Thomlinson and Gray 1955) and such cells, when viable, may
restrict the radio-curability of human cancer (Withers 1965).

Although there is general agreement that the formula of Howard-Flanders
and Alper as regards the radiosensitivity for cells with oxygen concentrations
exceeding a few /xM/1 is valid, there is increasing uncertainty as the oxygen
concentration is lowered. Under these conditions, the relative contribution
to the overall radiation response from processes which enhance and restitute
radiation injury is essentially unknown.

Thus, not only are the numerical values of the radio-sensitivity of such poorly-
oxygenated cells as expressed by the Do values uncertain, but there has been no
unanimity on whether or not dose-effect curves of anoxic cells possess a shoulder
(Littbrand and Revesz 1971). These disagreements stem partly from the
extreme difficulty of producing and controlling such low oxygen concentration
in the cellular milieu.

TT
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Littbrand (1970) has studied the radiation inactivation of Chinese hamster
cells (V 79--379-A) and ceils derived from an Ehrlich ascites tumour (ELD) line
with an oxygen concentration of 2-3 ^.p.m. in the gas phase over the cells during
irradiation. Under these experimental conditions, simple exponential survival
curves were obtained. Most workers, however, seem to obtain dose-effect
curves with more or less pronounced shoulders (Barendsen and Walter 1964,
Kruuv and Sinclair 1968, Todd, Winchell, Feola and Jones 1968, Parker,
Skarsgaard and Emmerson 1969, Hall 1972) even under conditions where con-
siderable care has been taken to control possible oxygen contamination (Agnew
and Skarsgaard 1972).

Here we present the results of experiments on radiation inactivation of human
cells cultured in vitro. Irradiation is performed under aerobic conditions and
under extremely hypoxic conditions, i.e. comparable to those employed by
Revesz and Littbrand.

Our findings will be discussed in. the light of results pertaining to anoxic
mammalian cells in the literature. •

Results will also be presented as regards specific enhancement of the radio-
sensitivity of extremely hypoxic cells by presence of the organic nitroxyl free
radical 2,2,6,6,tetramethyl-4-piperidinol-N-oxyl (TMPN), with a concentration
of 10~2 M.

2. Methods
2.1. Cell culture technique

An established human cell-line, NHIK 3025 (Oftebro and Nordbye 1969),
derived from an earty stage of carcinoma of the uterine cervix, was used. The
stock cultures were grown as monolayers in Jena G 20 180 ml flasks in medium
E2a (Puck, Cieciura and Fisher 1957), containing 40 per cent synthetic mixture,
30 per cent Hanks' solution, 20 per cent horse serum and 10 per cent human
serum. They were trypsinized once a week, and the medium was changed
0, 3 and 5 days after trypsinization.

The Puck clonal technique was used. Cells wrere from stock cultures in
log phase (one to six days after trypsinization). A suspension of cells was
obtained by a modification of the method described by Puck, Marcus and
Cieciura (1956). The medium in the culture flasks was replaced by 5 ml of
salt solution type Al (Puck et al 1957) containing 0-25 per cent trypsin (Difco
1 : 250). Just before each irradiation experiment the cells were trypsinized in
an incubator room at 37°C for 10 rran, during the last 5 min of which the cells
were gently agitated by a pipette. The fraction of the population appearing as
single cells was checked microscopically in each experiment. It varied from
94 to 98 per cent.

After the agitation procedure samples of cells were taken for Biirker chamber
(Bostrom 1938) countings. At the same time 5 ml of medium was added to the
rest of the solution to reduce the trypsin effect. After determination of cell
concentrations further dilutions with medium took place.

After irradiation the cells were plated in 5 ml medium in plastic Petri dishes
(type ' Falcon ' purchased from Gateway International Inc., California, U.S.A.),
50 000 being the maximum plated per dish. In each experiment 5 dishes were
used per point. After plating, the dishes were placed in an incubator at 37°C
(National Appliance Co., Oregon, U.S.A., Model 3321), which was continuously
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flushed with air (4 1/min) containing 5 per cent CO2. Incubation time was usually
12 days, but clue to some division delay caused by high doses, heavily irradiated
samples were incubated up to 15 days.

After incubation the cells were fixed in situ with 3 parts of ethanol and 1 part
of acetic acid, and stained according to Bohmers method with haematoxylin
(Romeis 1932). Cells giving rise to colonies containing more than 40 cells
were scored as surviving.

2.2. Set-up for preparation of extremely hypoxic cells.
To design an apparatus in which a cell suspension can be maintained in a

gas atmosphere of which the oxygen content is required to be only a few p.p.m.,
it was decided not to have any components made of rubber or plastic. In par-
ticular it was felt important not to irradiate the cells on plastic dishes. Since the
diffusion coefficient of oxygen is much lower in plastic than in water (Chapman,
Sturrock, Boag and Crookall 1970) and since plastic may hold even more oxygen
than an equal volume of water, oxygen effusion from such materials to the cell
suspension might represent a serious problem. We therefore decided to make
the entire degassing and exposure set-up of glass and stainless steel with silver
soldered joints.

The gases from N2 and CO2 cylinders were first led through reduction valves;,
and all-glass flow-meters (type DTOA 3137 N with differential pressure regulator
D53-2110 from Fischer & Porter GMBH, Gottingen, West Germany) which
facilitated regulation of the gas flow from each cylinder to provide the desired
gas mixture and total flow-rate. It was found that pH of the cell suspension
was maintained at 7-2 when the flow from the CO2 bottle was 3 per cent of that
from the N2 bottle. The gas mixture was then led into a closed 37°C thermo-
statically regulated water-bath made of stainless steel. The gas was cooled when
led from this chamber thsough stainless-steel pipes and into the irradiation
chamber in which it appeared nearly saturated with water vapour.

STEEL COVEREO THERMOMETER

THERMOSTAT

HERSCH OXYGEN
METER

VWTER LOCK

Figure 1. Set-up for preparation of extremely hypoxic cells (see text).

The gas leaving the irradiation chamber was passed through an open glass
water lock. By a valve placed upstream from the water lock (see figure 1), it
was possible to lead 5 per cent of the gas leaving the irradiation chamber through
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a Ilersch oxygen meter (Mark II, Engelhard Industries Ltd., England), calibrated
for oxygen concentrations between 0 and 10 p.p.m. (with a measuring accuracy
of ± 0-5 p.p.m.). The high-purity nitrogen used in the present experiments
(obtained from A/S Norsk Hydro, Oslo) had a maximum oxygen concentration
of 3 p.p.m. Since the oxygen meter did not allow measurements in gases
containing CO2, this oxygen concentration was measured when the system was
flushed with N2 gas only. The oxygen-content of the CO, gas was guaranteed
by the producer (A.'S Norsk Hydro, Oslo) to be less than 400 p.p.m. This
means that the total oxygen concentration of the gas phase in contact with the
cells was less than 15 p.p.m.

The cell suspension was irradiated in glass Petri dishes with a diameter of
70 mm (type Anumbra from Bohemia Glass, Glassexport, Czechoslovakia).
The dishes were kept before and during irradiation in a cylindrical stainless-steel
chamber, (diameter 83 mm, and height 60 mm) equipped with a removable
O-ring sealed, 0-5 mm thick, stainless-steel lid. Irradiation with 220 kV X-rays
was performed through this lid. To keep the cells in suspension and facilitate
diffusion of oxygen from the suspension to the gas phase, the suspension was

O-RING SEALED BOX
-RING OS mm STAINLESS STEEl LID

STAINLESS STEEL
HYPODERMIC NEEDLE

MAGNETIC STIRRER

CELL SUSPENSION

Figure 2. Irradiation chamber (see text).

stirred magnetically. Glass syringes connected to the bent stainless-steel
hypodermic needle were used to withdraw aliquots from the dish after accumula-
ted dose increments, without having to open the irradiation chamber or stop
tHc gas flow. The hypodermic needle was inserted into the irradiation chamber
through an O-ring sealed box, of design and quality equal to those used in high
vacuum work. The syringes were degassed thoroughly by repeated ' pumping '
during the. degassing period (see below).

Before irradiation, the entire apparatus was flushed with the N2 and CO2

mixture described above. The gas flow was always 5 I/min. By measurements
with the oxygen meter, it was found that the N2 gas flow results in an oxygen
concentration of less than 5 p.p.m. in the gas phase of the irradiation chamber
after only 2-5 min of degassing. The low level (1-3 p.p.m. O2) was reached
2 to 3 minutes later. The oxygen tension in the cells is, however, dependent on
the diffusion rate of oxygen from the stirred suspension to the gas phase of the
irradiation chamber. This diffusion rate has not been measured directly.
To get an estimate of required degassing time prior to irradiation, experiments
were performed where cells were irradiated after varying degassing periods,
with subsequent comparison of dose-response curves. For degassing periods
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longer than 20 min the curves did not change. Both Baker and Town (1966)
and Michael, Scott and Revesz (1966) have presented results from measurements
on the diffusion of oxygen from an unstirred liquid to a gas phase containing
less than 100 p.p.m. of oxygen 35 min after the flushing was started. Both water
and suspension of cells in growth medium were tested. The diffusion rate was
found to be very low, especially when growth medium was used. Furthermore,
the presence of cells in the growth medium did not seem to have any effect
on the diffusion rate (Baker and Town 1966).

These results suggest that in spite of the magnetic stirring and the high gas
flow used, the oxygen concentration in our suspension is not in equilibrium with
the oxygen concentration in the gas phase during irradiation. In all the experi-
ments on extremely hypoxic cells reported in this work, the degassing period
was 30 to 35 min. The pressure inside the radiation chamber during degassing
was estimated theoretically to be approximately 3 kp/cm2.

23 cm

' 0.5mmCu

- * x-RAY FOCUS

Figure 3. Set-up for exposure under aerobic conditions.

2.3, Set-up for exposure under aerobic conditions
Figure .'. shows the experimental set-up used when cells were exposed under

aerobic conditions. The cell suspension was kept in Carrel flasks, one flask
was used for each dose point. In these experiments the X-ray beam was directed
vertically upwards, thus, the suspension was irradiated through the bottom of
the Carrel flasks. A special holder was made whereby the flasks always were
placed at the same distance (23 cm) from the focal point of the X-ray tube.
The irradiation times required for each flask never exceeded 4 min and magnetic
stirring of the suspension was therefore unnecessary.

2.4. Irradiation and dosimetry
A Siemens ' Stabilipan ' X-ray unit, operated at 220 kV and 19 mA was

used throughout these experiments. A 0-5 mm Cu filter was employed to
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reduce dose contributions due to the softest components of the X-ray spectrum.
Additional filtering was in the aerobic system provided by the glass bottom of
the Carrel flasks, and in the hypoxic system by the 0-5 mm steel lid of the exposure
chamber.

Mean absorbed doses were measured by a Fricke ferrous sulphate dosemeter
(Miller 1953). The dosemeter pertaining to exposure under aerobic conditions
was simplified by the fact that the Carrel flasks always contained equal volumes
of cell suspension during irradiation. Tests showed that the variation in the
thickness of the glass bottom of individual Carrel flasks was too small to affect
significantly the dose-rate in the cell suspension in the flasks.

The dosemetry pertaining to exposure under extremely hypoxic conditions
was more complex. In this case the doses were given to various volumes of
suspension in the Petri dish.

The X-ray beam was in this case directed vertically downwards, and the back-
scatter from the bottom of the glass dish proved not to be negligible. Conse-
quently, it was found necessary to measure the mean dose-rate for various
volumes of ferrous sulphate solution in the dish. These results were used in
subsequent experiments to determine the dose to known volumes and hence
depths of irradiated cell suspension. For the volume spread of the cell suspen-
sion utilized in our experiments the average dose-rate changed from a minimum
of 160 rads/min to a maximum of 190 rads/min.

2.5. TMPN
TMPN with a melting point between 71° and 72°C was synthesized in our

laboratory by Mr. E. Wold, according to the method of Rozantsev (1964),
with some minor modifications. TMPN was dissolved in Hanks' saline before
use. In experiments under extremely hypoxic conditions this solution was
added to the cell suspension by means of one of the syringes in the exposure
chamber. Care was taken to deoxygenate both the cell suspension and the
TMPN-Hanks' solution before they were mixed.

Oxygen content

Extremely hypoxic

Aerobic

Extremely hypoxic

Aerobic

TMPN
concentration

(M)

0

0

io-2

io-2

Shape of
survival curve

Exponential

Shoulder

• Shoulder

Shoulder

Do (or D37)
(rads)

600 ±15

130 ±10

240 ±20

130±10

Extrapolation
number

0-97 + 006
005

2-7 ±0-5
0-4

3-1 ±1-0
0-8

2-7 ±0-5
0-4

Table 1. Summary of dose-response parameters of human cells (NHIK 3025)
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3. Results
3.1. General conditions and statistics

Because of the existing controversy as regards the shape of survival curves
of mammalian cells in tissue culture, emphasis was placed on acurate determina-
tion of the dose-response curves of the particular human cell-line used in the
present experiments. Results are presented (table 1 and figure 4) for cells in
the presence and absence of TMPN, under two conditions, namely with the cell
suspension (a) equilibrated with air (referred to as aerobic conditions), and (b)
flushed with a mixture of 97 per cent N2 and 3 per cent CO2, the oxygen content
of which was less than 15 p.p.m. (referred to as extremely hypoxic conditions).

o EXTREMELY HYPOXIC CELLS WITH TMPN

• EXTREMELY HYPOXIC CEILS WITHOUT TMPN

o AEROBIC CELLS WITH TMPN

• AEROBIC CELLS WITHOUT TMPN

I

V)

.001 -
200 400 600 600 1000 1200 1400

DOSE, rods

1600 1800 2000 2200

Figure 4. Survival curves for NHIK 3025 cells irradiated with 220 kV X-rays under
different conditions. • = Extremely hypoxic cells with 10"2 M TMPN. H =
Extremely hypoxic cells without TMPN. O = Aerobic cells with 10~2 M TMPN.
For this group the points represent only one single experiment, and therefore the
deviations are calculated from the variation between counts on different dishes.
• = Aerobic cells without TMPN.

In figure 4, each experimental point represents the mean value of the survival
ratios, based on from 4 to 6 completely independent sets of experiments. The
errors given are the calculated standard errors pertaining to a normal distribution
of these independent observations.

Plating efficiency was found to be between 70 per cent and 80 per cent in all
experiments performed in the absence of TMPN while it was between 40 per
cent and 60 per cent in those experiments where the cells were kept in TMPN
of concentration 10~2 M. The fact that the plating efficiency was lower in
experiments where TMPN was added to the cell suspension indicates a small
toxic effect on the sensitizer under our conditions.
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4. Discussion
4.1. Inactivalion in absence of TMPN

The O2-content of the high-purity nitrogen gas used in the present experi-
ments was always less than 3 p.p.m. The highest purity used was 1 p.p.m.
Nevertheless our results show that the survival curves from each of the indepen-
dent experiments performed under extremely hypoxic conditions superimpose.
Thus, within the range of oxygen contaminations in the present experiments,
we have been unable to find any correlation between the variations of oxygen
concentration allowed and corresponding variations in Do. Furthermore,
under these conditions the obtained dose-effect curve does not differ significantly
from a purely exponential relationship. Littbrand and Revesz (1969,1970, 1971)
have obtained purely exponential dose-effect curves for different animal cell-
lines when the oxygen concentration of the gas was less than 3 p.p.m. Thus,
as regards the shape of the dose- effect curve of mammalian cells under extreme
hypoxia, our results on a special line of human cells are in complete agreement
with those of Littbrand and Revesz obtained on two lines of animal cells.

Both Hall (1972) and Parker et ah (1969) have published survival curves both
for aerobic and hypoxic cells, where the oxygen concentrations in the milieu
of the hypoxic cells have been very low. Like Littbrand and Revesz these
workers used cell-lines of non-human origin. Parker et al. degassed the cell
suspension before and during irradiation with a purified nitrogen gas containing
less than 5 p.p.m. of oxygen, and Hall measured an oxygen concentration of
16 p.p.m. in the milieu of his hypoxic cells. The results presented in those
papers indicate a tendency towards a less pronounced shoulder for hypoxic
than for aerobic cells.

The survival curve for our cells under aerobic conditions are in reasonable
agreement with those reported by various other workers and pertaining to
various mammalian cell-lines (Puck and Marcus 1956, Elkind and Sutton 1960,
Dewey 1960, Legrys and Hall 1969, Littbrand 1970, and Hall 1972).

Our cell-line does, however, differ significantly from others studied as
regards the numerical value of the oxygen enhancement ratio (o.e.r.), as defined
by the ratio of the slopes of the exponential portions of the dose-response curves.

This definition clearly differs from the usual way of defining o.e.r., namely
as the ratio between the doses needed under anoxic and aerobic conditions for a
given survival level. This latter conventional definition will for cases where the
extrapolation numbers of two curves are different, result in a varying o.e.r. for
varying survival ratios and may therefore often represent rather inadequate
information.

In our experiments, o.e.r. was found to be unusually high, 4-6 + 0*5. In
this respect our cell-like differs from others studied, even when the comparison
is confined to those published results which claim explicitly to be valid for
conditions where the oxygen content of the cell suspension has been rigorously
controlled. In table 2 our results can be seen in light of corresponding data for
two mammalian non-human cell-lines investigated by Littbrand (1970), for
which exponential survival curves have been obtained for extremely hypoxic
cells.

The table clearly demonstrates that the unusually high o.e.r. value pertaining
to our human cells hinges on the pronounced radio-resistance of our cells under
conditions of extreme hypoxia. It is possible that this observed resistance of
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Do (aerobic)
Do (extremely

hypoxic)
O.e.r.

V79-379-A

125 R
335 R

2-7

ELD

101 R
240 R

2-3

Nil IK 3025

130rads
600 rads

4-6
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Cell line

Do (aerobic)
Do (extremely

hypoxic)
O.e.r.

V79-379-A

125 R
335 R

2-7

ELD

101 R
240 R

2-3

Nil IK 3025

130 rads
600 rads

4-6

Table 2. DQ values and oxygen enhancement ratios (o.e.r.) for NHIK-3025 as compared
with corresponding values for two other cell-lines (Littbrand 1970)

our cervix cells as here presented has a bearing on a radio-therapeutic observa-
tion. Withers (1965) pointed out that the best evidence for the effectiveness of
anoxia in restricting the radio-curability of human cancer may be seen in
sqtiamous cell carcinoma of the cervix uteri, where death is frequently associated
with the failure of radiotherapy to control the local disease (Kolstad 1965). The
cell-line NHIK 3025 was originally derived from an early stage of human cervix
cancer. The cultured cell is very likely to be quite different in many respects
from the tumour cell from which it was originally derived. Nevertheless, for
radio-therapeutic considerations and for radio-biological dose planning in
particular it should not be overlooked that such extremely radio-resistant cells
may exist in the tumour.

4.2. Survival curves in presence of TMPN
During the past few years considerable emphasis has been placed on attempts

to synthesize chemicals that enhance specifically the radio-sensibility of anoxic
cells (Moroson and Quintiliani 1969). Among compounds possessing this
promising ability are certain organic nitroxyl compounds such as TMPN
(2,2,6,6,tetramethyl-4-piperidinoUN-oxyl), TAN (2,2,6,6,tetramethyl-4-piperi-
done-N-oxyl) and NPPN (Nor pseudo pelletierine-N-oxyl) (Emmerson, Fielden
and Johansen 1971, Revesz and Littbrand 1970).

Due to the present finding that the cell-line NIIIK 3025 exhibited a pro-
nounced radio-resistance under extremely hypoxic conditions, and also an
unusually high o.e.r., it was decided to investigate to what extent presence of
TMPN affects the oxygen enhancement ratio.

In earlier work we found that the free spin property of TAN is somehow
affected by the presence of oxygen (Jones, Brustad and Nakken 1970). For this
reason we decided for our present work rather to use TMPN, for which com-
pound this affect has been shown to be less pronounced. Nevertheless, under
conditions termed extremely hypoxic, care was taken throughout to make both
the TMPN-solution and the cell suspension hypoxic before mixing.

Table 1 shows firstly that TMPN does not affect the radio-response at all
under aerobic conditions. Both the Do value and the extrapolation numbers are
identical to those obtained in the absence of TMPN. Secondly, under extremely
hypoxic conditions, TMPN affects both the Do value and the extrapolation
number. Within our experimental errors the extrapolation number is raised
from 1 in absence of TMPN to about 3 in its presence, whereas the Do value
correspondingly goes from 600 rads to 240 rads. In other words the TMPN
enhancement ratio (TMPN e.r.) under extremely hypoxic conditions, defined
as the ratio of the Do values in absence and presence of TMPN is found to be
2*5, or about 50 per cent of the observed o.e.r.
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The observation that the extrapolation number is nearly equal for aerobic
cells and anoxic cells in presence of TMPN is in line with similar results for
TAN obtained by Parker et al. (1969). These workers found, however, in
contrast to us, that the extrapolation number was the same also under their
anoxic conditions in absence of TAN.

A striking and rather interesting effect of TMPN in our experiments is the
very great TMPN enhancement ratio. In absolute terms this is much greater
than that caused by organic nitroxyl free radical sensitizers on any mammalian
cell-line studied so far (Parker et al. 1969, Revesz and Littbrand 1970). How-
ever, the TAN e.r. found by Parker et al. using 10 2 M TAN was about 50 per
cent of the corresponding o.e.r., which is the same proportion as was found with
TMPN in the present experiments.

The great TMPN enhancement ratio observed in the present investigation
is partly a result of the low oxygen tension in our cell suspension. However, this
is not likely to be the sole reason, since the oxygen control in the experiments
with TAN by Rcvesz and Littbrand (1970) seems to be comparable to that in
our experiment. Nor is the pronounced TMPN effect likely to be due to the
higher efficiency of TMPN compared with TAN, since both experiments in
model systems (Brustad, Bugge, Jones and Wold 1972) and experiments on
sensitization of bacteria (Emmerson et al. 1971) have shown TAN to be slightly
more effective than TMPN. Thus, we believe the high TMPN sensitization
in our experiments to be typical for the particular cell line used.

Another observation worth noting is that the presence of TMPN under
extremely hypoxic conditions gives rise to a shoulder, which demonstrates a
dualistic and opposing effect of the sensitizer. Its consequence appears as a
net protection for low doses (below about 300 rads) and a net sensitization for
higher doses. Qualitatively this finding is in agreement with results obtained
and discussed by Revesz and Littbrand (1970). To the extent that TMPN will
be found usefull in therapy, our results strongly suggest that larger dose-fractions
will be required than those commonly applied clinically in order to take advantage
of the TMPN mediated sensitization. A similar conclusion has been reached
by Revesz and Scott (1972) based on results obtained with TAN.
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La technique decrite permet l'irradiation de suspensions de cellules humaines dans des
cultures de tissu, soit dans des conditions aerobiques (equilibrees a i'air) soit sous conditions
extremement hypoxiques (barbotees a l'aide d'un melange de 97 pour cent de N2 et 3 pour
cent de CO2, le contenu en oxygene etant inferieur a 15 p.p.m.).

On a employe une souche de cellule, NHIK 3025, originaire d'un cancer, a un stade
primaire, du col de 1'uterus humain. La valeur Do de ces cellules, sous conditions aerobi-
ques, etait de 130 rads et celle de 1'extrapolation de 3 environ. Sous conditions extremement
hypoxiques, la courbe d'effet de la dose, etait exponentielle avec une valeur Z)o de 600 rads.
Le taux de l'effet oxygene derive des proportions des valeurs Z>0 etait done de 4,6.
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2,2,6,6,tétramcthyle-4-pipéridinal-N-oxyle (TMPN) en concentration 10~2 M a montré
un effet de sensibilisation prononcé, sous des conditions extrêmement hypoxiçjucs (TMPN
e.r. = 2,5), et a produit des courbes d'effet de la dose avec un chiffre d'extrapolation de 3.
La grande radiorésistance des cellules sous des conditions extrêmement hypoxiques, en
absence de TMPN, peut avoir une signification pour l'évaluation de la radiocurabilité de
tumeurs tels que les épithéliomas du col de l'utérus.

Es wird eine Technik beschrieben, welche die Bestrahlung von menschlichen Zellen in
Gewebekultur unter aeroben (equilibriert mit Luft) oder extrem hypoxischen Bedingungen
(begast mit einem Gemisch von 97 Prozent N2 und 3 Prozent CO2, dessen O2-Gehalt
geringer als 15 p.p.m. war) erlaubt.

Verwendet wurde eine etablierte Zellinie, NHIK3O25, die ursprünglich von einem
frühen Stadium eines menschlichen Cervix-Karzinoms stammt. Der £>0-Wert dieser
Zellen unter aeroben Bedingungen war 130 rads und die Extrapolationszahl betrug ungefähr
3. Unter extrem hypoxischen Bedingungen wies die Überlebenskurve einen exponentiellcn
Verlauf auf mit einem Z)0-Wert von 600 rads. Der Sauerstoffsteigerungsquotient, abgeleitet
von den Do-Werten, betrug 4,6.

2,2,6,6,tetramethyl-4-pipcridinol-N-oxyl (TMPN) in einer Konzentration von 10-2M
zeigte einen deutlichen Sensibilisierungseffekt unter den Bedingungen extremer Hypoxie
(Sauerstoffsteigerungsquotient bei TMPN : 2,5 ; Extrapolationszahl 3). Die hohe Strahlen-
resistenz von Zellen unter anoxischen Bedingungen und bei Abwesenheit von TMPN kann
von Bedeutung für die Abschätzung der Strahlenbehandlung von Tumoren sein, wie
z.B. für das Plattenepithelkarzinom.
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The radiosensitizing and radioprotective effect of the organic
nitroxyl-free radical TMPN on extremely hypoxic human
cells of line NHIK 3025, cultivated in vitro
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Human cells from the established line NHIK 3025 have been irradiated in
suspension under extremely hypoxic conditions (< 4 p.p.m. Os) and in presence
of the organic nitroxyl-free radical TMPN (2,2,6,6,tetramethyl-4-piperidinol-N-
oxyl), at four concentrations, viz. 0-5 mM, 1 mM, 3 mM and 10 mM.

TMPN was found to exhibit both a sensitizing and a protective effect. The
sensitizing effect appears at high doses (> 400-800 rads, dependent on TMPN-
concentration) and increases with increasing TMPN-concentrations.

At low doses (< 400-800 rads) TMPN was found to exert a protective effect.
Below 300 rads, the protection was found to be optimal for a TMPN-
concentration between 0*5 and 3 p.p.m. Within the concentration limits here
studied it was found that the dose-range in which TMPN exerts a protection
increases with decreasing TMPN-concentration.

The slope of the survival curves was found to increase when the dose exceeded
about 2000 rads, irrespective of whether the cells were in contact with 1 mM,
0-5 mM or no TMPN. This suggests that TMPN does not affect the dose-level
at which the medium effect appears. (Pettersen, Oftebro and Brustad, 1974.)

1. Introduction
For the development of more successful irradiation regimes in radiotherapy

it would be important if ways could be found of sensitizing the most radio-
resistant tumour cells, the hypoxic and anoxic. This problem has been
investigated by adding various chemicals to more or less hypoxic cells (in
particular bacteria and mammalian cells in tissue culture) and comparing the
radiation response with that found in absence of the chemical. Dose-modifying
factors (DMF) have been determined for several chemicals and used as a
measure of their sensitizing ability [Klimek 1966 (NEM), Parker, Skarsgard
and Emmerson 1969 (TAN), Chapman, Webb and Borsa 1971 (PNAP),
Asquith, Foster, Willson, Ings and McFadzean 1974 (metronidazole)]. This,
of course, only applies if there is no difference in the shape of the survival curves
in the presence and absence of the sensitizer, and when the extrapolation
numbers are identical. If the survival curves are exponential at high doses,
the enhancement ratio, defined as the ratio between the slope of the exponential
parts of the survival curve in the presence and absence of the chemical, may give
a simple measure of the sensitizing ability. (Adams, Asquith, Dewey, Foster,
Michael and Willson 1971, Chapman, Reuvers, Borsa, Petcau and McCalla 1972).
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Some workers have found that oxygen also sensitizes mammalian cells by a
simple dose-modifying mechanism in every phase of the cell cycle (Kruuv and
Sinclair 1966, Legrys and Hall 1969, Chapman et al. 1971). This is in strong
contrast to other results (Littbrand and Revesz 1971, Nias, Swallow, Keene and
Hodgson 1973, Pettersen, Oftebro and Brustad 1973) showing that the survival
curve of aerobic cells has an extrapolation number significantly higher than 1,
whereas extremely hypoxic cells show a strictly exponential survival curve for
doses below about 2000 rads. In another paper (Pettersen, Oftebro and Brustad
1974), we have proposed a possible explanation for these conflicting
results. The data there presented suggest that the survival curves of our human
cells, when exposed in presence of growth medium (E2a), in part is influenced by
radiation-induced toxic products from the medium, for doses above about
2000 rads (dose-rate 160-190 rads/min, 220 kV X-rays).

Recent data (Revesz and Littbrand 1970, Pettersen et al. 1973) have indicated
that the effects of radiosensitizers often may be too complex to be characterized
by one factor, such as DMF or enhancement ratio. Revesz and Littbrand (1970),
working with Chinese hamster cells, and the organic nitroxyl-free radical,
triacetoneamine-N-oxyl (TAN), found strictly exponential survival curves for
extremely hypoxic cells with TAN absent, and curves with shoulders in the low
dose region with TAN present during irradiation. The data demonstrated that
TAN exhibited both a sensitizing and a protective effect.

In an earlier paper (Pettersen et al. 1973) we found a similar effect of another
organic nitroxyl-free radical, 2,2,6,6,tetramethyl-4-piperidinol-N-oxyl (TMPN).
We found that presence of 10 mM TMPN during irradiation had a net protective
effect on the cells for doses below about 400 rads, and a net sensitizing effect for
higher doses. This gives a complex picture of the mode of action of the
radiosensitizer.

It is likely that if a sensitizer is to be used in radiotherapy, variations of the
concentration of the sensitizer, both within the tumour region and from patient
to patient, is to be expected. Urtasun, Sturmwind, Rabin, Band and Chapman
(1974) have shown this to be true for metronidazole, which is a sensitizer with a
long lifetime in the organism. It may be even more so for nitroxyls, since
Blackett, Wooliscroft, Fielden and Lillicrap (1974) have shown that they are
readily degraded by tissue.

We have investigated the protective and sensitizing ability of TMPN at
various concentrations and dose-levels.

2. Materials and methods
2.1. Cell culture technique

The human cell-line NHIK 3025, derived from an early stage of carcinoma
of the uterine cervix (Nordbye and Oftebro 1969, Oftebro and Nordbye 1969),
was used. The culture technique has previously been described in detail
(Pettersen et al. 1973). In the present work, however, we have extended the
dose-range beyond 2000 rads, and since division delay increases with dose, the
incubation time for the cells receiving the highest doses was up to 19 days.
When incubation time exceeded 14 days the medium was changed twice (on the
7th and 14th day of incubation)—otherwise only once (on the 7th day of
incubation).
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2.2. Experimental procedure and irradiation conditions
The experimental set-up used to make the cells ' extremely hypoxic' was

identical to that described earlier (Pettersen et al. 1973). The oxygen
concentration of the gas mixture used to degass the cell suspension before
irradiation (97 per cent N2 and 3 per cent CO2) was <4 p.p.m. The oxygen
concentration of the N2-gas alone varied from 0 4 to 3 p.p.m. Two different
cylinders of CO2-gas containing 3 and 31 p.p.m. of oxygen, was used. The cells
were irradiated suspended in a mixture of 75 per cent growth medium E2a
(Puck, Cieciura and Fisher 1957) (containing 10 per cent human, and 20 per cent
horse serum), and 25 per cent trypsin solution type Al (Puck et al. 1957) with
0-25 per cent trypsin (Difco 1 : 250)). The irradiation chamber (Pettersen
et al. 1973) was degassed for 30-+0 min before the irradiation was started.

The cells were always exposed in suspension. When the irradiated samples
were removed from the irradiation chamber, they were immediately subjected
to air (i.e. 15 to 40 sec after termination of irradiation). The TMPN was not
removed from the suspension before the cells were plated, but diluted as the
samples were diluted to obtain appropriate colony number.

Jones, Brustad and Nakken (1970) found that the free spin property of TAN
is affected by the presence of oxygen. Therefore, in some experiments TMPN
was added directly to the cell suspension before the degassing started, whereas
in others a solution of TMPN dissolved in Hanks saline was degassed separately
from, but concomitantly with, the cell suspension, and mixed with the suspension
under hypoxia. After mixing, the degassing proceeded for 25 min to attain
extremely hypoxic conditions. No difference was observed, and in later
experiments TMPN was added to the suspension before degassing started, and
under aerobic conditions. Thus, the TMPN was in contact with the cells for
25-40 min before irradiation started.

For each dose-effect curve our technique required the use of a total of 20 ml
cell suspension. Aliquots of 2 ml were extracted per dose point, and the
highest number of samples withdrawn was 8, of which 2 were unirradiated
controls. (In some of the experiments only 7 samples, including 1 control, were
withdrawn.) This puts a limit of 6 on the maximum number of experimental
points per experiment in addition to the control point. To determine the
entire curve adequately, two complete experiments were required for each
TMPN-concentration (except for 10 mM, where only 6 points were determined).

TMPN was synthesized in our laboratory by Dr. E. Wold according to the
method of Rozantsev (1964), with some minor modifications. The melting
point of the TMPN used, was between 71 °C and 72°C.

2.3. Irradiation and dosimetry
A Siemens ' Stabilipan ' X-ray unit was used at 220 kV, 19-20 mA and with

0-5 mm Cu filtration, yielding a dose-rate in the cell suspension of 160-190
rads/min. Dose estimations were performed by the method of Fricke (Miller
1953).

3. Results
3.1. Toxic effect of TMPN

During the irradiation experiments the cells were subjected to TMPN for
about 1*5 hours before dilution and plating. In order to test for a possible
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toxic effect upon the cells by TMPN of various concentrations, experiments
were performed in which TMPN was diluted in cell suspensions (cells suspended
in E2a) to various predetermined values and kept at room temperature under
aerobic conditions for 1-5 hours. Concentrations of 10 mM and higher were
found to have a toxic effect on the cells. The surviving fraction with 10 mM
was found to be about 0-5 and with 15 mM 0-018 (figure 1). The survival
levels were not significantly changed whether the TMPN was removed before
plating, or was first diluted to a concentration of 0-1 mM and subsequently left
in contact with the cells during the first 7 days of incubation. In irradiation
experiments TMPN was in contact with the various samples equally long (about
1-5 hours).

05 1 2 3 5 7 10 15
CONCENTRATION OF TMPN (mM)

Figure 1. The effect of TMPN on the reproductive capacity of unirradiated NHIK 3025
cells under conditions where TMPN is in contact with the cells (in suspension)
at room temperature for 1-5 hours before the cells are plated and incubated.

In most of the irradiation experiments TMPN was not removed by
centrifugation and resuspension, only diluted, before plating. The highest and
lowest concentrations of TMPN in contact with the cells during incubation (in the
same experiment) were 0-3 and 0-002 mM respectively. Experiments were
performed to determine whether or not the effect of TMPN was due to artefacts
associated with toxicity during incubation. In figure 2 the reproductive capacity
of the cells is shown as a function of the TMPN-concentration in the medium
during incubation. Figure 2 shows that no toxic effect of TMPN during
incubation occurs in the concentration range below about 0-3 mM. Two
experiments were performed in which TMPN of concentration 10 mM was
present during irradiation, but removed before the cells were plated. These
experiments gave the same result as those in which TMPN was not removed
before plating.
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Figure 2. The effect of TMPN on the reproductive capacity of unirradiated NHIK 3025
cells under conditions where TMPN is present in the growth medium during the
first seven days of incubation. (The medium was changed with TMPN-free
medium on the 7th day of incubation.)

3.2. Survival curves

The survival curve for extremely hypoxic cells in the absence of TMPN,
shown in figure 3, has been discussed in another publication (Pettersen et al.
1974). The increased slope at high doses was shown to be caused by an
effect on the cells from the irradiated medium. At doses below 2000 rads, the
curve is almost identical with the survival curve for extremely hypoxic cells
presented in an earlier paper (Pettersen et al 1973).

Complete survival curves for extremely hypoxic cells exposed in the presence
of TMPN of four different concentrations are shown in figure 3, from which
certain parameters are derived and presented in the table.

All the survival curves with TMPN present during irradiation intersects
that in the absence of TMPN, in the dose range below 700 rads, and exhibit
an increased slope for doses exceeding about 2000 rads. At doses below the
cross-over point TMPN is seen to exert a radioprotective effect on the hypoxic
cells, while at higher doses it sensitizes. The degree of protection and
sensitization is, however, strongly dependent upon the concentration of TMPN,

In figure 4 all the curves, but not the experimental points, presented in
figure 3 are redrawn down to the 10 per cent survival level.

R.B. 2 O
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Figure 3. Survival curves of NHIK 3025 cells under aerobic and extremely hypoxic
conditions and in contact with TMPN of four different concentrations (10 mM,
3 mM, 1 mM and 0*5 mM) under extremely hypoxic conditions. Six to nine
different and independent experiments determine each curve, and each experimental
point is representing the mean of three to six different experiments. Standard errors
are indicated when exceeding the size of the symbols. The experimental points for
aerobic and extremely hypoxic cells in absence of TMPN are shown in subfigure (A),
and in the three other subfigures these curves are re-drawn without the points,
just to ease comparison.
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Oxygen
conditions

Air

Extreme
hypoxia

TMPN con-
centration

(mM)

None

None

0-5

1

3

10

Dose-
rangef
(rads)

—

0-2000

2000-3000

0-1800

1800-2500

0-1800

1800-2500

0-1800

0-1400

Do (rads)

130 ±10

570 ±15

215±12

370 ±30

185 ±30

338+ 7

164 ±17

313 + 23

240 ±20

Extra-
polation
number

2 . 7 + 0-5
Z / - 0 - 4

1-00+006
1 -0-05
273 + 290
11 -140

2-1+0 '7z l-0-6
200 + HOO
Z - 1 2 0

1.8 + 0-4
1 8 -O-3

4 9 0 + 1500
4 -370

l-9 + 0>8

-0-7

31 + 1 ' 0
i -0-8

TMPN
enhance-

ment ratio

—X

1-5 + 0-2

1-2 ±0-3

1-7 ±0-1

1-3 + 0-2

1-8 ±0-2

2-4 ±0-3

t Can only be taken as a rough approximation.
j No effect by TMPN has been found on aerobic cells (see Pettersen et al. 1973).

Summary of calculated parameters of all the survival curves presented in figure 3.
Points above and below about 2000 rads have been treated separately.

600 800 1000
DOSE, rads

Figure 4. The same survival curves as shown in figure 2 (A), (B), (C) and (D) are re-drawn
without experimental points over the first decade.
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4. Discussion
4.1. TMPN's radioprotective effect

Both Parker et al. (1969) and Agnew and Skarsgard (1972) found that the
organic nitroxyl-free radical triacetoneamine-N-oxyl (TAN), which closely
resembles TMPN, sensitized extremely hypoxic cells in the entire dose-range
studied. Since the protective effect of TMPN at low doses found in the present
work disagrees with their results, we have placed special emphasis on an accurate
determination of the survival ratios within the low dose region (< 700 rads).

Figures 3 and 4 indicate that the protective effect of TMPN of different
concentrations varies both in magnitude and with regard to the dose range within
which it protects. The cross-over point moves towards higher doses as the
TMPN concentration is lowered. For concentrations higher than 1 mM,

10

CONC.OF TMPN,mM

Figure 5. The upper dose limit for protection by TMPN as a function of the concentration
of TMPN. The errors are estimated as described in the text.

however, it seems to be fairly independent of TMPN concentration. The upper
dose limit for protection is difficult to determine, but approximate values are
shown in figure 5 as a function of TMPN concentration. The errors shown are
calculated on the basis of regression analysis of the exponential parts of the
curves in the presence and absence of TMPN. This can readily be performed
for TMPN concentrations of 1- and 3 mM because the cross-over point lies
on the exponential part of the survival curves. In the case of TMPN
concentrations of 0-5- and 10 mM, however, the cross-over point occurs just
within the shoulder regions. Also in these cases the errors have been calculated
from the cross-over points of the linear regressions, and therefore should only
be taken as approximate indications.

From figure 4 it follows that the extent of protection by TMPN is higher
in the dose-range below 300 rads at 1 mM and 3 mM than at 0-5 mM and
10 mM. In this dose-range, the data indicate an optimal protection for a
concentration between 0*5 and 3 mM.
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4.2. TMPN's radiosensitizing effect

In another paper (Pettersen et al. 1974) we have shown that the
survival curve of extremely hypoxic cells at doses above about 2000 rads was
influenced by toxic products formed in the heavily-irradiated medium. From
figure 3 one can see that this effect appears at about the same dose-level also
in the presence of TMPN. The sensitizing effect of TMPN must therefore
be derived from a comparison of the curves at doses below and above 2000 rads,
separately.

In the area below 2000 rads the survival curve of the extremely hypoxic cells
in the absence of TMPN is exponential with an extrapolation number of 1. The
survival curves of cells in the presence of TMPN of different concentrations,
on the other hand, exhibit shoulders at low doses followed by an exponential
component which extends up to about 2000 rads. Thus, TMPN does not exert
a simple dose-modifying action on extremely hypoxic NHIK-3025 cells in the
dose range below 2000 rads.

At doses above 700 rads, TMPN sensitized extremely hypoxic cells
irrespective of TMPN-concentration (figure 4). In the dose range below about
2000 rads, all the survival curves exhibit an exponential portion. In this dose
region the sensitizing effect of TMPN is expressed by the enhancement ratio,
taken as the ratio between the slopes of the exponential part of the survival curves
of extremely hypoxic cells in the absence and presence of TMPN.

Figure 6 shows that the TMPN-enhancement ratio (TMPN e.r.) increases
gradually with increasing TMPN-concentrations, reaching a value of 2-4 at
10 mM.

A mathematical analysis has shown that the theoretical relationship proposed
for the o.e.r. (Alper 1956, Howard-Flanders and Alper 1957) may also fit the
present data for the TMPN e.r. in figure 6.

r

[TMPN] is the concentration of TMPN, m is the maximum TMPN e.r. obtained
at high TMPN concentration and K is the concentration of TMPN for which
TMPN e.r. = 1/2/H.

Two sets of parameters representing two extreme fits have been drawn in
figure 6, with m = 2-l and Jf=0-SraM (broken line) on the one hand and
m=2-5, K= 1-4 mM (full line) on the other.

From the .K-values it is clear that TMPN acts less effectively as a radio-
sensitizer of mammalian cells than oxygen (Deschner and Gray 1959, Alper 1960,
Dewey 1960, Gray and Scott 1964, Elkind, Swain, Alescio, Sutton and Moses
1965, Moore, Pritchard and Smith 1972). Emmerson et al. (1971) found for
E. coli that oxygen sensitized 37 times more effectively than TMPN. In a
recent paper Johansen (1974) has shown that there are differences in the
mechanism of action of oxygen and TMPN.

The data presented in figures 4 and 5 suggest that an eventual therapeutic
use of TMPN as a radiosensitizer will require higher dose fractions than usually
given. Furthermore, it is important that the concentration of TMPN at the
site of the hypoxic and anoxic cells in the tumour is high during irradiation.
Even if high dose fractions are given, TMPN may still act as a radioprotector
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1 2 3 4 5 6 7 8 9 10

CONCENTRATION OF TMPN(mM)
Figure 6. TMPN enhancement ratio (taken as the ratio between the slopes of the

exponential part below 2000 rads of the survival curves of extremely hypoxic
NHIK 3025 cells in the absence and presence of TMPN) as a function of TMPN
concentration. The two curves are calculated from the formula derived for
sensitization by oxygen (see text). The broken curve has parameters TO=2-1,
K=0-5 mM, whereas the unbroken curve is calculated with TO = 2-5 and K = 1-4 mM.

if the concentration at the hypoxic and anoxic cells is sufficiently low (see
figure 5).

Recent results have shown that it may be difficult to attain a high concentration
of nitoxyls within a tumour since nitroxyls are readily degraded in tissue (Blackett
et al. 1974). Model experiments have shown that this may also be so for other
sensitizers (Agnew and Skarsgard 1974).

The present data indicate that for NHIK 3025 cells under vur conditions
TMPN exert a sensitization provided the concentration is kept hig than 1 mM,
and dose fractions in excess of 600 rads are given.

4.3. The dose range above 2000 rads
The survival curves for extremely hypoxic cells both in the absence and

presence of TMPN shown in figure 3 exhibit a change in slope at about 2000 rads.
This indicates that TMPN does not exert any pronounced effect on the dose
threshold above which the medium effect appears (Pettersen et al. 1974). For
doses higher than 2000 rads TMPN still has a net sensitizing effect on the
extremely hypoxic cells (shown only for 0-5 and 1-0 mM, see the table). Because
of the very low survival level, the error of the calculated TMPN e.r. in this dose
range is too big for a conclusion to be drawn of whether or not the values of the
TMPN e.r. above and below 2000 rads are different.

The extrapolation numbers derived from the dose-range above 2000 rads of
the survival curves for cells irradiated in the presence of 0-5 and 1*0 mM TMPN
and that for cells irradiated in the absence of TMPN, are listed in the table.
Since there are no significant differences between the extrapolation numbers,
the effect of TMPN at doses above 2000 rads may well be simply dose-modifying.
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However, because of the big errors of these extrapolation numbers, this is a
possibility rather than a conclusion.

It is interesting to compare the present results with corresponding data
presented by Chapman et ah (1971), Chapman et al. (1972) and Chapman,
Reuvers and Borsa (1973). They studied the sensitizing effect of PNAP and
various nitrofurans on cells irradiated in presence of growth medium and found
that in the high dose-range the effect of the sensitizers could well be considered
dose-modifying.

The present results underline that care must be taken when survival data for
extremely hypoxic cells are used to characterize the radiosensitizing ability of
different chemicals. It may be necessary to put narrow limits on the dose-range
within which an effect is said to apply.
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Des cellules humaines de souche NHIK 3025 ont ete irradiees en suspension dans des
conditions extremement hypoxiques (< 4 p.p.m. Ot) et en presence du radical organique
nitroxyde-libre TMPN (2.2.6.6.tetramethyle-4-piperidinol-N-oxyde) a quatre concentra-
tions, notamment 0,5 mM, 1 mM, 3 mM et 10 mM.

TMPN montra d'une part un effet de sensibilisation et d'autre part de protection.
L'effet sensibilisateur apparait a grandes doses (> 400-800 rads selon la concentration

en TM I) et croit avec l'augmentation de la concentration en TMPN.
A de faibles doses (< 400-800 rads) TMPN montra un effet protecteur. En-dessous

de 300 rads la protection semble etre optimale pour une concentration de TMPN entre
0,5 et 3 p.p.m. Dans les concentrations limites ici etudiees, on a trouve que la zone des
doses pour lesquelles le TMPN exerce une protection augmente inversement avec la
concentration en TMPN.

La pente des courbes de survie des cellules augmente quand les doses depassent environ
2000 rads, independemment du contact des cellules avec 1 mM, 0,5 mM ou pas de TMPN.
Ce qui suggere que TMPN n'affecte pas le niveau de la dose auquel 1'effet du milieu de
culture apparait (Pettersen, Oftebro et Brustad en publication).

Suspensionen menschlicher Zellen der etablierten Linie NHIK 3025 wurden unter
extrem hypoxischen Bedingungen ( < 4 p.p.m. Ot) bestrahlt und in Gegenwart des organi-
schen nitrozyl-freien Radikals TMPN in folgenden vier Konzentrationen: 0,5 mM, 1 mM,
3 mM und 10 mM.

Sowohl eine sensibilisierende als auch eine protektive Wirkung des TMPN wurde
beobachtet. Sensibilisierung erfolgt bei hoher Strahlendosis (< 400-800 rads abhangig
von der TMPN-Konzentration) und nimmt mit gesteigerter TMPN-Konzentration zu.

Bei niedrigen Strahlendosen (< 400-800 rads) iibte TMPN eine protektive Wirkung
aus. Bei einer Strahlendosis unter 300 rads wurde der optimale protektive EfFekt fur
eine TMPN-Konzentration zwischen 0,5 und 3 p.p.m. beobachtet. Innerhalb der
angewandten Konzentrationsgrenzen fand man bei abnehmender TMPN-Konzentration
eine Steigerung des Strahlendosisbereichs, in dem TMPN protektiv wirkte.

Es wurde ein steilerer Abfall der tJberlebenskurven erhalten, wenn die Strahlendosis
2000 rads iiberschritt, unabhangig davon, ob die Zellen in Kontakt mit 1 mM, 0,5 mM
oder keinem TMPN waren. Es ist wahrscheinlich, da8 TMPN nicht den Dosis-Schwel-
lenenwert beeintrachtigt, bei dem ein ' Mediumeffekt' eine Rolle zu spieien beginnt.
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Despite much research, we still have not enough information to understand
the survival characteristics of extremely hypoxic mammalian cells. Three
different types of survival curve have been reported:

(a) curves with a shoulder for low and an exponential part for higher doses
(Elkind, Swain, Alescio, Sutton and Moses 1965, Koch, Kruuv and
Frey 1973, Parker, Skarsgard and Emmerson 1969, Hall, Bedford and
Oliver 1966).

(b) strictly exponential curves over a dose-range extended up to about
2000-2400 rads (Littbrand 1970, Littbrand and Revesz 1971, Nias,
Swallow, Keene and Hodgson 1973, Pettersen, Oftebro and Brustad
1973).

(c) curves with negative curvature throughout the dose-range investigated
(Todd 1967, Kruuv and Sinclair 1968, Barendsen and Walter 1964).

In a previous paper (Pettersen et al. 1973), we published an exponential
survival curve for doses up to 2000 rads for extremely hypoxic cells from a
cell-line of human origin (NHIK 3025). The cells were irradiated in suspension
in contact with a gas-mixture of N2 and CO2 containing 3-4 p.p.m. O2. (In
an earlier paper by Pettersen et al. (1973), the oxygen concentration in the gas
mixture was said to be ' less than 15 p.p.m.' based on the manufacturer's
specifications of the purity of the CO2 gas, as less than 400 p.p.m. of oxygen.
Later, however, we received extra equipment for our Hersch oxygen meter
which has made it possible for us to measure the oxygen concentration of the
mixture of N2 and CO2 directly. The measurements were performed with CO2

from the same cylinder as was used in our former work, as well as in the present.
The oxygen concentration of the gas mixture as measured with N2 from various
cylinders but CO2 from the cylinder used in all the experiments was found to be
3-4 p.p.m., from which the oxygen concentration of the CO2 gas can be calculated
to be 31 ± 1-5 p.p.m.) In the present work we have, under otherwise identical
conditions, determined the survival curve of these cells for doses beyond
2000 rads. From the results (figure 1), the following conclusions can be drawn:

(1) for doses below 2000 rads the present results confirm our earlier con-
clusion that there is an exponential dose-inactivation relationship.

(2) for doses beyond 2000 rads the observed survival ratios are significantly
lower than those predicted from the exponential relationship.

(3) a very high extrapolation number is associated with the dose survival
curve beyond 2000 rads.
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The experimental points in figure 1 cannot be fitted with theoretical curves
derived from the hit theory on the basis of any single-target multi-hit concept,
or any multi-target single-hit concept. Even a mathematical model such as that
proposed by Haynes (1966) for U.V.-induced damage in E. coli is incompatible
with the present data.

SOO IOOO ISOO 2000 2S00 3OOO
OOOOI

Dose,
Figure 1. Survival curve for extremely hypoxic human NHIK 3025 cells irradiated in

^ suspension with 220 kV X-rays. The dose rate was 180-190 rads/min. Each
point (standard errors indicated) represents the mean of data from 4-6 independent
experiments. Both exponential lines have been fitted by the least squares method.

For lack of any formal model, we have—on the basis of the least-square
method—simply fitted the data by two independent exponential functions, the

( characteristic parameters of which are presented in table 1.
The experimental data are not in conflict with the assumption that two main

types of damage may be inflicted on the cells: below a threshold dose of about
2000 rads, a damage of type A dominates completely, whereas beyond that dose
^damage of type B is superimposed on the former, yielding a net survival rela-
tionship, which at least within the limited dose-range investigated (2000-3000
rads), is compatible with an exponential relationship with an increased slope
relative to that of the type-A damage.
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Experiments were performed to elucidate factors which contribute to the
type-B damage. One of the possibilities considered was that the medium in
which the cells were suspended during exposure, when subjected to high doses,
somehow becomes toxic to the cells. It has been reported that, under certain
conditions, radiation-induced medium effects influence not only growth
parameters of irradiated and unirradiated cells (Szumiel, Ziemba-Zak, Rosiek,
Sablinskiand Beer 1971, Evans 1962, Scott, Diss and Sturrock 1966) but also
cell survival of irradiated cells (Berry 1964).

Medium
pre-irradiation

dose (rads)

0

4000

Dose range
(rads)

0-2000

2000-3000

600-2000

Do (rads)

570 ±15

215±12

230 ± 30

Extrapolation
number

1.Q0 + 0 0 6

1 0 0 -0-05

Table 1. Parameters of the exponential functions fitted to the data in figures 1 and 2

We determined, therefore, dose survival curves of cells suspended in medium
pre-irradiated with two different doses, in the following way: a 15 ml sample of
growth medium was subjected to extremely hypoxic conditions inside the
irradiation chamber (Pettersen et al. 1973) and subsequently exposed to 1500
or 4000 rads. A 5 ml aliquot of aerobic, unirradiated cell suspension was then
added to the pre-irradiated medium through the syringe of the irradiation
chamber and again made extremely hypoxic, before irradiation of the cells
started. The effect of irradiated medium on unirradiated cells was not studied.

Figure 2 shows dose-survival curves of extremely hypoxic cells in contact
with medium pre-irradiated with 1500 or 4000 rads. For comparison the curve
from figure 1 is also shown. For medium pre-irradiated with 1500 rads the
experimental points indicate only a small reduction of the survival level for
doses to the cells exceeding 1400 rads, as compared with that of figure 1.
Pre-irradiation of the medium with 4000 rads, however, resulted in a pronounced
effect for doses to the cells exceeding about 600 rads. The experimental points
above this latter dose have, on the basis of the least-square method, been fitted
with an exponential function with parameters as shown in table 1. We do not
claim that this component of the dose-survival curve is necessarily exponential,
but our data are, within the experimental errors, not in conflict with an exponen-
tial relationship.

The difference between the slope of this latter exponential curve and that
of the curve fitted to the experimental points at high doses in figure 1 is con-
sidered not to be significant. We conclude, therefore, that the type-B damage
is primarily a medium effect due to secondary effects from heavily-irradiated
medium.
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Figure 2. The points reprtsent survival ratios of NHIK 3025 cells irradiated under
extreme hypoxia in contact with preirradiated medium. 75 per cent of the medium
in contact with the cells during irradiation were pre-irradiated with 1500 rads (•)
and 4000 rads (o). At 4000 rads pre-irradiation the points show the mean of data
from 4 independent experiments, while after preirradiation dose of 1500 rads the
points represent data from only 2 independent experiments. For comparison the
survival curve from figure 1 is also drawn.

Our results are in accordance with results known from the literature in which
it has been shown that irradiation of growth medium forms harmful species for
cells in culture (Evans 1962, Scott et al. 1966) especially after high doses
(Szumiel et al. 1971). Scott et al. (1966) have, however, shown that medium
irradiated with relatively low doses (about 900 rads) do inhibit growth of
unirradiated murine lymphoma L5178Y cells. This effect was found to be
much reduced when the medium was irradiated under hypoxic conditions
(10 p.p.m. O2). Szumiel et al. found that medium pre-irradiated with 10 000
rads induced growth delay on L 5178Y-S cells if the unirradiated cells came in
contact with the medium within 10 min after exposure of the latter. (The
medium was kept under aerobic conditions during irradiation as well as during
the period in which the cells were in contact with the medium.) In our experi-
ments the cells came in contact with the irradiated medium within 2 min after
exposure of the medium was completed. (Exposure time was 9 and 24 min for
the doses of 1500 and 4000 rads, respectively.)

It may be of importance to consider to what extent the medium effect, or
type-B damage, as here demonstrated partly or fully may explain the three
different shapes of survival curve mentioned in the introduction.

Most of the workers who have observed survival curves with the shape
referred to under (a) above for extremely hypoxic cells do find the shoulder to
extend up to relatively high doses. This trend parallels at least qualitatively
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that described by the data in figure 1. The exact shape of the dose-survival
curve within the shoulder region for extremely hypoxic cells is, however, often
not well established experimentially. Thus, the survival curves for extremely
hypoxic cells as presented by Elkind et al. (1965) Koch et al. (1973), Parker et al.
(1969) and Hall (1972) may at least in principle all be equally well fitted by two
independent exponentials with parameters as presented in table 2. It should
be pointed out that Elkind et al. (1965), and Koch et al. (1973) do observe high
extrapolation numbers for cells under extremely hypoxic conditions. Our data
also indicates a high extrapolation number (table 1), which we suggest primarily
to be a result of the medium effect (type-B damage).

Author and
reference

Elkind et al. (1965)
Koch et al. (1973)
Parker et al. (1969)
Hall (1972)

Cell
type

V79-379-A
V79 S-171
CH2B,
CHL-F

Oxygen
concen-
tration

lOp.p.m.
< 25 p.p.m.

5 p.p.m.
16 p.p.m.

Low dose
range
(rads)

X

0-2000
0-1300
0-1400

Do (rads)

Type A

X

1800
1100
1000

TypeA + B

589
530
400
400

Table 2. Parameters of the two exponential functions fitted to published survival data for
chinese hamster cells.

x = No experimental points are given in the dose region below 3000 rads.

Strictly exponential survival curves for extremely hypoxic cells extended up
to 2000-2400 rads, as found by Littbrand (1970), Littbrand and Revesz (1971)
and Nias et al. (1973) are compatible with our results as regards type-A damage.
It may be tempting to suggest that this component of the dose-survival curve
perhaps reflects the radiation response of the cells unaffected by any toxic
products. In their subsequent work with pulsed electron radiation, however,
Nias, Swallow, Keene and Hodgson (1970) made the very interesting observation
that the exponential survival curve (for HeLa S3 cells) extended all the way up
to doses of at least 3500 rads. It may be of importance to test if the lack of any
type-B damage under these conditions relies on the technique used, involving
exposure of a cell pellet at a high dose-rate with very little growth medium
present ( > 107 cells/ml). The high cell concentration may imply that the yield
of toxic products in the medium available for interference with the cells becomes
sufficiently reduced to prevent the effect from appearing within the dose-range
investigated.

Although the type-B damage in the absence of pre-irradiated medium under
our experimental conditions was found to contribute significantly only for doses
exceeding 2000 rads, and although our data in this dose region are adequately
fitted by an exponential function, this may not be so for other cell-lines and
under other experimental conditions. Thus Read and Diss (1964) reported
that medium pre-irradiated with as little as 216 rads exhibited some effect on
the growth-rate of L 5178Y cells. Therefore, the medium effect here observed,
may for other cells and conditions quite well appear at different doses and give
rise to shapes of curve other than that shown in figure 2. Even under conditions
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where technical factors, such as type of Petri dish used (Pettersen et al. 1974)
and number of cells seeded per dish (Bedford and Hall 1966, Masuda and
Wakisaka 1973), do not contribute to the effect, it is conceivable that the medium
effect alone may give rise to survival curves with negative curvature.

Our data seem to underline the necessity for more detailed investigations as
to the lethal effects of radiation-induced toxic products in the medium. Such
work may possibly help to explain the controversial theme as regards the different
shapes of survival curves of extremely hypoxic mammalian cells, as reported in
the literature (Littbrand 1970). In future work it seems important to take into
account that the medium effect is likely to depend on the composition of the
medium, cell characteristics, and other experimental factors.

One should note that, if a medium effect proves to be general, it will be
necessary to make sure, when the effects of compounds like oxygen or of specific
anoxic sensitizer chemicals are to be compared, that their effect upon the two
types of damage are studied separately.
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Diazenedicarboxylic acid bis (N,N-dimethylamide), diamide, oxidises intracellular
non-protein SH (NPSH) specifically (KOSOWER et coll. 1969). This finding led to the
assumption that diamide might be a more efficient sensitizer of anoxic and extremely
hypoxic cells to radiation than of aerobic cells (REVESZ et coll. 1963, HARRIS et coll.
1969).

This was found to be true for Pseudomonas fluorescence and for 3 Chinese hamster
cell lines (V79, CHO and B14AF) cultured in vitro (HARRIS & POWER 1973). How-
ever, for a high concentration (200 ^M) a low sensitizing effect was observed also
for aerobic V79-cells. The sensitizing effect by diamide on extremely hypoxic cells
was reported by these authors to involve a reduction or removal of the shoulder of
the dose-survival curve without any effect upon the slope of the exponential portion
of the curve. This would give rise to a relatively efficient enhancement of radiation
injury for low doses, in contrast to that found for the majority of other sensitizers,
which commonly have little effect on the shoulder region, whereas the slope of the
survival curve is increased for higher doses (PARKER et coll. 1969, REVESZ & LITT-

BRAND 1970, ADAMS et coll. 1971, CHAPMAN et coll. 1971, 1972, PETTERSEN et coll.
1973, 1974a). Therefore HARRIS & POWER suggested that enhanced cell damage by a
given dose may be obtained by combining diamide with a slope-modifying sensitizer.

The ability of diamide to oxidise glutathione is reversed in the presence of glucose
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HARRIS et coll. 1971, HARRIS & BIAGLOW 1972). HARRIS & POWER gave survival
data only for cells irradiated in absence of glucose. Thus, from a therapeutic point
of view it would be of interest to investigate whether or not diamide acts as a sen-
sitize r of hypoxic mammalian ceJls when glucose is present.

HARRIS et coll. (1974), using mouse tumours in vivo, found that the loss of non-
protein SH in vivo was only 25 per cent of that expected from in vitro data for a
glucose-free medium. The diamide concentration was approximately 1.7 mM within
the tumour. The reduced loss of non-protein SH in vivo was ascribed to the presence
of glucose. In spite of this finding a high dose-modifying sensitizing effect was ob-
served on hypoxic tumours while there was no effect on aerobic tumours. This in-
dicates that the concentration of NPSH may not be directly correlated with sen-
sitivity to radiation, and therefore that the sensitizing effect of diamide may in some
complicated way depend on the glucose concentration.

The modifying effects of diamide (of various concentrations) on cells irradiated in
growth medium, containing about 1 mg/ml glucose was experimentally investigated.
This glucose concentration is close to that of human blood. The results are discussed
in the light of the results presented by HARRIS & POWER and WATTS et coll. (1975).

Materials and Methods

The experimental set-up and techniques used for irradiation of aerobic and ex-
tremely hypoxic cells have been described previously (PETTERSEN et coll. 1973). The
irradiation was performed at room temperature with asynchronous populations of
cells suspended in a mixture of growth medium E2a 75 %, and trypsin solution 25 %
(PUCK et coll. 1957).

Extremely hypoxic cells were obtained by a degassing procedure with a gas mix-
ture of N2 97 % and CO2 3 % containing less than 4 ppm O2. During degassing and
irradiation (the degassing continued during irradiation) the cell suspension (max.
20 ml) was kept in a Petri dish placed in a stainless steel chamber and was con-
tinuously agitated by a magnetic stirrer in the chamber. A hypodermic needle mounted
in the chamber wall (PETTERSEN et coll. 1973) allowed samples to be extracted and
diamide added without exposing the suspension to air.

The toxic effect of diamide on reproduction of aerobic cells at room temperature
was tested by exposing suspended cells to diamide at different concentrations for 2
hours. The toxic effect of diamide on reproduction of extremely hypoxic cells was
tested by adding diamide to a cell suspension deoxygenated by N2 flushing for 15 min,
then removing samples from the suspension for survival tests at different times after
addition of the drug.

Diamide was added to the suspensions of aerobic cells 10 to 20 min before irradia-
tion and removed within 15 min after the termination of irradiation. For cells ir-
radiated under extremely hypoxic conditions diamide was added 45 to 60 min before
the start of the irradiation and again removed within 15 min after the irradiation was
completed. Irradiation and sampling lasted about 20 to 30 min.
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Fig. 1. The effect of diamide on the reproductive capacity of unirradiated aerobic NHIK 3025 cells
in contact with diamide for 2 hours. During this period the cells were suspended in growth medium
and held at room temperature. The points represent the mean of 4 independent experiments. The
bars represent the standard errors.

Fig. 2. The effect of 200/*M of diamide on the reproductive capacity of NHIK 3025 cells in contact
with diamide for different times under extremely hypoxic conditions. The cells were kept under
hypoxic conditions even during diamide addition.

AH irradiations were performed with 220 kV roentgen radiation. The dose rate
was 1.6-1.9 Gy/min (160-190 rad/min) for cells irradiated under extremely hypoxic
conditions and 3 Gy/min for cells irradiated under aerobic conditions.

Diamide was obtained from Calbiochem, San Diego, California and used without
further purification.

Results

The surviving fraction versus diamide concentration for aerobic cells kept in con-
tact with diamide for 2 hours at room temperature appears in Fig. 1. The symbols
represent the mean survival ratios based on 4 independent experiments and standard
errors are indicated with bars. The data show 200 fiM to be the highest tested con-
centration without toxic effect under aerobic conditions.

Diamide of a concentration of 200 //M is non-toxic also for cells under extremely
hypoxic conditions, for times of at least up to 90 min (Fig. 2). Consequently, in the
present experiments diamide was never used in concentrations exceeding 200 ûM
and the drug was never kept in contact with the cells for more than 90 min.

The effect of diamide of concentration 200 fiM on aerobically irradiated cells ap-
pears in Fig. 3. Data from 2 different experiments are given. In both experiments
duplicate samples were irradiated, e.g. in presence and absence of diamide. No
significant modifying effect of diamide under aerobic conditions was found.

The dose-effect curve of extremely hypoxic NHIK 3025 cells irradiated suspended
in E2a medium has been published previously (PETTERSEN et coll. 1974 b). Now 5
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Fig. 3. Dose-effect curve for aerobic NHIK 3025 cells
irradiated in presence or absence of diamide at 200 /<M.
Open symbols represent results for cells irradiated in
absence, and closed symbols results for cells irradiated
in presence of diamide. Data from two independent
experiments are presented, the one represented by
triangels and the other by circles.
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independent experiments were performed to control the reproducibility of the
previous results (Fig. 4). Each type of symbol represents results from one single
experiment. The curve is drawn on basis of all points.

The Do of the initial exponential line is 5.6 Gy and the Do of the exponential line
at higher doses (above 18 Gy) is 2.3 Gy, which agrees well with the previous results.

In Fig. 5 data are presented from irradiation experiments with extremely hypoxic
cells in contact with diamide of 3 different concentrations. For comparison, the
curve from Fig. 4 is redrawn, but without the experimental points. The vertical
bars represent the standard errors of the experimental points in Fig. 4.

For diamide concentration of 20 /u,M no significant sensitizing effect occurred
(Fig. 5 A). The low protective effect indicated at low doses is not considered significant.
This result agrees well with that found by HARRIS & POWER for Chinese hamster cells
in presence of 20 ,«M of diamide and in absence of glucose.

However, for a diamide concentration of 50 JUM, the data indicate a low enhance-
ment of radiation inactivation for doses above about 13 Gy (Fig. 5B); for a diamide
concentration of 200 pM a clear enhancement for doses above 8 Gy (Fig. 5C). No
modifying effect of diamide in the initial dose region (up to 8 Gy) was found for any
concentration tested.

Discussion

The toxic effect on NHIK 3025 cells (Fig. 1) differs from that reported for dif-
ferent lines of Chinese hamster cells by HARRIS & POWER. The survival of NHIK 3025
cells drops faster than that of Chinese hamster cells as the diamide concentration ex-
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Fig. 4. Dose-effect curve of extremely hyppxic (<4 ppm O2) NHIK 3025 cells. Five different and
independent experiments are presented, with one type of symbol for each. Exponential lines are
drawn by hand.

ceeds 400 fiM. However, it is difficult to draw further conclusions from this dif-
ference since HARRIS & POWER investigated the toxicity of diamide on cells kept in
phosphate buffered saline at 4°C, whereas in the present experiments growth medium
at room temperature was used. Furthermore, the time of exposure to diamide was
15 min in the experiments of HARRIS & POWER and 2 hours in the present ones. In
spite of these differences the highest non-toxic concentration on aerobic cells is for
both groups found to be about 200 /iM.

WATTS et coll. have exposed Chinese hamster cells to diamide for 2 hours while
the cells were kept in growth medium (MEM + 15 per cent serum), or for 30 minutes
while they were kept in Hanks' BBS. In both cases they found a maximum non-toxic
concentration of diamide which was lower than 200 ,wM. When the cells were kept in
MEM + 15 per cent serum at 20°C the survival dropped to 75 per cent at 100 /tM
and to zero at about 300 to 400 pirn indicating an even faster drop in survival than
was found in the present experiments. This suggests that the degree of toxicity of
diamide is dependent on the cell system.

The data in Fig. 3 show that under the present experimental conditions no modi-
fying effect of diamide on aerobic NHIK 3025 cells occurs. This would be con-
sidered a prerequisite if the drug were to be used as a sensitizer in radiation therapy.
Data published by HARRIS & POWER, CHAPMAN et coll. 1973 b and WATTS et coll.
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Fig. 5. Dose-effect curves for extremely hypoxic NHIK 3025 cells irradiated in suspension in
presence of diamide at 3 different concentrations (20/JM, 50//M and 200/<M). The dose-effect curve
for extremely hypoxic NHIK 3025 cells irradiated in absence of diamide is, to facilitate comparison,
redrawn from Fig. 4. The dotted lines are all drawn by hand.
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indicate that high concentrations of diamide may have a sensitizing effect on Chinese
hamster cells under aerobic conditions. The present results with NHIK 3025 cells
irradiated under extremely hypoxic conditions in contact with 50 and 200 //M of
diamide, also differ from those published by HARRIS & POWER. They reported that
diamide at 50 and 200 /j,M exerted a strong sensitizing effect at low doses. The present
data indicate no sensitizing effect at low doses. On the other hand the present results
confirm those of HARRIS & POWER in the sense that diamide does not exert any slope-
modifying effect. In their experiments high concentrations of diamide (50 or 200 ,MM)
removed the whole shoulder of the hypoxic survival curve. In the present experiments
diamide concentrations of 50 and 200 JAM reduced the initial exponential component
of the hypoxic survival curve.

WATTS et coll. have published data for the sensitizing effect of diamide on hypoxic
cells which have similar trends as the present ones. Hypoxic cells in contact with
100 ^MM diamide in full medium exhibited no sensitization at low doses (< about
4 Gy) but a distinct sensitizing effect appeared at higher doses (i.e. a part of the
shoulder had been removed in the presence of diamide). A comparison of the present
experimental system with those of HARRIS & POWER and WATTS et coll. suggests that
the presence of glucose in the medium eliminates the sensitizing effect of diamide at
low doses. This suggestion is supported by the data of HARRIS et coll. (1971) and
HARRIS & BIAGLOW which indicate that the ability of diamide to oxidise glutathione
is reversed in the presence of glucose.

The results presented by HARRIS et coll. (1974) on hypoxic P388 leucemia cells,
grown in vivo as ascites tumours, indicated a dose-modifying sensitization by diamide.
In their experiments, the concentration of diamide in the tumours 1 min before ir-
radiation was reported to be approximately 1.7 mM. This concentration is almost
10 times higher than the highest one used in the present experiments. Besides, since
it is difficult to estimate the oxygen concentration in the hypoxic tumours, it is cor-
respondingly difficult to compare the present data with the data presented by HARRIS

etcoll. (1974).
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SUMMARY

Human cells of line NHIK 3025 were irradiated suspended in growth medium (E2a) in
absence and presence of diamide under aerobic and extremely hypoxic ( < 4 ppm O>) condi-
tions. A sensitizing effect of diamide was found for doses exceeding 8 Gy (800 rad) on cells
irradiated under extremely hypoxic conditions in presence of diamide of concentration
200 //M, whereas no significant effect was observed for 20 //M.
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ZUSAMMENFASSUNG

Humane Zeilen der Linie NHIK 3025 wurden in einem Wachstumsmedium (E2a) suspen-
diert und mit und ohne Diamid unter aeroben und extremen hypoxischen ( < 4 ppm O2)
Bedingungen bestrahlt. Ein sensibilisierender Effekt von Diamid wurde für Dosen von
mehr als 8 Gy (800 rad) bei Zellen unter extrem hypoxischen Bedingungen in Gegenwart
von Diamid in einer Konzentration von 200 /iM gefunden, während kein signifikanter
Effekt für 20 /*M zu beobachten war.

RESUMÉ

Des cellules humaines de la lignée NHIK 3025 ont été irradiées en suspension dans le
milieu de culture (E2a) en l'absence et en la présence de diamide dans des conditions aérobies
et dans des conditions extrêmement hypoxiques ( <4 ppm O2). Les auteurs ont constaté un
effet sensibilisant du diamide pour des doses dépassant 8 Gy (800 rad) sur des cellules ir-
radiées dans des conditions extrêmement hypoxiques en présence de diamide à la concentra-
tion de 200 /<M, alors qu'il n'y a pas d'effet observable important pour 20 //M.
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Cells from an established human cell-line, NHIK 3025, originally deri-
ved from an early stage of cancer of the cervix, were tested for recovery
capacity when irradiated with X-rays under aerobic (equilibrated with air)
and extremely hypoxic conditions (O2 content less than 4 ppm).

The dose-response curvo obtained under aerobic condit ions had a Do-va-
lue of 130 rads and an extrapolation number of 3.8. The corresponding
curve obtained with a first dose exceeding that of the shoulder region of the
survival curve followed 3 hours later |by graded second doses, had a Dp-va-
lue of 130 rads and extrapolation number 2.2. The curve obtained by
measuring the survival after two equal doses of 330 rads, each with variable
time intervals between the doses, showed a time dependent radiosensitivity.

The dose-response curve obtained by irradiating the cells under extre-
mely hyjjoxic conditions was well fitted by an exponential line up to about
2500 rads followed by a downward bend. Recovery from sublethal damage
was not observed in split-dose experiments where the total doses were less
than 2500 rads. For a total dose of 4200 rads, however, a split-dose effect
was observed (SDR = 1.6). This split-dose effect is probably not due to
Elkind repair, but is rather a consequence of the technique used.

Key words: Radiation injury, NH1K 3025 human cell line, oxygen
effect.

Since the first experiments that revealed recovery from radiation injury in
mammalian cells [4] much emphasis has been placed on determination of the reco-
very capacity of cells exposed under aerobic and extremely hypoxic conditions
[1, 6, 7, 9, 10, 11, 14, 15, 26]. While general agreement exists that recovery occurs
when cells are irradiated under aerobie conditions and maintained under aerobic
conditions during the recover}7 period, different views have been expressed as re-
gards recovery from radiation injury when the cells are kept under extremely hy-
poxic conditions during irradiation. (For a review, see [8].) This is an important
question in radiation therapy since it is known that some cells in certain tumors are
deficient in oxygen [25].

In the present paper data from split-dose experiments with both aerobie and
extremely hypoxic human cells are presented together with complete dose-effect
curves. The present data are discussed in the light of earlier results obtained with
the same cell line pertaining to aerobic and extremely hypoxic cells irradiated in
suspension [19, 20].

Present address: Norwegian Defence Research, Establishment, N 2007, Kjeller
Norway.
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Mater ia l and Methods

Cell culture technique. Cells from the established human line, NH1K 3025 fl7,
18], derived from an early stage of carcinoma of the uterine cervix, was used. The
stock cultures were grown as monolayers in Jena G 20 180 ml flasks supplied with
medium E2a [21], containing 40 per cent sj'nthetic mixture, 30 per cent Hanks'
solution, 20 per cent horse serum and 10 per cent human serum. The cells were
trypsinized once a week and one million cells tranferred to a new flask. The medium
was changed at the 3rd and 5th day after trypsinization.

The Puck clonal technique was used to determine survival of X-irradiated cells
from stock cultures in log phase of growth (one to six days after trypsinization).
A suspension of single cells was obtained by a modification of the method described
by PUCK, MARCUS and CIKCIUKA [22]. The medium in the culture flask was removed
and 5 ml of salt solution type A 1 [21] containing 0.25 per cent trypsin (Difco 1 : 250)
was added to the flask for 10 minutes. During the last five minutes of this time in-
terval the cells were gently agitated by a pipette. The fraction of the population
appearing as single cells was checked microscopically in each experiment, and found
to vary from 94 to 98 per cent. Aliquots were taken for determination of cell con-
centration by counting in a Burker-chamber [3], 5 ml of medium was added to the
salt-trypsin solution to reduce the effect of trypsin. Before seeding the cells into
Petri dishes of glass, the solution was diluted appropriately and 0.2 ml of suspen-
sion transferred to each dish which was prefilled with 4.8 ml of medium. The maxi-
mum number of cells per dish was 50 000. After plating the dishes were placed in
an incubator for 4 hours to allow attachment of the cells to the glass. The incubator
(Model 3321 from National Appliance Co., Oregon, USA) adjusted to 37 °C, was
flushed with air (61/min) containing 5 per cent CO,. Incubation time after irradiation
was usually 14 days, but heavily irradiated samples were incubated up to 17 days.

After incubation the cells were fixed in situ with 3 parts of ethanol and 1 part
of acetic acid, and stained according to Bohmer's method with hematoxylin [23].
Cells giving rise to colonies containing more than 40 cells were scored as surviving.
The plating efficiency (P. E.) in the experiments to be described was found to be
between 70 and 80 per cent.

Set-vp for preparation of extremely hypoxic cells. To attain the lowest possible
oxygen concentration during irradiation a gas flushing system as shown in Figure 1
was chosen. To reduce oxygen leakage into the irradiation chamber and degassing
of oxygen from the constituents inside the chamber, the entire exposure set-up
was made of glass and stainless steel, and with silver soldered joints.

High purity N2 and CO2 (Norsk Hydro A/S, Oslo) were led from high pressure
cylinders through all-glass flowmeters and reduction valves which facilitated regu-
lation of the gasflow from each cylinder to provide the desired gas mixture (97 %
N2 and 3%CO2) and total flow-rate (5 1/min). The gas mixture was humidified in
a closed water-bath before entering the irradiation chamber. The gas leaving the
irradiation chamber was passed through an open water lock. By a valve placed
upstream from the water lock it was possible to lead 5 per cent of the effluent gas
through a Hersch oxygenmeter (Mark II, Engelhard Industries Ltd. England),
calibrated for oxygen concentrations between 0 and 10 ppm (with a measuring
accuracy of ± 0.5 ppm). The oxygen content in different N2-eylinders were always
found to be well below 3 ppm. Measurements on a mixture of 3 % CO2 and 97 % N2
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Fig. 1. Set-up for preparation of extremely hypoxic cells (see text).

showed the 02-content to be less than 1 ppm higher than that of pure X2. Thus,
the maximum O2-content of the CO2—N2 gas mixture never exceeded 4 ppm.

Before placing the Petri dishes in the irradiation chamber, most of the medium
covering the cells was gently sucked off, leaving a 0.5 mm medium film over the cells.
Degassing time before irradiation was 25-—30 minutes. After irradiation the medium
film in the dishes was changed with 5 ml fresh medium unless otherwise stated.

The irradiation chamber (Fig. 2) was eqtiipped with a removable O-ring sealed
0.5 mm thick stainless steel lid..

Irradiation equipment

Irradiation of cells under aerobic conditions. The experimental set-up shown in
Figure 3 was used for split-dose experiments under aerobic conditions.

A frame with three legs of metal and a perspex top-plate with six holes (0 =
5 cm) was placed above the X-ray tube. Petri dishes were placed in the holes and
irradiated simultaneously from underneath. The distance from the focal point of
the X-ray tube (indicated by X in the Figure) to the bottom of the dishes was 25 cm.

A Siemens "Stabilipan" X-ray unit, operated at 220 kV and 20 mA was used
throughout all experiments. A 0.5 mm Cu-filter, and in addition, a 1.0 mm Al-window
inherent in the X-ray unit were employed to reduce the dose contribution due to
the softest components of the X-ray spectrum. The dose rate at the bottom of the
dishes was determined by the Fricke ferrous sulphate dosimetry [16]. The dose
rate was found to be 355 rads per minute.

Control experiments were performed in which the same equipment was used
and with the cells treated in the same way as when irradiated under extremely
hypoxic conditions. The only difference was that the degassing procedure was not
carried out.

Irradiation of cells in the experimental set-up for attaining extremely hypoxic cells.
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Colls irradiated in the irradiation chamber (Fig. 2) were exposed to 220 kV-X-rays,
filtered in the same way as described above, except for the extra filtration due to
the stainless steel lid of the irradiation chamber. The dose rate was 205 rads per
minute.
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Fig. 2. Irradiation chamber (see text).

2.5 -

Fig. 3. Set-up for exposure under aerobic
conditions (see text).
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Fig. 4. Split dose ratio for aerobic NHIK 3025 cells as a function of time between two
• doses of 330 rads each. Different symbols represent independent experiments.
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Results

Recovery of cells kept wider aerobic con-
ditions during irradiation

8plit~dose ratio (SDR) as a function
of time interval between doses. A dose of
330 rads was chosen as the conditioning
dose and after various periods of time (T)
In which the cells were incubated at
37 °C, a second dose of 330 rads was
given. The split-dose ratios, obtained in
these experiments, are presented in Fi-
gure 4, show a first maximum of
SDR = 2.2 for T = 3 hr. For longer
incubation time between the doses (T =
4 hr) the curve shows a minimum
(SDR = 2.0) followed by a rise for still
longer incubation time.

Constant conditioning dose and gra-
ded second dose. Figure 5 shows the do-
se-effect curves for both single- and split-
dose exposures. Both curves exhibit an
initial shoulder and a subsequent expo-
nential region. The D0-values arc 130
rads and the extrapolation number 3.8
for single dose exposures and 2.2 for split
dose exposures.

Survival and recovery of cells exposed in
the set-up used to attain extremely hypo-
xic conditions

The survival curve for aerobic cells
(irradiated in the irradiation chamber of
Fig. 2) is shown in Figure 6 together
with the survival curve for cells irra-
diated under extremely hypoxic condi-
tions. From Table 1 it is seen that the
parameters are different from those of
the single-dose curve shown in Figure 5.
The two different ways of irradiating
aerobic cells, therefore, seem to result in
different survival characteristics. The
two curves do not differ simply by a
dose-modifying factor since the extrapo-
lation numbers are significantly different.

The single-dose survival curve for ex-
tremely hypoxic cells (Fig. 6) is well fitted

P.01'-

0-001 —

• SfHCLE DOSE
SPUTJ10SE

100 200 300 iOO 500 600 700 800 900 1000

f 330
00SZ, rads

Fig. 5. Doso effect curves for NHIK 3025
cells when total radiation doses were given
in one fraction (closed circles) and two
fractions (open circles). The first dose in
split doso experiments was 330 rads, and
the time between split doses was 3 hours.
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Fig. 6. Dose effect curves for aerobic and
extremely hypoxie NHIK 3025 cells. Ir-
radiation equipment shown in Fig. 2 was

used.
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Table 1

Experimen-
tal set-up Z)n-value

Extrapola-
tion

number

Aerobic conditions

Extremely hypoxic conditions

Fig. 1

Fig. 2
Fig. 2

130

170
860

3.S

3.0
1.0

Devalues and extrapolation numbers for NHIK 3025 colls irradiated with X-rays under
different conditions.

Table 2

Aerobic conditions (air) Extremely hypoxic condi- ( Q 4 p p m )

Split-doses (rads) 330 -f 200 to 470 580 + 580

Single doses (rads) 530 to 800 1160

SDR 2.2 0.82

1160 -f 1160 2100 + 2100

2320 4200

1.00 1.60

Split-dose ratios (SDR) for NH.IK 3025 cells irradiated with various total doses of X-rays
under aerobic and extremely hypoxic conditions.

• by an exponential line for doses up to about 2500 rad, but for higher doses it becomes
steeper. Do for the initial exponential line is 860 rads. The o. e. r. taken as the ratio
between the Do of the survival curves for extremely hypoxic cells and aerobic cells
is 4.6.

In each of these experiments 5—7 dishes received divided dose (2 hours' inter-
vals) whereas a similar number of dishes were given the same total dose in one frac-
tion. In three replicate experiments no recovery from sublethal daniage was observed
when the total dose was less than 2500 rads (Table 2). For a total dose of 4200 rads,
however, in two experiments a SDR of 1.6 was found (p. < 0.01, Student Mest).
In a third experiment tho medium in the dishes was not changed during the reco-
very period between the doses, and in this experiment an SDR of 1.16 was found
(i. e. no significant difference between tho survival in tho split-dose and the single-dose
group).

Discussion

The results obtained by X-irradiating NHIK 3025 cells in the presence of oxy-
gen arc qualitatively similar to those reported for comparable cell-lines [4, 8, 12, 22].
The NHIK 3025 cells do recover from radiation injury, although full recovery is
not obtained under our conditions, as expressed by the lower extrapolation number
of the split-dose curve in Figure 5. This may possibly be explained by the relatively
short recovery period used (3 hr). ELKIND and SUTTON [5] have reported full re-
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covery for HeLa cells after an interval of 11 hours between the doses. However, to
avoid the problems met when cells are allowed to divide between the doses, we
chose the shorter recovery period of 3 hours.

The results obtained by irradiating the cells fastened to glass dishes under
extremely hypoxic conditions are in good agreement with what previously are
found for NH1K 3025 cells irradiated in suspension [20]. In both cases the survival
curve is exponential followed by a steeper part for high doses. This steeper part of
the curve was attributed to an effect on the cells from heavily irradiated growth
medium [20].

The slope of the initial exponential part, however, was found to be lower for
cells irradiated attached to glass dishes (X>0 = 860 rads) than for cells irradiated in
suspension (Do = 570 rads). Also the downward bending at high doses seems to
be less pronounced when the cells are irradiated attached to glass than when irra-
diated in suspension. At the present time it is not knownwhy these differences appear.

From Figure 6 it is evident that wo do not find a split-dose effect when our cells
are irradiated under extremely hypoxic conditions and for doses less than 2500 rads,
although wo have incubated the cells in air between the dose fractions. Probably
the split dose effect seen at -1200 rads (SDR — 1.6) does not express any recovery
capacity. The observed split-dose ratio may find its explanation in enhanced strain
upon the cells due to heavily irradiated medium as described by PETEUSEX et al.
[20]. They found that the survival of cells irradiated suspended in medium preirra-
diated with 1500 rads was equal to that of cells irradiated suspended in untreated
medium. Similar experiments in which the medium was preirradiated with 4200
rads gave, on the other hand, a substantial decrease of the survival as compared
to the control. In the split dose experiments the cells which received divided doses,
each of 2100 rads, are only slightly subjected to the medium effect, because the me-
dium here is changed between the fractions. In contrast the cells given 4200 rads
in one fraction will experience this effect from heavily irradiated medium. The
survival will therefore be lower. When compared with the survival after split-doses
the lower values after single exposure may erroneously be taken as a measurement
of cell recovery. This view is also supported by the low SDR 1.16 found when the
medium was not changed between the split-doses, each of 2100 rads. Therefore, the
inactivation of asynchronous NHIK 3025 cells by X-rays under extremely hypoxic
conditions probably follows a nearly exponential relationship when the additional
radiosensitizing effect of irradiated medium is suppressed. Since the cells exposed
under extremely hypo?'.ic conditions do not show any recovory for doses less than
2300 rads, although they have oxygen available during the recovery period, there
is reason to suspect that the type of damage inflicted upon the cells under these
conditions are not readily repaired by enzymatic processes. This is in agreement
with results presented by LlTTBRAND and REVESZ [13, 14].

If the medium effect reported by us proves to be genera] it seems possible that
the conflicting results regarding the split dose survival of extremely hypoxic mamma-
lian cells, as reported by various workers (for aVeview, see [8]), may find its explana-
tion. Thus, there may be reasons for additional precautions in interpretation of
survival data for doses in the kilorad range.

This investigation was supported by grants from the Norwegian Cancer Society,
Oslo, and Norges Almcnvitenskaplige forskningsrad, Oslo.
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ABSTRACT

The method of synchronizing cells by means of mitotic selection has been adapted
to the human line NHIK 3025. Increase in cell number as a function of time in
asynchronous and synchronous populations was studied as well as mitotic index as
a function of time after selection of synchronized populations. Phase durations of
the cell cycle of synchronous populations were determined by 3H-thymidine
incorporation and scintillation counting. The relative phase durations of
exponentially growing asynchronous populations were determined by
mathematical analysis of DNA-histograms recorded by flow cytofluorimetry.
Both the generation time and the various phase durations of the cell cycle were
found to be the same in asynchronous and synchronous populations. It was found
that NHIK 3025 cells are damaged by cooling to 4 and 0°C so that cooling of
selected cells in order to increase the yield would reduce the quality of the
synchronized populations.

It has been shown that mammalian cells in the process of synthesizing DNA may produce
transmitters which accelerate the entry of G, cells into S (Dewey, Miller & Nagasawa, 1973).
Such production might result in a different duration of Gj for cells in exponentially and syn-
chronously growing populations. In general the duration of the cell cycle and of its various
phases are not necessarily the same for cells in an exponentially growing population and for a
synchronized population of cells of the same type. In order to obtain information on such cell
cycle characteristics in cultured mammalian cells, measurements were performed on cells of
the line NHIK 3025. Phase durations were established by means of incorporation of tritiated
thymidine (for synchronized cells) and by means of flow cytofluorometry (for asynchronous
cells). The influence of cooling of mitotic cells on growth during the first cycle of synchronized
populations, and on survival as measured by colony formation was also investigated.

* Present address: CERN, 1211 Geneve 23, Switzerland.

Correspondence: Dr E. O. Pettersen, Norsk Hydro's Institute for Cancer Research, The Norwegian Radium
Hospital, Montebello, Oslo 3, Norway.
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MATERIALS AND METHODS

Cell culture technique

The stock cultures of NHIK 3025 cells (Nordbye & Oftebro, 1969; Oftebro & Nordbye,
1969) were grown as monolayers in Jena G 20 180 ml flasks in medium E2a (Puck, Cieciura
& Fisher, 1957) containing 20% human serum and 10% horse serum. General cell culture
techniques have been described in a previous paper (Pettersen, Oftebro & Brustad, 1973).

Standard growth conditions

When 'standard growth conditons' are mentioned later in the text, we mean cultivation in
our normal stock culture medium (E2a with 20% human serum and 10% horse serum) in
plastic flasks (Nunclon or Falcon with growth area of 25 or 75 cm2) at a constant
temperature of 37°C and pH of 7-2.

Growth measurements

Cells taken for growth measurements were cultivated under 'standard growth conditions'.
Increase in cell number was measured by repeated counting of the number of cells within
certain areas delineated on the bottom of the culture flask. An inverted microscope with phase
contrast optics was used. At least 400 microcolonies were counted, including only viable cells
attached to the bottom of the flasks. The cells were considered to have completed division
when two nuclei were clearly seen.

The approximate increase in cell number during the first hour after selection was measured
in one experiment by registering the mitotic index about once each 10 min by direct
observation in an inverted microscope. In this period the cells were lying on the bottom of the
flask, but had not yet attached. The increase in cell number was calculated from the formula
(see Appendix I):

C = 2C0/(l + m) (1)

where m = mitotic index at an arbitrary time during the first mitosis; C = total number of
cells at that time; and Co = number of mitotic cells originally selected.

Converted into relative cell number, g = C/Cw and normalized such that the final value of
the relative cell number after completion of the first mitosis will be 1-0, the above formula was
used in the form:

g=l/(l + m) (2)

The mitotic index immediately after selection was determined by microscopic differential
counting (mitoses-interphases) of at least 1000 cells on smears stained with aceto-orcein.

The selection method

During selection of mitoses the cells were covered with medium E2a.
Selection was performed by shaking the flasks (75 cm2) on a reciprocal shaker. Frequency

and amplitude were 450 rpm and 20 mm, respectively, the amount of medium per flask was 10
ml and each shaking lasted for 60 sec.

In order to remove loose interphase cells and dead cells, four or five consecutive and
preliminary agitations were employed, each followed by renewing the medium.
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Selections have been carried out up to twelve times (45-50 min intervals) with the same
flasks with no decrease in yield or mitotic index in the selected populations.

Incorporation of tritiatedprecursor

DNA-synthesis in synchronized populations was measured by pulsed 3H-thymidine
incorporation. The synchronized cell population was seeded in 25 cm2 Nunclon plastic flasks.
Each flask contained approximately 2 x 104 cells. At 2 hr intervals the precursors were
mixed with the medium in two replicate flasks and incubated for 30 min. The cells were then
rinsed gently with 0-9% NaCl and trypsinized (0-25% trypsin, Difco 1:250). Thereafter they
were added to Millipore filters and treated with cold 5% TCA for 30 min.

Both the cold acid soluble fraction and the millipore filters with the cells were counted in a
liquid scintillation counter.

The concentration of 3H-thymidine was 0-93 //Ci/ml (5-0 Ci/mmol).

Flow cytofluorimetry

The flow cytofluorometer used in this work is based on designs already published (Hulett et
ah, 1973; Steinkamp et ah, 1973; van Dilla et al., 1974). The flow chamber is built around a
glass capillary (Specialty Glass Products, Inc., U.S.A.) with an orifice of 100 /m diameter.
The flow of cell suspension is introduced along the axis of the flow chamber and is surrounded
by a flow of sheath fluid from another pressurized reservoir. Thus a laminar jet of liquid is
produced by the orifice, with the sample stream confined to the central part of the jet
(diameter approx. 15 fim). The free jet in air intersects a laser beam (4 W Argon laser,
Spectra Physics, U.S.A.) focused by a cylindrical lens (25 mm focal length) to a line focus of
about 15 fim thickness. The duration of the fluorescence pulse detected is only about 1 /usec,
such that cells may be measured at the rate of several thousand per second without measure-
ments interfering with each other. Data storage is performed with an Intertechnique Tridac
multichannel analyser that also has the capability of two-parameter data storage.

For DNA-measurements, cells were prepared according to the protocol by Gohde &
Dittrich (1971). Ethanol-fixed cells were washed, incubated with RNAse (0-1%) for 1 hr,
washed and resuspended in a solution of ethidium bromide (10 mg/1) in Tris buffer. Ethidium
bromide is an intercalating dye for DNA, and is optimally excited at the absorption-maximum
of the bound dye (Le Pecq & Paoletti, 1967) by the Argon laser wave length of 514-5 nm.
The instrument contains a long pass interference filter which rejects light of wavelengths
shorter than 525 nm, thus preventing scattered laser light from entering the detector optics.

RESULTS

The growth curve for an asynchronous population of NHIK 3025 cells is shown in Fig. 1.
The cells were trypsinized and seeded 2\ hr before the first counting (time 0). The generation
time (mean cell cycle time) was found to be about 18 hr.

The growth curve for synchronous populations of NHIK 3025 cells is shown in Fig. 2A
which represents four different experiments. The median cell cycle time (see Appendix II) was
considered to be the time it took for the relative cell number to double from 0- 75 to 1 -5. This
was approximately 18 hr, the same as the mean cell cycle time of the exponentially growing
population.

The Engelberg synchronization index (Engelberg, 1961) calculated as described in an
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FIG. 1. Growth curve for asynchronous populations of NHIK 3025 cells cultivated under standard
growth conditions (see text). Data from one single experiment. The solid line represents the part of
the curve where nearly ideal exponential growth exists.
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FIG. 2 (A) Growth curve for synchronized populations of NHIK 3025 cells cultivated under
standard growth conditions. Experimental points from four independent experiments are shown.
The median cell cycle time is defined as the time taken for the relative cell number to double from
0- 75 to 1-5. Both the initial part of the curve (broken line) which was calculated from equation (2),
and the solid line were normalized to the same level (1-0) in order to obtain continuity in the curve.
(B) The mitotic index recorded at various times after selection by differential counting in an
inverted microscope with phase contrast optics.
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FIG. 3. Growth curve for normally synchronized populations of NHIK 3025 cells, and for cells
kept at 4°C for 2 hr just after selection (i.e. while the cells were in mitosis) in two separate
experiments. In one of the experiments a growth curve was also established for populations which
had been kept at 0°C for 2 hr immediately after selection. As a result of the cooling both a delay in
division and a reduction in the number of cells can be seen.

earlier paper (Bakke & Pettersen, 1976) was 95% for the first division and 64% for the second
division.

Determination of the mitotic -index of exponentially growing populations cultivated in
Leighton tubes showed that the mean mitotic index was 3-7%. From the theory of exponential
growth (Cook & James, 1964) this means that the duration of mitosis of our cells with a
generation time of 18 hr was about 1 hr.

The mitotic index for the synchronous populations during the first cell cycle is shown in
Fig. 2B. It was initially 90-94%, decreasing to 0% in about 1 hr. About 16 hr later the
mitotic index increased rapidly to 15% and thereafter decreased slowly to 0% again,
demonstrating the natural spread of cell cycle times among individual cells of the population.

In order to increase the number of cells in the synchronous populations, some workers have
cooled the selected cells immediately after selection in order to stop progress in the cell cycle
and thereby accumulate a larger pool by repeated selections (Tobey, Anderson & Petersen,
1967). To see if this technique was applicable for NHIK 3025 cells we cooled the cells to 4
and 0°C immediately after selection and reincubated them after 2 hr. The growth curves
during the first cell cycle are shown in Fig. 3. Time zero refers to the time when the cells were

TABLE 1. The effect on the reproductive capacity of NHIK
3025 cells observed after 2 or 4 hr cooling of mitotic cells

immediately after selection

Temperature (°C)

Surviving fraction* after different
periods of cooling

2hr 4hr

4
0

0-57
0-42

0-30
0-19

* Surviving fraction is taken as per cent of the number of
colonies on uncooled control dishes. Plating efficiency in these
experiments was 80-95%.
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reincubated. The growth curves indicate that there is both a division delay and a reduced
reproduction of cells after cooling.

In a separate experiments cells in mitosis were cooled to 4 and 0°C for 2 and 4 hr and
plated for colony formation as described earlier (Pettersen et al., 1973). The surviving
fractions are shown in Table 1. The data demonstrate an inactivating effect by cooling both to
4 and 0°C and at the same time indicate that the inactivating effect is higher at 0°C than at
4°C.

DNA-synthesis—the phases of the cell cycle in synchronized populations

The scintillation counts after pulsed incorporation of 3H-thymidine in replicate cell samples
of synchronized NHIK 3025 cells are shown in Fig. 4. Two independent experiments are

CE
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FIG. 4. 3H-thymidine incorporation and growth of synchronous populations of NHIK 3025 cells.
Triangles and circles represent two different experiments. Closed symbols (left ordinate) represent
the incorporation of 3H-thymidine at different times after selection. The 25% level has been defined
as the beginning and the end of S for the population (see text). Open symbols (right ordinate)
represent the growth of the corresponding cell populations.

plotted as per cent of maximum count with the background count subtracted. Each point
represents the mean of two parallel samples and the curve is fitted by eye. The tritium content
of the cold acid soluble fraction on a per cell basis was also counted for each point, and was
found to be constant throughout the cell cycle. This suggests that the permeability of the cell
membrane towards thymidine did not vary through the cell cycle, and therefore that the
incorporation of 3H-thymidine is actually an expression of DNA-synthesis.

In estimating the beginning of DNA-synthesis from the scintillation counts we have used
the method of Terasima & Tolmach (1963) for autoradiography as a basis. According to
their definition, DNA-synthesis starts when the number of labelled cells is half of its
maximum. At this point the mean number of grains per labelled nucleus is also about half of
its maximum, and the total activity of all labelled cells is therefore 25% of its maximum.
DNA-synthesis in synchronous NHIK 3025 cells was found to last for about 8 hr, starting
7 hr after selection.
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TABLE 2. Phase durations in synchronized populations of
NHIK 3025 cells obtained from 3H-thymidine incorporation
data (Fig. 4) shown together with mean values (+ standard
errors) for phase durations calculated from computer analysed

DNA-histograms of exponentially growing populations

(a)
(b)

Growth

Synchronous
Exponential

G, (hr)

6-5
7-0 ±0-2 7

Phase

S(hr)

8-0
•9 + 0-4

G2

3-

+ M (hr)

3-5
1 ±0-3

Since the cells are collected in mitosis and half of them have divided after { hr, we have
defined the start of G, as \ hr after selection (see legend to Fig. 2A). G, then lasts for 6£
hr, S lasts for 8 hr, G2 lasts for 2\ hr and mitosis lasts for 1 hr, as summarized in Table 2.

Relative phase durations calculated from DNA-histograms of exponentially growing
populations

From known values of percentage of cells in the various phases, relative phase durations
may be calculated by assuming a model for the age distribution. This has been done for
exponentially growing NHIK 3025 cells. A typical experimentally determined DNA-histogram
is shown in Fig. 5. The percentage of cells in the different phases of the cell cycle has been
determined by computer fitting of a mathematical model originally presented by Dean & Jett
(1974). In the model the G, and G2 + M peaks (M = mitosis) of the histogram are
represented by Gaussian distributions, and S is modelled as a broadened second-degree poly-
nomial in the interval between the G, and G2 + M peaks. The distribution of cells in the
various phases is indicated in Fig. 5.
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FIG. 5. DNA-histogram of an exponentially growing population of NHIK 3025 cells. The
histogram has been analysed by fitting a mathematical model (solid line) to the data (filled circles).
The broken line shows the model's estimate for cells in S within the histogram. The distribution of
cells in the various phases is obtained from the mathematical analysis. Using these results and the
observed generation time, phase durations have been calculated assuming the age distribution of
an exponentially growing population.
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Assuming the age distribution of an ideal exponentially growing population where each cell
divides into two daughter cells with a cycle time of 18 hr, phase durations can be calculated
from the computer-analysed DNA-histogram. Results are shown in Fig. 5, and mean values
from three independent experiments are shown in line b of Table 2. In each experiment
exponential growth was confirmed by the recording of growth curve.

Single cell fractions of the cell suspensions used for flow cytofluorometry were checked by
differential counting and found to be in the range 95-98%. In our DNA-histograms the G2 +
M fraction has therefore probably been over-estimated by 1-2% because of doublets of two
G,-cells being registered as one cell within the G2 + M peak.

In Fig. 6 the cell cycle time distribution function (derivative of growth curve) for the
synchronized NHIK 3025 cells is shown.

DISCUSSION

The generation time for exponentially and synchronously growing populations has been deter-
mined using two principally different concepts, namely mean and median cell cycle time (see
Appendix II). For an exponentially growing population the mean cell cycle time is found from
the growth curve (Fig. 1), while for the synchronized population the median cell cycle time is
obtained from the curve showing increase in relative cell number (Fig. 2A). These two
concepts of the generation time will yield equal results only for a population with a sym-
metrical cell cycle time distribution function.

From the cell cycle time distribution function (Fig. 6) the mean cell cycle time of the syn-
chronized populations is found to be 18-4 hr, while the median cell cycle time, as already
stated, is 18-0 hr. The difference between mean cell cycle times for exponentially growing
(18-0 hr) and synchronously growing (18-4 hr) populations is well within the experimental
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error of growth measurements. We therefore conclude that the generation time is the same for
synchronously and exponentially growing populations.

Phase durations for synchronously and exponentially growing populations have also been
derived from different concepts. For synchronous populations the period of DNA-synthesis
was defined as the time interval where the incorporation rate was above a certain threshold
value. For exponentially growing populations the determination of relative phase durations
from the analysis of DNA-histograms may vary with the mathematical model used. How-
ever, in a comparative study on the fraction of cells in S as determined by autoradiography
and by mathematical analysis of DNA-histograms of exponentially growing populations,
Dean & Jett (1974) found good agreement between the two methods.

The deviation in the various phase durations between exponentially and synchronously
growing populations (see Table 2) is within the limits of expected systematic errors, and we
therefore conclude that the phase durations are the same in exponentially and synchronously
growing populations. This indicates that in our system there is no interaction between cells in
various phases of the cell cycle as was reported for CHO cells by Dewey et al. (1973). They
found that the entry of G, cells into S was accelerated by 1-5-2-5 hr when the G, cells were
grown on medium conditioned by cells in the proximity of DNA-synthesis. This would have
the effect of making the G, phase shorter in an exponentially growing population than in a
synchronously growing population.

The method of mitotic selection results in a relatively low yield of synchronous cells (<2%)
and different methods have been used to increase it (for a review, see Nias & Fox, 1971).
Cooling of selected cells has been used for Chinese hamster cells and HeLa cells. Tobey et al.
(1967) and Lesser & Brent (1970) found that 2-4 hr storing at 4°C did not distort the cells
and that the synchrony of the rewarmed cells was unchanged. Our results for NHIK 3025
cells are more in agreement with Lett & Sun (1970) who for HeLa cells found a delayed start
of DNA synthesis and longer generation time in cells reincubated after cooling—and with
Nagasawa & Dewey (1972) who for Chinese hamster cells found a decreased plating
efficiency after cooling of mitotic cells.

Because of decay in synchrony, the maximum value of the mitotic index drops from 93% at
the first mitosis to 15% at the second. During the same time the Engelberg synchronization
index drops from 95% to 64%. Because of the decrease in synchrony towards the end of the
cycle and the short duration of G2 (2-5 hr), our cell system is therefore better qualified for
studies of cycle-specific responses in G, and S than in G2.

APPENDIX I

Mathematical relationship between number of cells and mitotic index during the first mitosis
immediately after selection

The total number of mitotic cells originally selected is Co. The total number of cells at an
arbitrary time thereafter is C, and the number of mitotic cells at the same time is CM, the
number of G, cells is CG and the mitotic index is m. The mitotic index immediately after
selection is assumed to be 1, and division is completed when the mitotic index is reduced to 0.
In general, we assume that each cell divides to form a intact daughter cells, such that
normally a has the value of 2.
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Within a short time interval At during mitosis, the following takes place:

A few mitotic cells divide:

CM~*CM + 4CM {ACM negative)

The total number of cells increases:

C -> C + AC

The increase of cells in G, is:

ACG = —aACM (ACM negative)

The overall increase in cell number is:

The new value of the mitotic index is:

CM + ACM mC - ACt{a -
m + Am = - - -C + AC C + AC

This leads to the differential equation:

dC I \
— = - dm / + m Ic /U-i

The general solution of of which is:

C = k
a-1

The constant k is determined from the initial condition C(m= 1) = Co which leads to:

The formula for the case where two intact daughter cells are formed from each mitosis (a =
2) is accordingly:

The number of cells after completion of mitosis is for the general case C(m = 0) = aCQ,
and in the case where each cell gives rise to two daughter cells C(m = 0, a = 2) = 2C0.

APPENDIX II

Mean and median cell cycle time

The cell cycle time distribution function, p(t), is the probability (per unit time) for a cell to
divide at age /, normalized such that

fp(t)dt=l
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The median cell cycle time / of a population is defined such that 50% of the cells have cycle

times shorter than t, i.e.

i

jp(t)dt = 0.5
o

The mean cell cycle time 7 of a population is defined as
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EFFECTS OF DIFFERENT GROWTH CONDITIONS ON

SURVIVAL AFTER IRRADIATION IN HYPOXIA OF

HUMAN CELLS (NHIK 3025) IN VITRO

ERIK O. PETTERSEN and TORE LINDMO

The effect of roentgen irradiation under extremely hypoxic conditions on the
colony-forming ability of cells of the human line NHIK 3025 has previously been
investigated on asynchronously growing populations (PETTERSEN et coll. 1973,
1974 a, b, 1976). The survival curves were found to fit well to two exponential lines.
Such a curve shape is unusual for mammalian cells, and the data should be considered
on the brsis of two main sources for variation in inactivation kinetics of asynchron-
ously growing cells:

1) Asynchronously growing populations of cells are generally heterogeneous with
respect to sensitivity to radiation due to a variation in sensitivity throughout the
cell cycle (see SINCLAIR 1968 for a review). The survival curves of asynchronously
growing populations are therefore a resultant of the different survival curves for
cells in various stages of the cell cycle.

2) Populations which have been exposed to some inhibition of their growth show
a radiation response different from that of exponentially growing populations
apart from what is caused by differences in cell cycle distribution (HAHN 1968,
BERRY et coll. 1970). A population which is kept in plateau phase before it is used
in experiments may therefore have a radiation response different from that of a
population kept in continuous exponential growth by frequent reculturing. Another
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example of this type of variation in sensitivity is the transient fluctuations in survival
level observed after irradiation at various times during the first 10 to 20 hours after
trypsinization (ELKIND et coll. 1961, PHILLIPS & TOLMACH 1965).

As to the asynchronously growing populations previously reported (PETTERSEN

et coll. 1973, !974a, b, 1976) only cells from 1, 2 and 3 day old cultures were used
for experiments. These populations were recultured every 7th day, and the medium
was changed on the 3rd and 5th day. Populations used in experiments were stated
to be in the log phase of growth, which will be confirmed by the present results.

In recent reports (PETTERSEN et coll. 1977 a, b) data on the sensitivity of NHIK
3025 cells in different stages of the cell cycle have been reported. These investigations
were done on cells synchronized by the method of mitotic selection. Mitotic cells
were selected from populations which had been kept in exponential growth by
frequent reculturing over several weeks, and therefore may be suggested to meet
with the concept of 'balanced growth' as proposed by ANDERSON et coll. (1967).
The concept is based on the definition of an unbalanced state for single cells: An
unbalanced state is one in which the cell has a composition not shown by any cell
in the course of the normal life cycle. By normal life cycle is meant a cell cycle which
under constant growth conditions is repeated several times (e.g. indefinitely) with
no changes.

The survival curves of the synchronized populations of NHIK 3025 cells were
found to be different in shape from that previously published for asynchronously
growing populations, especially at low radiation doses (PETTERSEN et coll. 1974 a,
1977 a). This finding initiated the present experiments which include determination
of growth (increase in cell number) for NHIK 3025 cells recultured as were those
in previous work (named weekly recultured populations in the present report).
Survival curves for cells from such populations which are recultured every 7th day
and irradiated at different times after reculturing are compared with survival curves
for cells from frequently recultured populations. In addition, survival curves for
synchronized populations of cells irradiated in Gl, S, G2 and mitoses are given.

The data indicate that cells from the weekly recultured populations in log phase
may be less well-defined than formerly believed. Both cell cycle kinetics and radia-
tion response of such cells were different from what was found for frequently re-
cultured populations.

Material and Methods

Two types of asynchronously growing populations of NHIK 3025 cells were used:

Weekly recultured populations. These were trypsinized and recultured once a week,
and the medium was changed after 3 and 5 days (or 2 and 4 days) (PETTERSEN et coll.
1973). The pH varied between about 7.6 and 6.9. The sensitivity to radiation was
recorded both during log and plateau phase.
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Fig. 1. Growth, measured as in-
crease in cell number for NHIK
3025-cells, as a function of time
after reculturing for a weekly
recultured population (O), and
a frequently recultured popula-
tion (•) . The ordinate axis is
logarithmic. The measurements
were performed by repeated
counting of the cell number
within delineated areas of the
culture flasks. An inverted mi-
croscope with phase contrast op-
tics was used, and the whole
procedure took place in an in-
cubator room at 37 C.

2 3

POPULATION AGE (days)

Frequently recultured populations. These were tried kept in continuous exponential
growth and were always recultured every 2nd or 3rd day, before the monolayer
became confluent. There was no significant variation in pH of the medium (pH = 7.2).

Synchronized populations of cells were produced from the frequently recultured
populations by the method of repeated mitotic selection (TOBEY et coll. 1967,
PETTERSEN et coll. 1977 b). After selection the synchronized populations were seeded
into plastic flasks (Nunclon or Falcon) and allowed to grow for the time required to
reach the stage at which they were to be irradiated. Then they were loosened by a
mild trypsin treatment, 0.25 per cent trypsin solution (Difco 1:250) (PUCK et coll.
1957) for about 4 minutes.

The irradiation techniques have been described previously (PETTERSEN et coll.
1977 a). Briefly, the cells were irradiated at room temperature with 220 kV roentgen
rays (1.6-1.9 Gy/min) in suspension in contact with a gas mixture of 97% N2 and
3 % CO2, containing less than 4 ppm O2.

To irradiate mitotic cells the population was cooled to 0°C immediately after selec-
tion in order to prevent division. Thereafter degassing was performed in the stainless
steel irradiation chamber, which was pre-cooled, but kept at room temperature
during degassing. This procedure resulted in a gradual increase in temperature during

21-785838
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Fig. 2. DNA-histograms of NHIK 3025-cells from weekly recultured populations at various times
after reculturing. The histograms represent cells from flasks parallel to that counted for increase in
cell number in Fig. 1. Medium was changed on days 2 and 4. The fraction of cells in Gl is indicated
as obtained by fitting of a mathematical model (fully drawn line), The broken line is the model's
estimate for the distribution of cells in S (Gauss-broadened first-degree polynomial).

degassing; and the temperature during irradiation was close to room temperature.
The mitotic index was about 70 per cent during irradiation.

Growth curves were recorded in an inverted microscope by repeated countings
of the cell number within delineated areas on the bottom of the culture flask
(PETTERSEN et coll. 1977 b).

DNA-histograms were recorded with a laboratory-built flow-cytometer (LINDMO

& STEEN 1977, LINDMO & PETTERSEN 1978, PETTERSEN et coll. 1977 b). Cells were
stained for DNA-measurement with ethidiumbromide (Calbiochem) (10 ftg/ml in
TRIS-buffer) after ethanol fixation (70%) and treatment with RNAse (BERKHAN

1972, LINDMO & PETTERSEN). The 488 nm line of the 4W Argon laser light source
was used for excitation of ethidium-bromide fluorescence, which was measured at
wavelengths longer than 525 nm. Recorded DNA-histograms were analyzed by
means of a mathematical model (DEAN & JETT 1974, LINDMO & PETTERSEN) to
obtain the fractions of cells in Gl, S and G2 +mitosis.
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matical analysis of DNA-histo-
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and the spread is indicated by
vertical bars whenever exceeding
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Results

Increase in cell number. Cell cycle and phase durations of synchronized ex-
ponentially growing populations have been given previously (PETTERSEN et coll.
1977a, b) (Gl: 6.5 h, S: 8 h, G2 + mitosis: 3.5 h).

The relative increase in cell number appears in Fig. 1, both for frequently recultured
and weekly recultured populations. The frequently recultured population has a
constant doubling time of about 18 hours (PETTERSEN et coll. 1977 b).

For the weekly recultured population, however, the rate of increase in cell number
varied throughout the period of 7 days after reculturing (due to cell loss reliable
observations were possible only up to 5 days). During the 24 hour period between
\ and 1| days after reculture the cell number increased about 4-fold, indicating a
mean doubling time of about 12 hours during this period (the fraction of mitoses
dividing into more than two daughter cells was negligible). After 3 to 4 days the
cell number no longer increased and plateau phase followed.

The distribution of cells on the different phases of the cell cycle was found from
DNA-histograms of samples taken every day during the 7 day growth of the
weekly recultured populations. In Fig. 2 histograms are given for populations at
I, 3, 5 and 7 days after reculture. Some variation in cell cycle distribution is present
during the first 3 days, when the population is in log phase, but the variation is
small later when the population is in plateau phase. The fraction of cells in Gl can
be accurately determined from the DNA-histograms, and is especially interesting
from a radiobiologic point of view since Gl cells represent the most resistant
subpopulation of exponentially growing NHIK 3025 cells (PETTERSEN et coll. 1977 a).

The variation in the fraction of cells in Gl is shown in Fig. 3 for weekly recultured
populations which have, or have not, received change of medium on days 2 and 4.
The data indicate that the fraction of cells in Gl varies between about 40 and 60
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Table 1

Parameters of the least squares fit of the linear-quadratic formula S -= e'xD ~ PD"~ to the
data given in Figs 4 and 5

fe

Culture
condition

Cells from weekly
recultured populations

Cells from frequently
retured populations

Synchronized cells
from frequently
recultured
populations

Age
(days)

1
3
7

2

Gl
S
G2
Mitosis

X

( ± standard error)
( x io-3 Gy-1)

1 ±29
1±11

15±26

23 ±42

84 ±30
35 ±20
50 ±40

(± standard error)
( x 10-* Gy-2)

0.52 ±0.09
0.58 ±0.04
0.81 ±0.09

1.06 ± 0.15

O.5O±O.3O
1.22±0.10
1.06±0.16

per cent. However, no systematic increase in the fraction of cells in Gl during plateau
phase is indicated.

Survival curves for cells from weekly recultured populations. In Fig. 4 survival
curves appear for cells from weekly recultured populations irradiated 1 or 7 days
after reculturing. Each single experiment is represented with separate symbols in
order to permit a judgement of the curve shape of each experiment separately. Both
curves were fitted by the linearquadratic equation presented by SINCLAIR (1966):

S =e ' (1)

where S is surviving fraction, D is absorbed dose and a and /? are parameters. Experi-
ments have also been done with cells irradiated 3 days after reculturing. The experi-
mental points were similar to those for cells irradiated 1 day after reculturing, and

Table 2

Parameters of the least squares fit of the initial straight line (D < 18 Gy) for previous data
{Fig. 7) and for the present data with cells from 7-day old weekly recultured populations

Population Extrapolation number (n)
(± standard error)

Slope (Do)
(± standard error)
(Gy)

7-day old weekly recultured
(present data)

1- and 2-day old weekly
recultured (1972 & 1973)

1.2

1.00

+ 0.3
-0.2

+ 0.06
-0.05

5.7 ±0.45

5.7 + 0.15
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Fig. 4 Survival curves forNHIK
3025-cells from weekly recul-
tured populations irradiated 1 or
7 days after reculturing. Each
type of symbol represents one
separate experiment. The curves
have been fitted by the method
of least squares. The linear
quadratic equation was fitted to
the data for 1 day old popula-
tions. The data for 7 day old
populations were analyzed in
two ways: a straight line was
fitted to the data in the low dose
region (up to 18 Gy) and the
linear-quadratic equation was
fitted to the data in the whole
dose region. Both curves are
shown.

are not shown, but the parameters of all the curves (including that for 3-day old
cultures) appear in Table 1. The data in the initial dose region (up to 18 Gy) for
cells irradiated 7 days after reculturing were also fitted by a straight line (parameters
given in Table 2). Apart from the difference in curve shapes, the data indicate that
cells from the 7-day old cultures (plateau phase) are more sensitive than cells from
the 1- and 3-day old cultures (log phase).

Survival curves for cells from frequently recultured and synchronized populations.
Survival curves for frequently recultured populations are given in Fig. 5 A. The
linear-quadratic equation (1) fits well to the data and the line drawn represents the
fit by the method of least squares. The parameters are given in Table 1.

Dose-response curves for synchronized cells irradiated in Gl, S, G2 and mitosis
are given in Fig. 5 B. All curves except the one for mitotic cells fit well to the linear-
quadratic equation. For radiation doses higher than 10 Gy, cells irradiated in GI
are less sensitive than cells irradiated in other phases of the cell cycle. The mitotic
cells are most sensitive. However, since there is a resistant fraction of Gl-cells among
the mitotic cells it may be expected that only the initial part of the curve actually
represents mitotic cells.
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ID

Fig. 5. Survival curves for fre-
quently recultured (exponenti-
ally growing) NHIK 3025-cells
(A), and of NHIK 3025-cells
synchronized by mitotic selec-
tion from frequently recultured
populations (B). All curves re-
present best fits of the linear-
quadratic equation (I). The data
for cells irradiated in G2 re-
present only one single experi-
ment. The remaining experi-
mental points represent mean
values from 3-5 different experi-
ments. Standard errors are
shown by vertical bars provided
they exceed the symbols, o Gl
4 h, A S 12 h, + G2 15 h, D mito-
sis 0 h.
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Discussion

Growth kinetics. The growth curves of Fig. 1 indicate the difference in growth
characteristics between NHIK 3025 cells seeded from a population in plateau phase
(weekly recultured population) and those seeded from a population in exponential
growth (frequently recultured population). Even during log phase the growth kinetics
of the weekly recultured populations are different from that of the frequently
recultured populations. During log phase cells of the weekly recultured populations
have a doubling time which is reasonably constant only over a period of 1 to 2 days.
Furthermore, the lowest doubling time is 12 hours, which is 6 hours shorter than
that of the frequently recultured populations.

The frequently recultured populations showed constant cell cycle kinetics over
several weeks, even months, and therefore satisfy the definition of balanced growth
of ANDERSON et coll. (1967). For the weekly recultured populations the data indicate
that the doubling time varies to some extent throughout the whole period between
reculturing, even within log phase.

This variation in growth rate is not caused simply by a partial synchrony of the
weekly recultured populations. The DNA-histograms in Fig. 2 show that the fraction
of cells in Gl is almost constant even in the period between 1 and 4 days during
which the growth rate changes markedly.
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Fig. 6. Dose-response curves of
NHIK 3025-cells from weekly
recultured populations and from
frequently recultured popula-
tions redrawn without experi-
mental points. For comparison
the dose-response curve of cells
in Gl ( ), representing the
least sensitive sub-population of
the frequently recultured popu-
lation is also included.

Survival curves. The variation in radiation response of the weekly recultured
populations is also shown not to be a result of partial synchrony. In Fig. 6 the
survival curve for frequently recultured populations is redrawn together with those of
7-day and 1- and 3-day old cells of the weekly recultured populations. In addition,
the dose response curve of Gl-cells, representing the least sensitive subpopulation of
the frequently recultured populations, is shown for comparison. The data indicate
that the cells from weekly recultured populations in log phase (1- and 3-day old)
are the least sensitive, even less so than the Gl-cells of frequently recultured popula-
tions.

Data on the radiation response of mammalian cells in culture irradiated under
hypoxic conditions in plateau phase and in log phase have previously been presented
by BERRY et coll. (1970). They used Chinese hamster CHL-F cells and human HeLa
Sstoxf.) cells, and induced plateau phase either by overcrowding (CHL-F) or by
nutrient deficiency (both CHL-F and HeLa). Generally they found that under
hypoxic conditions, cultures in plateau phase were more sensitive than cultures in
log phase. On this point their data agree with the present data. Although curve
shapes are difficult to compare, it may also be mentioned that the HeLa cells in
plateau phase produced an exponential survival curve in the dose range below
20 Gy (BERRY et coll. 1970), and that the 7-day old NHIK 3025 cells also produced a
dose-response curve with an exponential part within the same dose range.

Weekly recultered populations of NHIK 3025 cells in density-inhibited plateau
phase (7 days) seem to have inactivation kinetics slightly different from both log
phase cells and cells in continuous exponential growth (frequently recultured).
The survival curve for the 7-day old populations seems also to be well fitted by a
straight line in the initial dose region (Fig. 4). The shape of this survival curve is
parallel to that published previously for asynchronous NHIK 3025 cells (PETTERSEN

et coll. 1973, 1974 a, experiments performed in 1972 and 1973, Fig. 7). In Fig. 7 all
the data from previous experiments which were performed with 1- and 2-day old
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Fig. 7. Data from previous ex-
periments with NHIK 3025-cells
(Pettersen et coll. 1973, 1974 a,
b). The data represent 9 dif-
ferent experiments performed in
1972 and 1973.) In these experi-
ments cells mainly from 1 and 2
day old weekly recultured popu-
lations were used. In two experi-
ments cells from 4 day old
weekly recultured populations
were used, but these results did
not differ significantly from the
others.
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cells of weekly recultured populations are redrawn, and fitted with two exponential
lines. The parameters of the initial exponential line appear in Table 2, both for the
recent experiments with 7-day old populations (Fig. 4) and for the previous experi-
ments with 1- and 2-day old populations (Fig. 7). Although the data represent
populations of different age, and even in different phase of growth, they are
similar. This sums up to the following: weekly recultured populations in log phase
showed in 1972 and 1973 a radiation response which is similar to that found in 1976
for weekly recultured populations in plateau phase. And this response is clearly
different from that of weekly recultured populations in log phase in 1976. The
reason for this change from 1972 to 1976 is not known. A recent report by EIDUS

et coll. (1977) indicating seasonal variations in sensitivity of cells in culture, may
represent a hint that variation in sensitivity with time is a general phenomenon
caused by factors which are so far unknown.

Conclusions

(1) The ceil cycle duration of cells of weekly recultured populations in log phase
was found to be quite different from the cell cycle duration for cells which had
been growing exponentially (frequently recultured) over several passages.

(2) Cells from weekly recultured populations in log phase were less sensitive to
radiation than cells from frequently recultured populations. Since the weekly re-
cultured population was even less sensitive than the least sensitive subpopulation
in the frequently recultured population (Gl) this difference was not caused by
partial synchrony in the weekly recultured population.

(3) In line with the observation reported by HAHN (1968) on cells of another line
(Chinese hamster HA-2), the sensitivity of NHIK 3025 cells from weekly recultured
populations irradiated while in log phase was different from that of such cells
irradiated while in plateau phase. The survival curve for cells from weekly recultured
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populations in plateau phase (7 days) was similar to that published previously
(PETTERSEN et coll. 1974 a) for cells from 1- and 2-day old weekly recultured popula-
tions. This similarity is unexpected since the 1- and 2-day old populations usnd in
previous experiments would be expected to be in log phase.
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SUMMARY
Cell cycle kinetics and radiation response under hypoxic conditions were analyzed with

human cells of the line NHIK 3025. The cells were either kept in continuous exponential
growth by frequent reculturing, or went through log and plateau phase for each passage
(recultured weekly). The cell cycle time for weekly recultured populations in early log phase
was shorter than for cells in continuous exponential growth. Cells in continuous exponential
growth were more sensitive to radiation than cells in log phase. The difference in sensitivity
was not due to partial synchrony of weekly recultured populations.

ZUSAMMENFASSUNG
Die Zellzykluskinetik und die Strahlenrespons wahrend hypoxischer Bedingungen wurden

untersucht bei humanen Zellen der Linie NHIK 3025, die sich entweder im anhaltenden
exponentiellen Wachstum befanden oder die log- und Plateau-Phase wahrend jeder Passage
durchlief. Der Zellzyklus war kiirzer bei Zellen in der friihen log-Phase als fur Zellen wahrend
des anhaltenden exponentiellen Wachstums. Die Zellen in dem konstanten exponentiellen
Wachstum sind mehr strahlensensitiv als Zellen in der log-Phase. Dieser Unterschied in der
Sensitivitat ist nicht die Folge einer teilweisen Synchronie.

RESUME
La cinetique du cycle cellulaire et la response aux radiations sous conditions hypoziques

des cellules humaines de souche NHIK 3025 ont ete etudiees. Les cellules furent cultivees soit
de facon de multiplication constamment exponentielle ou de fa^on q'ils passent de la phase
logarithmique au plateau avant d'etre recultivees. Le cycle cellulaire des cellules au debut
de la phase logarithmique etait plus court que ce des cellules en multiplication constamment
exponentielle, et ces dernieres etaient plus sensibles aux radiations que les cellules de la
phase logarithmique. La difference de sensitivite est resultat d'autre facteurs q'un synchron-
isme partiel.
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NHIK 3025 cells were synchronized by repeated mitotic selection. The S-phase
was determined by 8H-thymidine incorporation and scintillation counting.

By comparing the age-response curves of aerobic cells irradiated with 500 rad
with those of extremely hypoxic (< 4 p.p.m. O2) cells irradiated with 1500 rad,
it was found that the sensitizing effect of oxygen was not constant throughout
the cycle. • It was significantly higher in S, G2 and mitosis than in Gl.

No significant sensitizing effect of 120 p.p.m. O2 (compared with < 4 p.p.m.
O-i) was found on cells in Gl when the cells were irradiated with 1500 rad. In
S, G2 and mitosis, however, the sensitizing effect of oxygen at 120 p.p.m. is
considered to be significant. Experiments performed with cells irradiated with
2000 rad in contact with either <4 p.p.m. O3 or 80 p.p.m. O., showed the same
trend, little sensitizing effect in Gl and higher in S, G2 and mitosis.

Dose—response curves for cells in mid-Gl and mtd-S under aerobic and
extremely hypoxic conditions were well fitted by the formula 5—-exp (— ocD —
,9Z)2). From the dose-response curves it was concluded that the change in the
sensitizing effect of oxygen throughout the cell-cycle only appeared for low doses
(in the dose region where a dominates). The sensitizing effect of oxygen on
cells in mid-Gl was found to be increasing with increasing dose.

1. Introduction
Relatively few data have been published on the age variation of the sensitizing

effect of oxygen. However, Kruuv and Sinclair (1968), Legrys and Hall (1969)
and Chapman, Webb and Borsa (1971) have compared the shape of age-response
curves under both aerobic and hypoxic conditions. They all concluded that
age-response curves for aerobic and hypoxic cells were equally shaped (Chapman
et ah 1971) and took this as support for the idea that oxygen is dose-modifying,
irrespective of position in the cell-cycle.

In earlier papers (Pettersen, Oftebro and Brustad 1973, 1974), we presented
dose-response curves for aerobic and extremely-hypoxic asynchronous cells,
which indicated that the sensitizing effect of oxygen was not of a dose-modifying
character, but increased for increasing doses. Asynchronous populations of
cells however, are not homogeneous with respect to radiosensitivity Therefore
it is also necessary to test the sensitizing effect of oxygen on synchronous popula-
tions in order to avoid eventual effects from the population inhomogeneity.

In this paper we present for NHIK 3205 cells:

(a) dose-response curves for asynchronous cells and for synchronous cells
at different stages of the cell-cycle under aerobic and extremely-hypoxic
conditions.

f Present address: CERN, 1211 Geneve 23, Switzerland.
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(b) age-response curves for aerobic and extremcly-hypoxic synchronous
cells.

(c) age-response curves for synchronous cells in the presence of 80 and
120 p.p.m. of O2.

2. • Materials and methods
2.1. Cell cultivation and synchronization

The established cell-line NHIK 3025, derived from an early stage of human
carcinoma of the uterine cervix (Oftebro and Nordbye 1969) was used. General
culture techniques have been described previously (Pettersen et al. 1973).

The cells were synchronized by the method of mitotic selection, as used by
Tobey, Anderson and Petersen (1967) with minor modifications as described by
Pettersen, Bakke, Lindmo and Oftebro (to be published). For stock cultures,
medium E2a with 20 per cent human serum and 10 per cent horse serum (Puck,
Cieciura and Fisher 1957) was used. In irradiation experiments, however, we
used a modification of this medium containing 10 per cent human serum and
20 per cent horse serum (Pettersen et al. 1974).

2.2. Degassing and irradiation
The experimental set-up used to degas the cells has been described earlier

(Pettersen et al. 1973). The gas mixtures used for degassing in the present
experiments were 97 per cent N2 and 3 per cent CO2 with 3 different concentra-
tions of O2: < 4 p.p.m. (extremely hypoxic conditions), 80 p.p.m. and 120 p.p.m.
Cells irradiated under aerobic conditions were not degassed.

To obtain dose-response curves, the cells were irradiated in suspension, and
to obtain age-response curves, the cells were irradiated attached to glass dishes.

The irradiation chamber used in irradiating cells in suspension was shown in
detail in our earlier paper (Pettersen et al. 1973). Cells irradiated attached to
glass dishes were degassed and irradiated in larger irradiation chambers with
similar construction, where six different dishes could be treated simultaneously
(Lovhaug, Wibe, Oftebro, Pettersen and Brustad (in the press)). Degassing
and irradiation were performed at room temperature.

2.2.1. Cells irradiated attached to glass dishes
After preparation of the synchronized cell population, the cells were immedi-

ately plated in 5 cm glass dishes (Anumbra, Bohemia Gla^s, Glassexport Liberc,
Czechoslovakia) which were placed in an incubator with automatic CO2-valve
(Model 334, National Appliance Company, Portland,. Oregon, U.S.A.). After
1-2 hours, all the mitotic cells had completed division and attached to the bottom
of the glass dishes. At different times after selection, five dishes were removed
from the incubator and placed in a stainless-steel irradiation chamber kept at
room temperature. The medium covering the cells was removed except for
1 ml (0-4 mm, depth) and the dishes were degassed for about 30 min and irradia-
ted at room temperature.

During the experiments, the door of the incubator was opened and closed
once an hour (each time a sample was removed or replaced).

2.2.2. Cells irradiated in suspension
The synchronized cell population was plated in a 150 cm2 Nunclon plastic

flask and incubated until the cells were to be irradiated. Cells irradiated under
extremely-hypoxic conditions were degassed for 30-40 min before irradiation.
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In studying the dose-response curves of mitotic cells under aerobic and
extremcly-hypoxic conditions, two different irradiation set-ups were used:

(1) mitotic cells to be irradiated under aerobic conditions were cooled to
about 4°C immediately after selection and concentrated by centrifugation
and removal of medium. Afterwards they were irradiated in Carrel
flasks, as described in an earlier paper (Pettersen et al. 1973). Imme-
diately before irradiation the cell suspension was warmed to room
temperature (20°C) by immersing the flasks in a water-bath kept at 372C.
The mitotic index at the time of irradiation was about 90 per cent.

(2) to irradiate mitotic cells under extremely-hypoxic conditions, the
suspension had to be degassed for 30 min. Before the degassing started,
both the irradiation chamber and the suspension were kept at about 4°C.
For practical reasons degassing was performed at room temperature.
The mitotic index, therefore, decreased to about 70 per cent during the
degassing time.

2.3. Irradiation conditions
A Siemens ' Stabilipan ' X-ray unit was operated at 220 kV, 20 mA and with

0*5 n.iia. Cu h.v.l. filtration. The dose-rate at the bottom of the glass dishes
including scattered radiation was 210 rad/min. The mean dose rate for cells
irradiated in suspension in the hypoxic irradiation chamber was 160-190 rad/min
and foi cells irradiated in suspension in Carrel flasks 277 rad/min. Dosimetry
was performed as described earlier (Pettersen et al. 1974). During experiments
the exposure was checked with a PTW-Duplex-Dosimeter (Freiburg, West
Germany).

2.4. Single-cell surviving fractions and multiplicity
To obtain single-cell surviving fractions for cells irradiated attached to glass

dishes, the observed surviving fractions had to be corrected for multiplicity.
Single-cell surviving fractions were calculated from the observed surviving

fractions by using the formula presented by Chapman, Gillespie, Reuvers and
Dugle (1975), valid for populations of singlets and doublets:

/= {N-(N2-4S(N-l))1/2}l2(N-l), (1)
/ = single-cell surviving fraction,

iS=microcolony surviving fraction,

^ multiplicity.

The corrections affected the survival level, but only to a very small degree
the shape of the age-response curves (figure 3).

2.5. Pulsed zH-thymidine incorporation
The activity after 30-min pulses of 3H-thymidine was counted in both the

cold-acid-soluble and insoluble fractions in an automatic scintillation counter.
No indication was found that the thymidine-permeability of the cell membranes
varied throughout the cell-cycle, and the 3H-activity incorporated into DNA was
taken as a measure of rate of DNA-synthesis. The time when 3H-thymidine
was added was taken as the abscissa of the experimental points (figures 1 and 2).
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Figure 1. The relative activity of 3H-thymidine incorporated in NHIK 3025 cells (A) and
relative cell number (B) at different times after mitotic selection for cells cultivated
in Nunclon plastic flasks (the same growth conditions as for cells irradiated in
suspension). In each pulse the 3H-thymidine was in contact with the cells for
30 min. The start of S has been defined as the point where the relative activity has
increased to 25 per cent of its total increase, and the end of S has been defined as the
point where the relative activity has decreased 75 per cent of its total decrease
(Terasima and Tolmach 1963 b). The end of the cell-cycle was estimated from the
growth curve (B) (see 2.5).
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Figure 2. The relative activity of 3H-thymidine incorporated in NHIK 3025 cells (A) and
multiplicity (B) at different times after mitotic selection for cells cultivated on glass
Petri dishes (the same growth conditions as for cells irradiated attached to glass
dishes) (see legend to figure 1).
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2.6. Growth
Growth as expressed by increase in cell number was measured by counting

cells in an inverted microscope with phase-contrast optics. For cells grown in
glass dishes, the mean multiplicity of microcolonies was recorded at various times
during the cell-cycle; for cells grown in plastic flasks, the relative cell number
within fields delineated on the bottom of the flasks was recorded (figures 1 and 2).

3. Results
3-.1. Phase durations

The cell-cycle time and the duration of Gl, S, G2 and mitosis have been
determined for unirradiated NHIK 3025 cells grown under the two different
conditions described in §§ 2.2.1 and 2.2.2. Cell-cycle time and DNA-synthesis
are indicated by the curves for growth and 3H-thymidinc incorporation shown
in figures 1 and 2. Phase durations are given in table 1.

3.2. Radiation effects

In figure 3 (A), the surviving fraction is shown for cells irradiated with a
constant dose throughout the cell-cycle under aerobic (500 rad) and extremely-
hypoxic (1500 rad) conditions. For aerobic cells, the surviving fraction is
significantly higher in Gl than in S. In G2 + mitosis, the radiosensitivity of the
cells reaches a maximum. For extremely-hypoxic cells, the same trend in the
variations of the surviving fraction is seen as with the aerobic cells, only the
variations are much smaller. From figure 3 (A), it seems likely that the sensiti-
zing effect of oxygen is smaller in mid-Gl than in other phases of the cell-cycle
for our cells.

Shown in figure 3 (B) and (C), respectively, are the age-response curves of
cells irradiated in the absence and presence of 120 p.p.m. O2 with 1500 rad and
80 p.p.m. O2 with 2000 rad. For such low concentrations of oxygen, comparison
•of the survival can be made after irradiation with the same dose in the presence
and absence of oxygen.

The data in both sub-figures ((B) and (C)) indicate a smaller difference in
the level of survival between cells irradiated in the presence and absence of
oxygen in Gl than in the other phases of the cell-cycle. The variation in
oxygen sensitization is, however, difficult to extract from these data, because of
the difference between survival level in Gl and in other phases.

It should be noted that in figure 3 (C), data are shown from two different
experiments, and that the points, therefore, seem more spread than those of
of figure 3 (B). However, if the points of each experiment of figure 3 (C) are
studied separately, one may see that the points indicate that the survival level
difference between cells irradiated in the presence and absence of oxygen in
mid-S is even higher at 2000 rad than at 1500 rad, even though the concentration
of oxygen in the latter was slightly higher. Survival level differences in Gl
seem to be the same in 3 (B) and (C).

To investigate this phenomenon further, we obtained dose-response curves
for aerobic and extremely-hypoxic cells in various phases of the cell-cycle and
for exponentially-growing populations (see figure 4). All curves except the one



(a)

(b)

Serum composition
of the medium

10 per cent human serum

20 per cent horse serum

20 per cent human serum

10 per cent horse serum

Cultivation conditions

Temperature

37°C; occasionally
lowered by the door of
the incubator being
opened for 5—10 sec

37°C constant

Culture vessel

Glass Petri dish
(open)

Plastic Nunclon or
Falcon flasks (closed)

Phase durations

Gl (hours)

8-5

6-5

S (hours)

11-5

8

G2+mitosis (hours)

3-5

3-5

Table 1. Phase duration of NHIK 3025 cells under two different types of cultivation conditions: (a) cells cultivated attached to glass dishes;
(b) cells cultivated in Nunclon or Falcon plastic flasks.
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growth curves established in each experiment (not shown in the figure). In (C),
results from two separate and identical sets of experiments are shown, and the curves
have been drawn on the basis of both experiments.
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Figure 4. Dose-response curves of NHIK 3025 cells irradiated in exponential growth,
mitosis, mid-Gl and mid-S under aerobic and txtremely-hypoxic conditions. The
experimental points represent mean values from 3 to 6 different experiments and
standard errors are indicated with bars. Except for the curve representing mitotic
cells irradiated under extremely hypoxic conditions (subfigure (B)), all curves drawn
represent the best fit by the method of least-squares of the linear-quadratic equation
(1). In irradiating mitotic cells under extremely-hypoxic conditions, a certain
inhomogeneity in the population appeared during the degassing period (30 min),
where the mitotic index as recorded from smears dropped from over 90 per cent to
about 70 per cent.

for mitotic cells irradiated under extremely-hypoxic conditions have been fitted
with the mathematical expression

S=exp(-<xD-pD2) (2)

first presented by Sinclair (1966). The numerical values for a and fi are listed
in table 2. The data indicate that oxygen sensitizes cells in S by increasing
both a and /? while for cells in Gl only /? is clearly increased. The increase in ft
caused by oxygen is about the same for cells in S and Gl .



a
b

Phase during irradiation
(time after selection)

Mitosis (0 hours)
Gl (4 hours)
S (12 hours)
Exponentially-growing

population

Aerobic Extremely hypoxic

<x±SE
( x 10-3)

8-4 ±2-1
l-3±0-l
2-4 ±0-3
4-3 + 0-2

(x 10-7)

76 ±49
54±2
94±4
63 ±3

ot±SE
(x 10-3)

0-84 ±0-3
0-35 ±0-2

1-1 ±0-1

j8±SE
(x 10~7)

5-0 ±1-0
12-2 ±1-0

5-8 ±0-6

1-5 ±0-7
6-9 ±4-8
3-9±0-5

3-3 ±0-3
2-8 ±0-2
3-4 ±0-1

O.e.r.
(initial slopes)!

±SE

l-6±0-l
l-9±0-l
2-8 ±0-3
2-7 ±0-3

(final slopes)!
±SE

2-9 ±0-4
2-7 ±0-4
3-3 ±0-4

f Initial and final slopes of the survival curves were found by fitting straight lines to the experimental points in the initial and final part of the
curves. The correlation factor (R2) exceeded 0-94 in all fits.

Table 2. The parameters of the best fits of the linear—quadratic equation (2) of the experimental dose-response data shown in figure 4. Parameters
for testing of whether or not the oxygen effect is of a dose-modifying type (see appendix) is shown and for comparison o.e.r. at two different
dose-levels.
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Since a increases owing to the presence of oxygen for cells in S but not for
cells in Gl, one would expect that for doses where a dominates (low doses),
oxygen exerts a stronger sensitizing effect on cells in S than on cells in Gl.
This is well in line with the effect shown by the age-response curves of figure
3 (A). From figure 4 (B) one can see that mitotic cells seem to be only weakly
sensitized by oxygen. Because of the low mitotic index for the populations
irradiated under extremely-hypoxic conditions, it is difficult to establish their
dose-response curve for doses over about 500 rad.

In figure 5 the dose-response curves for aerobic and extremely hypoxic cells
in mid-Gl and mid-S are shown without experimental points in order to give a
clearer demonstration of the difference in oxygen effect throughout the cell-cycle
for low doses. Though the dose-response curves for extremely hypoxic cells
in S and Gl are almost identical for doses up to about 600 rad, the dose-response
curve for aerobic cells in mid-S is lower than that for aerobic cells in mid-Gl
over the whole dose-range from 0 to 600 rad.
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Figure 5. The dose-response curves shown in figures 4 (C) and (D) redrawn without
experimental points in the initial dose region.

4. Discussion
Comparing the survival level shown by dose-response curves (figure 4) with

that shown by age-response curves (figure 3) at the same dose, the surviving
fraction of irradiated cells is seen to be higher when the cells are irradiated
attached to glass than when they are irradiated in suspension. A similar effect
was reported by Terasima and Tolmach (1963 a) for HeLa cells irradiated in
suspension or attached to plastic dishes.

4.1. Age variation in survival after irradiation
The age-response curve of aerobic cells has a minimum sensitivity in mid-Gl

and a maximum sensitivity in G2 +mitosis (figure 3 (A)).
The low sensitivity in mid-Gl is in good agreement with earlier results

where cell-lines studied had a Gl lasting for several hours (Terasima and
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Tolmach 1963 a, Whitmore, Gulyas and Botond 1965, Hahn and Bagshavv 1966,
Terasima and Fujiwara 1967, Kruuv and Sinclair 1968, Le ,rys and Hall 1969).

Our age-response curve for aerobic cells is, however, different from corres-
ponding curves presented by Raju, Tobey, Jett and Walters (1975) for CHO
(Chinese hamster) cells with Gl lasting for 6-7 hours and by Vos, Schenk and
Bootsma (1966) for T (human kidney) cells with Gl lasting for more than 10
hours, which show a much higher sensitivity in Gl than in late S.

Vos et al. (1966) synchronized their cells by the method of excess thymidine.
The degree of synchrony in Gl may, therefore, have been relatively low owing
to natural decay of synchrony, and the possibility exists that the true survival in
Gl is a bit higher than that shown by their data.

The same criticism also goes for our own data at the end of the cell-cycle:
late S, G2 and mitosis. It is probable that the degree of synchrony in this part
of the cell-cycle is relatively low. We had maximum mitotic index of 90-94
per cent before and about 15 per cent after the first cell-cycle.

4.2. Age variation in the oxygen effect at low doses
The data of figure 3 (A) indicate that at least in the initial dose region (up to

1500 rad for cells irradiated attached to glass dishes) oxygen has a weaker sensi-
tizing effect in. Gl than in S. This has also been indicated earlier by age-
response curves presented by Kruuv and Sinclair (1968) and Legrys and Hall
(1969), although they did not recognize the effect. Kruuv and Sinclair (1968)
studies the survival throughout the cell-cycle after a constant dose under both
hypoxic conditions for two different Chinese hamster cell lines: V79-285B with ,
a very short Gl (1-5 hours), and V79-325 with a long Gl (6-7 hours). With
cells of V79-285B they found that oxygen exerted the same sensitizing effect in
all phases throughout the cell-cycle, indicating a dose-modifying effect of oxygen.
Later Chapman et al. (1971) presented similar results to those of Kruuv and
Sinclair with cells of the same Chinese hamster line V79-285B with the short Gl .
With cells of V79-325, however, although it was stated in the paper that the
differences were not significant, the data of Kruuv and Sinclair indicated a
weaker sensitizing effect of oxygen in Gl than in the other phases of the cell-
cycle. The reason why the variation in the sensitizing effect of oxygen through-
out the cycle is weaker in the system of Kruuv and Sinclair than in the present
system may be that they had a weaker degree of hypoxia. Kruuv and Sinclair
irradiated their cells attached to plastic Petri dishes, which are now known to
support the cells with oxygen (Chapman, Sturrock, Boag and Crookall 1970).
From figure 3 (B) and (C) one can see that this may mask the effect, since the j
change in the oxygen effect throughout the cell-cycle increases even by such j
moderate concentrations of oxygen as 80 and 120 p.p.m. * i

Legrys and Hall (1969) irradiated synchronized Chinese hamster cells j
(CHL-F) with a long Gl (4-5 hours) throughout the cell-cycle. Their data j
indicate a slightly-weaker sensitizing effect of oxygen in Gl than in S, G2 and j
mitosis. The effect was weaker than that shown in the presented experiments, j
but the same criticism as was pointed out for the experiments of Kruuv and •
Sinclair is also valid for the experiments of Legrys and Hall: since they irradiated ;
their cells attached to plastic Petri dishes, they have not been able to control the
oxygen support to their hypoxic cells, and it may have been higher than expected
from the low concentration of oxygen in the gas phase over the cells.
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4.3. Sensitizing effect of oxygen at various dose-levels

The sensitizing effect of oxygen on NHIK 3025 cells as expressed by increases
in a and jS (see table 2) is in line with results on asynchronous populations of
Chinese hamster cells presented by Chapman et al. (1975), who found that for
asynchronous populations of cells oxygen exerted an increase both in a. and /?.

In two columns of table 2 the numerical-values of the mathematical expressions
aOo/ax«> anc* (/?Oo//Sx.,)1/2 a re listed. In the Appendix, it is proved mathematically
that when the sensitizing effect exerted, by oxygen is of a dose-modifying charac-
ter, the numerical values of the two expressions are equal. The values listed
for cells in mid- Gl indicate that the sensitizing effect of oxygen is not of a dose-
modifying character for these cells. Since /? increases more than a. in presence of
oxygen, an increasing sensitizing effect of oxygen for increasing doses is indicated.
We feel, however, that for cells in mid-S and for asynchronous cells the data
do not form a basis for a conclusion on this point.

For comparison, o.e.r. values calculated from the initial and final parts of the
dose-response curves separately are shown in the last two columns of table 2.
In Gl the o.e.r. is significantly higher in the final than in the initial part of the
curves, whereas there is no significant difference for cells in S and for exponen-
tially-growing cells.

Since the increase in f$ in presence of oxygen is about equal for cells in Gl
and S (see table 2), the sensitizing effect of oxygen for high doses (the dose
region where the quadratic term of (2) dominates) varies less than for small
doses. This is also evident from the last column of table 2. This is well in
line with the data of Kruuv and Sinclair (1968), which indicated a bigger varia-
tion in the sensitizing effect of oxygen in different phases of the cell-cycle at low
doses (565 rad under aerobic and 1135 rad under hypoxic conditions) than at
high doses (755 rad under aerobic and 1510 rad under hypoxic conditions).

The same effect has also been found recently with cells of a Chinese hamster
line (V79) with short Gl (Siracka, Littbrand, Clifton and Revesz 1976). They
found a variation in the sensitizing effect of oxygen throughout the cell-cycle at
low doses (250 R under aerobic conditions and 600 R under extremely-hypoxic
conditions). At higher doses (550 R under aerobic conditions and 1230 R
under extremely-hypoxic conditions), however, the sensitizing effect of oxygen
seemed to be constant throughout the cycle.

5. Conclusion
Dose-response curves of homogeneous populations of NHIK 3025 cells

irradiated under extremely-hypoxic as well as aerobic conditions are well fitted
by the linear-quadratic expression (2).

The present results indicate that cells in Gl irradiated with low doses
(current therapeutic dose fractions) show less of an oxygen effect than do those
in other phases of the cell-cycle. The sensitizing effect of oxygen on cells in
Gl does not seem to be of a dose-modifying character, but increases with in-
creasing doses.

We feel that since in many tumours a high proportion of the cycling cells are
in Gl (Cleaver 1967, Gavosto and Pileri 1971), the present results indicate a
need for studies of the effect of chemical sensitizers on cells in this phase.
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Appendix
Dose-modifying effect of oxygen

The dose-response curves of corresponding populations of cells irradiated
under extremely-hypoxic and aerobic conditions are:

S02(Z>) = exp (-<*.,/)-&D2).

A dose-modifying sensitizing effect of oxygen means that by multiplying the
dose of one of the survival functions with a certain constant factor k the functions
are equal for all doses:

.• .exp ( - ac^D) . exp ( - pxk
2D2) = exp ( - a2D) . exp ( - p2D

2).

This equation can only be valid for every D if
<*!& = a 2

and

which means that k must satisfy the following two conditions:

-«r
or

If, and only if, condition (3) is satisfied, oxygen can be said to exert a dose-
modifying sensitizing effect. This is also valid for other radiation modifiers.

Des cellules NHIK 3025 ont ete synchronisers par selection mitotique repetee. La
phase S a ete determinee par comptage de scintillation apres incorporation de thymidine-3H.

En comparant les courbes de reponse de cellules aerobies irradides par 500 rad et de
cellules fortement hypoxiques (<4 p.p.m. O2) irradiees par 1500 rad, il est apparu que
1'effet de sensibilisation de 1'oxygene n'etait pas constant pour le cycle. II etait nettement
plus significatif dans les phases S, G2 et mitotique que dans la phase Gl.

De meme, aucun eflfet significatif de sensibilisation pour 120 p.p.m. O2 (compare a
4 p.p.m. O2) n'a ete releve dans la phase Gl lorsque les cellules ont ete irradiees a 1500 rad.
Par contre, dans les phases S. G2 et mitotique l'effet de rensibilisation de l'oxygene a
120 p.p.m. etait nettement marque. II en a ete de meme pour une irradiation a 2000 rad
des cellules en presence de < 4 p.p.m. Oa et de 80 p.p.m. O2.

Les courbes de reponse de cellules en milieu de phase Gl et S dans les conditions
d'ae"robie ou d'extreme hypoxie correspondent bien a l'equation 5=exp ( — aD—fiD*).
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D'après la forme des courbes de réponse en fonction de la dose, on peut conclure que
l'effet de sensibilisation de l'oxygène à travers le cycle complet ne se manifeste que pour de
faibles doses (la région où le coefficient a domine). L'effet de sensibilisation O2 en milieu
de Gl augmente avec la dose.

NHIK 3025 Zellen wurden nach der Methode der wiederholten Mitoseselection
synchronisiert. Die S-Phase wurde durch 3H-Thymidin-lnkorporierung und Szintilla-
tionsmessung bestimmt.

Durch den Vergleich von 'Alters-Response-Kurven ' von aeroben Zellen (500 rad) mit
extrem hypoxischen Zellen (<4p.p.m. O2, 1500 rad) konnte gezeigt werden, daß der
sensibilisierende Effekt von Sauerstoff nicht konstant durch den gesamten Zellzyklus war;
er war in S, G2 und der Mitose größer als in Gl.

Wir fanden keinen sensibilisicrenden Effekt von 120 p.p.m. Oä (verglichen mit < 4 p.p.m.
O2) in Gl, wenn die Zellen mit 1500 rad bestrahlt worden waren. In S, G2 und Mitose
war der sensibilisierende Effekt jedoch bei 120 p.p.m. O3 signifikant. Experimente mit
Zellen, die entweder bei < 4 p.p.m. Oa oder 80 p.p.m. Oä mit 2000 rad bestrahlt worden
waren, zeigten den gleichen Trend: geringere sensibilisierende Effekte in Gl und höhere
in S, G2 und der Mitose.

Die Dosis-Wirkungskurven von Zellen in der Mitte der Gl und in der Mitte der S-
Phasc ließen sich sowohl unter aeroben als auch unter extrem hypoxischen Bedingungen gut
durch die Formel

S=cxp(-ocD-ßD2)
ausdrücken. Von den Dosis-Wirkungskurven ausgehend konnte darauf geschlossen
werden, daß der Wechsel zur sensibilisierenden Wirkung des Sauerstoffs nur bei niedrigen
Dosen in Erscheinung trat. Die sensibilisierende Wirkung des Sauerstoffs auf Zellen in
der Mitte der Gl-Phase erhöhte sich mit steigender Dosis.
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Radiosensitizing and Toxic Effects of the 2-Nitroimidazole
Ro-07-0582 in Different Phases of the Cell Cycle of

Extremely Hypoxic Human Cells in Vitro
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PETTEBSEN, E. 0 . ltadiosensitizing and Toxic Effects of the 2-Nilroiinidazole lto-07-
0582 in Different Phases of the Cell Cycle of Extremely Hypoxic Human Cells in Vitro.
Kadiat. Res. 73, 180-191 (1978).

The radiosensitizing effect of 5 and 30 m.V of Ro-07-0582 (misonidazole) has been
studied at different stages of the cell cycle of mitotically selected NHIK 3025 cells under
aerobic and extremely hypoxic conditions. For cells irradiated under aerobic conditions
no sensitizing effect was seen at any stage of the cell cycle. For cells irradiated under
extremely hypoxic conditions there was a lower sensitizing effect in mid-Gl than in
mid-S for low radiation doses (in the initial region of the dose-response curves). For high
radiation doses, however, no significant difference in sensitizing effect on cells in mid-Gl
and in mid-S was seen. For cells in mid-Gl the sensitizing effect increased with increasing
radiation dose. The toxic effect of 30 m.V Ro-07-0582 as measured by loss of reproductive
capacity was studied at room temperature for contact times up to 6 hours under aerobic
conditions and 3 hours under extremely hypoxic conditions. While no effect was seen
under aerobic conditions there was a toxic effect for contact intervals above 1 hour under
extremely hypoxic conditions. Cells in S were more sensitive to the toxic effect of Ro-07-
0582 than cells in Gl. Implications for clinical use are discussed.

INTRODUCTION

The 2-nitroimidazole l-(2-nitroimidazol-l-yl)-3-methoxy-2-propanol (Ro-07-
0582 or misonidazole) has proved to be an efficient radiosensitizer of hypoxic
mammalian cells in vitro (1-3) and in vivo, both in animals (4-8) and in man
(9-11). I t has also been shown to exert a stronger toxic effect (as measured by
inactivation of reproductive capacity) on cells under hypoxic than under aerobic
conditions (2, 3).

Ro-07-0582 is an electron-affinic sensitizer and has been characterized as an
oxygen mimetic with respect to its ability to sensitize hypoxic cells (1, 6).
Recently we found that for human cells of line XHIK 3025 with a relatively long
Gl, the sensitizing effect of oxygen was lower in Gl than in S and G2 in the
initial dose region (>10% survival) (12). This is different from most correspond-
ing reports on Chinese hamster cells (1,13), although one recent paper lias
indicated a similar trend also for those cells (14).
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liADIOSEXSITIZIXG EFFECT OF Ko-07-0582 1S1

In the present paper data are presented which show the sensitizing effect of
Ro-07-0")82 throughout the cell cycle of XHIK 3025 cells irradiated at room
temperature. The toxic effect of Ko-07-05S2 under extremely hypoxic conditions
for cells in Gl and S has also been tested.

Toxicity is a temperature-dependent phenomenon (3, 15-17). In the present
experiments the toxic effect was studied at room temperature. When working
with synchronized populations of cells this choice was desirable in order to inhibit
cell progression.

MATERIALS AND METHODS
Cell Culture and Synchronization Technique

The cell line used in the present, experiments, XHIK 302o, was established from
an early stage of human carcinoma of the uterine cervix (18, 19). Cell culture
techniques were described in previous papers (12, 20). The cells were grown in
medium E2a (21) in Falcon plastic flasks and subcultured three times per week.

Synchronized populations were produced by selection of mitotic cells from
exponentially growing populations. The procedure of repeated selections as
described by Tobey et al. (22) was used with some minor modifications (23).
Selections took place in an incubator room kept at 37 °C and during the whole
procedure the cells were in contact with medium E2a. The mitotic index was
routinely 90-94% in the synchronized population immediately after selection.
Engelberg's synchronization index (24, 25) was 9">% during the first mitosis
and 64% during the second mitosis (23). It has been found that phase durations
and generation time are the same for cells grown in synchronized and in exponen-
tially growing populations under otherwise identical conditions (23). Generation
time and phase durations of the synchronized populations when grown on glass
dishes (populations used for generating age-response curves) are indicated in
Fig. 2. Corresponding data for synchronized populations grown in plastic flasks
(populations used for generating dose-response curves) are given in Table I (12).

Irradiation Techniques

The method used to obtain extremely hypoxic conditions (<4 ppm O2) has been
described previously (20).

Dose-response curves were generated with cells irradiated in suspension

TABLE I

Generation Time and Phase Duration of NHIK 3025 Cells When Grown in Plastic Flasks or
Glass Petri Dishes at 37°C

Growth system Generation
time
(hr)

Gla (hr) S (hr) G2 + mitosis Mitosis
(hr) (hr)

Plastic flask
Glass Pelri dish

IS
23.5

6.5
8.5

8
11.5

2.5
2.5

a Fifty percent of the cells have entered Gl about 30 niin after selection.
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(medium E2a). Immediately after selection the p pulation of mitotic cells was
plated in a loO-cm2 Nunclon plastic flask, where they were allowed to attach,
and incubated until the cells were to be irradiated (4 hr after selection for cells
in mid-Gl and 12 hr after selection for cells in mid-S). Before degassing the cells
were suspended by a mild trypsin treatment. Cells irradiated under extremely
l^poxic conditions were degassed for 30-40 min before and during irradiation.
During this period the suspension was kept in a glass dish inside a steel chamber
and stirred with a magnetic stirrer. All the cells were in contact with the sensitizer
totally for about 1 hr before they were plated on Falcon plastic dishes (Gateway,
Los Angeles) for colony formation. Cells giving rise to colonies with less than 40
cells were taken as inactivated.

To obtain age-response curves the cells were irradiated attached to "i-cra glass
dishes (Anumbra, Bohemia Glass, Glassexport, Liberc, Czechoslovakia) (12).
Immediately after selection the mitotic cells were seeded into glass dishes which
were placed in an incubator with automatic C()2-valvc (National Appl. Co.,
Oregon). After about 1 hr all the mitotic cells had completed division and about
1 hr later they were attached to the bottom of the glass dishes as doublets.
During degassing and irradiation the cells were covered by 1 ml of medium E2a.
Cells irradiated under extremely hypoxic conditions were degassed for 30 min
before irradiation started. The surviving fractions were corrected for multiplicity
according to the formula presented by Gillespie et al. (20) for correction of mixed
multiplicities of 1 and 2:

/ = v - ((.V* - 4S(A' - m/2(N - 1),
where

I

/ = single-cell surviving fraction,
$ = microcolony surviving fraction,
N = mean multiplicity.

In studying dose-response curves of mitotic cells different techniques were
used for irradiating cells under aerobic and extremely hypoxic conditions (12).
In order to stop the mitotic cells from completing division they were cooled to
about 4°C within 5 min after selection. Irradiations were, however, performed
at room temperature. Cells irradiated under aerobic conditions were not degassed
but were brought into Carrel flasks (20) and prewarmed to room temperature
immediately before irradiation. For irradiation under extremely hypoxic condi-
tions the suspension was warmed to room temperature during degassing. De-
gassing, irradiation, and sampling were carried out in the same way as for inter-
phase cells. While the mitotic index during irradiation was about 94% for cells
irradiated under aerobic conditions it was about 80% for cells irradiated under
extremely hypoxic conditions.

Toxicity Measurements

The toxic effect of RO-07-0.5S2 on the cells' ability to form colonies was
measured.

The cells were kept in suspension, in magnetically stirred glass Petri dishes
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FIG. 1. Toxic effect of 30 mM Ro-07-0582 on synchronized NHIK 3025 cells in contact with the
drug in G1 and in S under extremely hypoxic conditions.

inside the irradiation chamber (20), at room temperature while in contact with
the drug. For the hypoxic study the cell suspension (5 ml) was added to a pre-
viously deoxygenated solution (15 ml) of Ro-07-0582 and the deoxygenation
was continued so as to keep the oxygen concentration below 4 ppm, except for
the initial increase upon addition of the cell suspension to the Ro-07-0oS2. For
the parallel aerobic study the irradiation chambers were gassed with air contain-
ing 5% CO2 before sealing. In both cases sampling was performed at appropriate
intervals via hypodermic needles mounted through the chamber wall (20).

Cell numbers were found, by microscopic counting, to remain constant through-
out the procedure.

Irradiation Conditions

A Siemens "Stabilipan" X-ray unit was operated at 220 kV, 20 mA and with
0.5 mm Cu filtration. The dose rate at the bottom of the glass dishes including
scattered radiation was found to be about 210 rad/min. The mean dose rate for
cells irradiated in suspension in the hypoxic irradiation chamber was 160-190
rad/min (increasing dose rate with decreasing amount of suspension in the dish).
For cells irradiated in suspension in Carrel flasks the dose rate was 277 rad/min.
Dosimetry was described earlier (20); the exposure was checked during experi-
ments by a PTW-Duplex-Dosimeter (Freiburg, West Germany).

RESULTS
Toxic Effect

Preliminary experiments showed that the toxicity of Ro-07-05S2 on hypoxic
NHIK 3025 cells was similar to that on Chinese hamster CH2B2 cells (3). In
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FIG. 2. Age-response curves for synchronized NHIK 3025 cells irradiated attached to glass
dishes under extremely hypoxic conditions in the presence and absence of 5 mM llo-07-0582.
Surviving fractions represent single cell surviving fractions as calculated by formula (1) from
the measured surviving fractions of singlets and doublets (the multiplicity was about 1.9 through-
out the cycle).

order to test for age differences in toxicity a high concentration of drug (30 mM)
was chosen, and the toxic effects on cells in mid-Gl (4 hr) and in S (12 hr) were
studied separately. Under aerobic conditions no toxic effect was found for cells
in contact with 30 mM up to 0" hr. The.se observations were done with both
synchronized and asynchronous populations (data not shown).

For cells in contact with 30 mM under extremely hypoxic conditions an effect
was seen for contact intervals of 1 hr or more (Fig. 1). The toxic effects on cells
in S and in Gl were studied separately. Since the time in contact with the drug
was not more than 3 hr it is not possible that the cells during this time may have
proceeded out of the phase in which they were at the start of the treatment.
Therefore, on basis of the data of Fig. 1 it seems safe to state that the toxic effect
of Ro-07-0582 is higher in S than in Gl for XHIK 3025 cells kept under extremely
hypoxic conditions. The data shown in Fig. 1 represent one typical experiment
where synchronized cells studied in S and in Gl were selected from the same
exponentially growing population.

Radiosensitizing Effect

In Fig. 2 age-response curves of XHIK 3025 cells irradiated attached to glass
dishes under extremely hypoxic conditions in the presence and absence of 5 mM
Ro-07-0582 are shown. The radiation doses were chosen to make the survival
level comparable in the presence and absence of the sensitizer. Cells from the
same synchronized population were used for the two curves shown.

To obtain information on the sensitizing effect of Ro-07-0582 also as a function
of radiation dose, survival curves were generated for cells at different times after
selection; mid-Gl (4 hr), mid-S (12 hr), and mitosis (0 hr).

In Fig. 3 dose-response curves are shown for aerobic cells irradiated in the
presence and absence of .5 mM Ro-07-0582 and for extremely hypoxic cells
irradiated in presence and absence of 5 and 30 mM Ro-07-0582 in mid-Gl and
mid-S, respectively. The curves drawn represent the best fits by the method of
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FIG. 3. Dose-response curves of synchronized NHIK 3025 cells irradiated in the presence and
absence of Ro-07-0582 under aerobic and extremely hypoxic conditions. The curves for hypoxic
cells with and without 5 mM of Ro-07-0582 represents the same experiment since the cells were
selected with 45-min intervals from the same exponentially growing population. This is also valid
for the data with aerobic cells. Errors indicated with bars represent standard errors of the mean of
colon}' numbers per dish in each separate group of five dishes. The errors are indicated only when
exceeding the size of the symbols.

least squares of the linear-quadratic formula, $ = e"an~^'ji (where S = surviving
fraction, D = absorbed dose, and a and /? are the parameters to be fitted to the
data {27)). The parameters resulting from the fits are given in Table II.

TABLE II

Parameters of the Best Fits of the Formula S = c~aD~^Di (#.$), and Enhancement Ratios of
Ro-07-0582 in the Initial and Final parts of the Dose-Response Curves for Cells Irradiated

under Extremely Hypoxic Conditions

Phase
(time
after

selection)

Gl
(4 hr)

S
(12 hr)

Mitosis
(Ohr)

Concen-
tration
of Ro-

07-0583
(mM)

0
5

30

0
a

30

0
5

a (X1O~<)
(±SE)

1.8 ±1.4
0.55 ±0.18
3.0 ±0.8

5.2 ± 1.8
13.8 ±1.8
CO ±1.8

27 ± 5
32 ± 6

(3 (X10-»)
(±SE)

0.44 ± 0.0-1
1.9 ±0.2
2.7 ±0.3

1.1 ±0.2
2.2 ±0.1
6.0 ± 0.2

0.04 ± 0.09
9.9 ±1.7

Enhancement
ratio"

(initial slopes)
(±SE)

.—.
1.0 ±0.2
1.4 ±0.3

—
2.t» ± 0.5
2.5 ± 0.4

—
1.7 ±0.2

E/t-Jianrement
ratio"

(fmai slopes)
(±SE)

1.7 ± 0.3
2.0 ± 0.4

1.4 ±0.4
2.1 ±0.7

—
b

OER
(final slopes)

(±SE)

3.4 ± 0.7

2.8 ± 0.8

2.2 ± 0.4"

• The initial and final slopes were found by fitting straight lines to the experimental points in the initial and final
parts of the curves.

•> The dose-response curve is expected to represent mitotic cells only in the initial dose range.
* Calculated from initial slopes.
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FIG. 4. The dose-response curves from Fig. 3 for synchronized NHIK 3025 cells in mid-Gl
(top) and mid-S (bottom) irradiated under extremely hypoxic conditions in presence and absence
of 5 raM Ro-07-0582, redrawn in the initial part without experimental points.

In line with earlier reports {1-3) no sensitizing effect is indicated for cells
irradiated under aerobic conditions. Age-response curves (not shown) for cells
irradiated in presence and absence of 5 mikf Ro-07-0582 under aerobic conditions
have indicated that this applies for cells in all stages of the cell cycle.

For cells irradiated under hypoxic conditions the difference in sensitizing effect
in mid-Gl and mid-S at low radiation doses is demonstrated in Fig. 4, where the
initial part of the dose-response curves from Fig. 3 for hypoxic cells in the presence
and absence of 5 milf of Ro-07-0582 are redrawn without experimental points.
These curves were generated with synchronized cells selected from the same
exponentially growing populations.

The sensitizing effect of 5 raM Ro-07-0582 was studied also on mitotic cells
irradiated under extremely hypoxic conditions (Fig. 5). Since the mitotic index
was only about 80% during irradiation these data cannot be expected to be
representative for mitotic cells at high radiation doses. The initial part of the
curves indicates, however, a high sensitizing effect on mitotic cells.

DISCUSSION

Toxic Effect

The toxic effect of Ro-07-0582 on asynchronously growing Chinese hamster
cells (CHO, CH2B2, and V79-379A) was studied in detail by Moore et al. (3),
and Stratford and Adams (15). The degree of toxicity at high drug doses was
about the same in their systems as in the present with regard to hypoxic conditions
at room temperature. However, for NHIK 3025 cells kept in contact with the
drug under aerobic conditions, no toxic effect was seen even with a concentration
of 30 xaM in contact with the cells for up to 6 hr. For CH2B2 cells in contact with
5 milf Ro-07-0582 under aerobic conditions Moore et al. (3) found a significant
toxic effect after 5 hr, and for 50 mM, after 2 hr. It may therefore be that the
difference between toxicity limits under aerobic and extremely hypoxic conditions
are higher with NHIK 3025 cells than with Chinese hamster CH2B2 cells.

r i
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FIG. 5. Dose-response curves of NHIK 3025 cells irradiated in mitosis in the presence and
absence of 5 mil/ Ho-07-0582 under extremely hypoxic conditions. For comparison the
dose-response curve of mitotic NHIK 3025 cells irradiated under aerobic conditions is also shown.
The dose-response curves for cells irradiated under extremely hypoxic conditions represent cell
populations selected from the same population of exponentially growing cells.

The data of Fig. 1 show that there is a significant difference in toxicity for cells
in S and for cells in Gl with NHIK 3025 cells. Although the cells may have
progressed throughout the cell cycle during the experiment so that toxicity
has not been measured at a specific stage of the cell cycle they cannot have
moved out of the phase in which they were at the start of the experiment.

From a therapeutic point of view the most important observation among the
present toxicity data is probably that hypoxic cells in S showed the highest
sensitivity to Ilo-07-0o82. It has been shown that DXA replication takes place
even in hypoxic areas of solid tumors {28).

Radiosensitizing Effect

The survival of cells irradiated in suspension is generally lower than that for
cells irradiated with the same doses attached to glass dishes {12, 29). This result
seems different from that of our earlier paper {30), where dose-response curves
for aerobic cells irradiated in suspension or attached to glass dishes were similar.
However, as was also mentioned in that paper {30), the dosimetry was too
uncertain for an exact statement to be made on this point. On the other hand,
the difference in radiosensitivity shown by the present results (Figs. 2 and 3)
cannot be explained either by uncertainty in dosimetry or by any other known
experimental factors.

The difference in sensitivity between cells in Gl and cells in S at 2000 rad is
bigger as shown by Fig. 3 than as shown by Fig. 2. However, because of the differ-
ence in sensitivity between the two systems,, the comparison should be performed
at comparable survival levels, and in that case the data are in better agreement.
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Th<; age-response curves of Fig. 2 indicate ;i somewhat, lower choree of sensi-
tization in Gl than in S at the rather high survival level of 15-30%. This is
parallel to the sensitizing effect of oxygen, which has also been found to change
throughout the cell cycle for NHIK 3025 cells at this survival level (12).

The dose-response curves for cells irradiated under extremely hypoxic condi-
tions (Fig. 3) prove that for high doses there is a high degree of sensitization
both in mid-Gl and in mid-S. The extra gain in sensitization from the sixfold
increase in concentration between 5 and 30 n\M is not very high, which is well
in line with the results of Moore et al. (3).

These data also demonstrate that the variation in the sensitizing effect of
Ro-07-0582 throughout the cell cycle is present only in the initial radiation dose
region. The enhancement ratios shown in Table II indicate that there is no signifi-
cant difference between S and Gl with respect to the enhancement ratios calcu-
lated from the final slopes. The variation in the sensitizing effect of Ro-07-0582 is
therefore similar to that found previously for oxygen {12). Parallel to the finding
of Asquith et al. (1) the present data, therefore, show that Ro-07-0582 is a true
oxygen-mimetic type of sensitizer.

For cells in mid-Gl, the enhancement ratio as calculated from the final slopes
of the dose-response curves is higher than the enhancement ratio as calculated
from the initial slopes (Table II), indicating that for such cells there is an in-
creasing sensitizing effect for increasing radiation doses. For cells in mid-S the
data indicate a dose-modifying effect.

Figure 5 may give the impression that the sensitizer changes the shape of the
dose-response curve for hypoxic mitotic cells. However, since the mitotic index
during irradiation was only about 85%, these data are probably not valid at low
survival levels. Therefore the curves were established only in the initial radiation
dose range. Since curve shapes are not determined in a wider dose range the
relevant parameter from these data is the enhancement ratio in the initial radia-
tion dose range (Table II). This indicates that mitotic cells are sensitized slightly
more than cells in Gl and slightly less than cells in S.

For NHIK 3025 cells the enhancement ratio for 30 mM Ro-07-05S2 as calcu-
lated by the final slopes of the dose-response curves (see Table II) is about
75% of the OER. This is slightly less than what has boon found by other workers
(1-3). The reason for this difference is not known, but one cannot exclude that
it is due to differences in cell line; the earlier investigations (1-3) were carried
out with cells of Chinese hamster origin.

Many tumors display a high proportion of cells in Gl (31). Studies with NHIK
3025 cells indicate that the sensitizing effects of both oxygen (12) and Ro-07-0582
on cells in this phase increase with radiation dose. It is therefore interesting to
speculate about the usefulness of Ro-07-0582 in clinical or laboratory trial
irradiation of tumors in vivo.

It is likely that the oxygen sensitizing effect is relatively unimportant in
conventional fractionation therapies since the radiation doses are so low. And
although Ro-07-0582 has a significant oxygen-like sensitizing effect at clinically
realistic dose levels (9, 32), it might be thought to be of limited value with
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radiotherapy. However, repopulation of the tumor (luring conventional fraction-
ution therapy is a severe obstacle to successful treatment such that, if a chemical
sensitizer can be used to produce an oxygen-like sensitization, higher dose frac-
tions might be chosen and shorter overall treatment times achieved. Then,
repopulation would be decreased in two ways: (a) a shorter treatment time would
encompass fewer cell cycles, and (b) higher dose fractions would increase the
mitotic delay {29, 83, 34). In fact, high fractionation doses, 800-1400 rad (8),
and high single doses (//) have been shown to improve tumor control when used
in combination with Ro-07-05S2. But one would expect current data to show
smaller sensitizer-induced improvement in tumor control when used in combina-
tion with conventional fractionation therapy, and Fowler et al. (35) report
significantly improved tumor control by Ro-07-0582 on mammary tumors in
C3H mice, only when higher dose fractions are used over a shortened treatment
schedule.
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