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INTRODUCTION

There is general agreement that the effects of ionizing radiation on-
living cells are the results of discrete quantum mechanical interactions and
transitions, and thét some of the most important consequences of these effecté
are the eventual development of lesions in genetic material. Futhermore, we
are acutely aWare that many living orgahisms, but particu]gr]y eukaryotic cells,
possess enzymatic‘repair mechanisms fhat can in the course of time hed] or alter
the lesibns in genetic material and thus profoundTy modify the eventual results
of radiation exboSure at the‘ce1lular level. It should logically follow that
models of cellular radiobiological phenomena should consider the structure of
genetic material and physical radiation interactions with it, the radiation
chemical consequences of initial energy transfer, and the tfme structure of

enzymatic interactions.

In spite of such realizations, many of the quantitative models for ce11.
survival are concerﬁéd aTmost exclusively with the physics and statistics
of 1nftia1venergy deposition events, and attempt tovéorrelate the eventua]
expression of biological éffects‘directly with these eventé; Examples are the
"target," "hit," (Leé 1955; Elkind and Sutton 1960; Widerbe 1966; Ehrénburg
1977) and the "dual actioﬁ“ltheories (Jacobson 1957; Siné]air 1966? Neaky
1965; Kellerer and Rossi i972, 1978; Chadwick and Leenhouts 1973, 1978)."
A few models have incorporéteﬁ tihe dependent parameters_(Kellerer and Hug
-1963; Dienes 1966; Payne and Garrett 1975; Pohlit 1975; Garrett and Payne 1978;

Braby and Roesch 1978; and Niederer and Cunningham 1976).



In the repair-misrepair (RMR) model, we propose that the development
of cellular biological effects from ionizing radiations has distinct and separ-

able phases. For the present dis;ussion, four phases are important.
1. The initial physical energy transfer and redistribution of energy
by physical events.

2. Migration of the deposited energy and the estab11§hmént of Tong

lived molecular lesions as avresu1t of radiation chemistry.

3. Biochemical processes including repair or enhancement, coupled with
progression of cells through various physiological states.
4.  Genetic and evolutionary processes.

A fime table of events of this kind was shown at this conference by Don
Chapman, and ouriversion can be seen in Figuré 1. A consideration of the
above time sequence of events reveals that the first two basic processes can

be separated from the latter two.

Time Domains in Cell Inactivation by Ionizing Radiations

Radiation Physics

Briefly, the initial processes of radiation physics are comparable in

their rate of occurrence to the time of passage by the ionizing particle or
-18

ray across an atom. Interactions begin at about 10 seconds . High energy
primary electronic exchanges occur in fast sequence; the initial local energy

deposition events are theh gradually thermalized. There is a set of steps
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Figure 1

Time sequence of the radiobiological events'found with cell irradiation,
from the initial electronic energy transfer through late genetic effects.
The physics events include time for heat transport.
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involving reemissibn and reorganization of electronic energy levels. This is
followed by energy transfer at the vibrational and rotational levels of mole- B
cules. The entire process including "thermalization" and heat flow is essen-
tia]]y-compiete in 10"8 seconds. An 1mportanf role for radiation physics is
then to quantitate the initial structure of energy deposition.and the redis- K
tribution of energy in relation to molecular and ce11u]ar'strUCtures in living

_cells. |

\

Radiation Chemistry

The radiation chemical phase overlaps the time sequence of radiation
physics. This phase begins with the birth of highly reactive radicals and
"short Tived" free'radicals of water and organic molecules. The free radiéa]s
then react both with each other and with thé'macrom§1ecu1ér structure of the
genetic apparatus and other cell ofgane]les. Thé Eadical reaétions are dif-
fusion contro]]ed; in the course df thé chemica]_evenfs the initial physical
characteristiés of the tracks of 1onizing particles.are graduaj]y lost.

Chemical radiation modifiers and sensitizers act during this phase. We know

from many experts in radio]ogy,'chémistry and biology thatvsensitizer action

is important in the microsecond tihé dbmain; Recent]y Shenoy et al. (1975)

have shown that the oxygen dependent damage ih bacteria occurs in less than

100 microseconds. .They'failed to obtain an oxygen effect in mamma1i§n cells

when the oxygen was adminfsteféd five mil1iseconds after the radiation exposure.

We also have recent information that the modifying action of oxygen is 4
limited by diffusion and that oxygen molecules can diffuse across one

micrometer of cytoplasm in less than 10'3 seconds (Ling et al. 1978). From



a biologica]rpoint of view, the goal of radiation chemistry is the prediction

and measurement of the yield of specific ﬁTong lived" lesions in bio]ogically

important maccomolecuies such as DNA. Models for the radical chemistry phase

were recently proposed by Magee (1979).

Radiation Biochemistry

Radietion'biochemistry begins when long-1lived macromolecular lesions:

have formed, for example in DNA. The essential steps are the recognition

.of lesions, mobi]ization of a sequence of specific enzymes to modify the

lesions, energy dependent resynthesis of DNA, and the re-establishment of
the appropriate tertiary structures. Among the known types of macromolecular

lesions are singie and doub]e strand breaks in DNA, strand-to-strand cross-

"links, base alteration and dimerization, and prctein DNA cross]inkages; The

rate of repair'and the enzymatic sequences for each type’of lesion are dif-
ferent; the time scale for repair can range from minutes to days. The rate
of repair ef DNA Tesions in human cells was recently discdssed by CTeaver

(1978).

Cell Biology and Genetics |

Biochemical repair processes occur simu]taheous]y}With the prOQressfon
of normal ce]]u]ar physiology, which is usua11y delayed as a consequence of
1n3ury The expression of certain radiation effects such as 1etha11ty or ‘
mutat1ons depends on progress1on through the cell cycle. Repa1r1ng genetic
damage and the appearance of "late" effects, though initially coupled'with
biochemical repair processes, may continue through seQeral generations of

cells.



Separation of Dose-Dependent and Time-Dependent Parameters

One of the difficulties with modelihg radiobio]ogjca1‘phenomena'has been
_that;they are usually described as fuhctions_of_two independent Variab1es:
doseiand time. A general treatment of dose and time dependent processes has
resulted in mathematical complexities. However, we shall demonstraté that
for the purpose of modeling cellular phenomena these two variap]es can be
separated. We must first consider the manner in which cells recognize the
lesions induced by deleterious agents and the limitations posed on radiobio-

logical models by biological uncertainty.

Our aim with the RMR model is to answer two’qhestions: "when do ce]lé
"sense" that they are being damaged?" and "how do they respond to macromo lecular
injury?"v TheAsimple answers are that a certaih amount of time must elapse

bafter the lesions are made before the cell can recognize them as lésfons.
After recognition, the cells' enzymatic machinery and energetics aré mobilized
to repair.br resynthesize the essential molecules involved.

In order to estimate the time needed to recognize the damage; assume
that the damage consists of discrete lesions to the DNA. Several types of.
lesions have been demonstfated experimentally, but we wish to take strand
breaks as examples.  Elkind has e;timated in his discussion at this conference
that a mean lethal dose of x-rays produces about 103_sing1e stfand breaks
and perhaps 50 double strand breaks in the DNA of a typical mammalian cell

consisting of 109 base pairs. If this is the case, then on the average there



are about 106 pairs of'unbroken phpsphafe bonds between neighboring single
strand bréaks and 2.4x107 pairs of unbrokeﬁ'bonds between double strand breaks.
The number of repair enzyme molecules available can be estimated to be about

106 per mammalian cell.

We can now make one of two assumpfions for the process of‘recognition:
either the repair enzyme complex can recognize damage at a distancé, of it is
necessary for the enzyme complex to be af'the site of injury before damage can
be reéognized. In this latter case we visualize thaf a.typical‘rebair‘enzyme
complex moves up and down DNA continuaily‘testing it; structure. we assume
that the enzyme complex has a molecular wejght of 105:da1tons, that each enzyme
complex has to test 103 base pairs, and that the pro¢ess is diffusion limited.
Calculations show that recbgnition of 16ca1 damage may'fake on the average about

one millisecond.

It is possible that fHe repair enzymes have a way'of 6btaining infdrma-
tion about the occurrence of new lesions in DNA without first having to move
to the actual site of the lesion. The enzyme (dep]qyed adjaceht to DNA,
perhaps in nucleosomes) may sense the oscillations that are known to
occur in DNA when it sustains 16ca1 damage. For exaﬁp]e,,when a single-
strand break occurs, DNA réﬁoves the stress of supercoiiing by uhcbi]ihg;
when a double strand break‘bccurs, DNA snaps open. 'The re]dxation'tiﬁe
of bacteriophage DNA is of'the order of magnitude of 10'4 secoh&f
(Pritchard and 0'Konski 1977). The reiaxation timelin.mamhalian cellular

DNA might be longer than in phage DNA since much more DNA is involved in a



more viscous milieu. We might assume that the oscillations caused by a strand

4

break can be recognized in one relaxation time period, or 10" seconds.

“Figure 2 is a schematic drawing of this process.

Ce11s'may be able to recognize various other types of 1esions besides
DNA lesions; membrane damage or significant concentrations of radiation pro-
ducts in the cytoplasm might also be recognized. HoWever,‘reasonab1e calcula-
tions show that the timing for recognition and response fo such events is
. probéb]y not faster fhan the recognit%on of DNA nucleopfoteinvdamage. The
functional consequences of exfranuc]ear,damage are usuai]y less serious for

Tiving cells than the consequences of a similar degree of nuclear damage.

Estimateé,for thé rate of enzymatic répair'canvbe made by tonsidering
the ha]f times for repair in mamma]fén cells (7 to 15 min for single straha '
breaks and 80 to 90 min for double strand breaks) (Ritter et al. 1977; Roots
et al. 1979) and the number of repair enzyme molecules available. Based on
the discussion above and on Figure 1 we can make three conclusions which have

contributed to the development of the RMR model.

1. The enzymatic apparatus of cells is likely to spend at least 10'4 seconds
recognjzing a radiation-induced lesion in its DNA after that 1e§ion has
been'established.. Biochemical responses to lesion are unlikely to be
significant fn less than 10'3 seconds, but by this time the great majority
of initial electronic physical energy transfers and radiation chemical

transformations are complete.



1. CIRCULAR DNA AND NUCLEOSOME 2. SUPERCOILED CIRCULAR DNA
. ) AND NUCLEOSOME

3. UNWINDING AND RELAXATION AFTER

SINGLE STRAND SCISSION : " 4. STRAIGHTENING AND RELAXATION AFTER
, DOUBLE STRAND SCISSION

XBL 793-3314A

Figure 2 .
This figure shows the process of a DNA strand break. (1) Schematic

view of DNA and nucleosome (based.on nucleosomes in SV-40 virus). (2)
The DNA is usually “in supercoiled form. (3) The tension of supercoiling
is released when a strand is broken. The unwinding from supercoiled
form has characteristic relaxation times on the order of 107% seconds.
(4) When a double-strand break is made, DNA unwinds and snaps open.

The relaxation motions and change in coiling might be sensed by the
production of stress in the macromolecular structure of nucleosomes.



The living cell can, however, recognize relatively long lived macromolecular
lesions in its own structure, particularly on the genetic material, DNA.

It is very likely that cells éannot recognize specific radiations,_e.g.,A
x-rays, neutrons, or heavy ions, as having qistinctly separate properties
because the specific interactions of these radiations occur too fast

to be recognized by the cell. If two different deleterious physical

or chemical agents produce the same kind of macromolecular Tlesions in

DNA, it is likely the cell can not distinguish between these two agents.

We may treat quantitative models of.the biological action}of ionizing
radiations in two distinct and separate phases: physicochemical and
biochemica]-genetic.‘ One aim of physicochemical experiments (and.of‘
mode]ing) should}be to ascertain the yield per ée]] of eaéh specific
type of macromolecular lesion as this yield deﬁends oh dose, inittal
absorbtion events, track structure, and eventual chemical modification.
Given the yield of macromo1ecu1af lesions, the second, biochemical phaée
of modeling is to establish how these lesions relate to the eventual

expression. of biological effects.

Limits of Available Information as it Relates to the RMR Model: Biological

Uncertainty

A salient feature of radiobiological phenonemena is that the effects

are expressed with a considerable time delay after an initial physical energy

transfer. In the intervening time we are seriously limited in our knowledge

-10-



about radiation induced lesions and their relationship to the fate of the

cells. Various names have been used to denote lesions at the early stages,

5

| suoh as "sublethal lesions," "potentially lethal 1esions," "sublesions," or

"prelesions."

Analysis of DNA extracted from cells does reveal an average number of
specific lesions by mo]ecu]ar weight measurements, and it can also demonstrate
“repair" by reJo1n1ng W1th the same technlque.‘ However;ﬂtechniques do not
exist to assay the 1ntegr1ty of DNA and 1ts base sequences in a s1ng]e living
cell. Because of the very small d1mens1ons of 1nd1v1dua1 codons, any physical
technique that we cou]dvuse for examining the DNA in a living ce]l would,
by necess1ty, cause new 1es1ons in the DNA. For thts reason, it seems prudent
to assume for: mode11ng purposes that the fate of a given rad1at1on induced
macromo]ecu]ar 1es1on~1s 1n1t1a11y»uncerta1n Only after the cell attempts
enzymatic repair will it be determined whether or not a glven 1eS1on will
result in Tethality or will be 1nconsequent1a1 It seems log1ca1 that
intracellular enzymatic structures ofrthe cells have more 1nformat1on at the
early stages of radiation 1njury than mouldvthe extracet]u]ar experimenter

no matter what physical probe he uses.

Our model regards the fate of the ear1y radiation induced -lesions in
cells as uncertain We w111 introduce probab111ty factors to describe whether
these 1es1ons can be perfect]y repa1red or if they 1ead to 1etha11ty due to

imperfect misrepair, which includes 1ncomp1ete repa1r
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REPAIR MISREPAIR MODEL

The model describes‘the yield of relevant macromolecular lesions per cell
as a function of dose (D); the time-dependent (t) transformations of these
lesions; and the time- and dose-dependent probabi]ities for survival (SY, lethal-

ity (L), and mutation (M).

U stands for “"uncommitted," which is what the lesions are before they are
~ subject to enzymatic repair and modification. Lesions with somewhat similar
properties are_described in other quentitative models (Garrett and Payne 1978;

Pohlit 1975: Powers 1962: Laurie et al. 1972).

We know that various k1nds of deleterious agents produce various classes
of U 1es1ons, each of which might potent1a11y produce a var1ety of expressed
biological effects For c1ar1ty, th1s is restricted to the discussion of a
single class of U 1es1ons A g1ven c]ass of U 1es1on can be identified w1th
a spec1f1c mo]ecu]ar lesion 1f the t1me rate of 1ts b1o1og1ca1 transformat1ons,
as pred1cted by the mode], agrees w1th the average rate of change measured by
mo1ecu1ar techn1ques. Add1t1ona1 types of U lesions can be introduced in the

model when a single type of lesion cannot account for all expehimenta] data.
The general scheme of the RMR model is shown in Figure 3. The physical

and chemical interactions, shown on the left side of the figure, are interest-

ing oniy because they determine the dose-dependent yield UO' The model itself

-12-
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Schematic drawing of the repair-misrepair model, showing the dose-dependent

fast processes, different typés of biochemical repair, and the probabilities.
of the final states of the cell. '
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‘is concerned W1th time dependent transformations in the course of repair and
with the probabilities that transformed states lead to the expression of bio-

logical effects.

v_We define R states (repair states) as the result of transformations of
U states following enzymatic repair. R states are permanent in the sense that
their présehce may commit the cell to 1etha11ty5 mutation, or surviva]. In
the simplest form of the RMR model there are two R‘states}. R is the yield
of a linear repair proeess assumed to proceed as a monomo]eeular}chemical |
reaction, and RQ is the yield per cell of:a repair process involving interaction
between pairs of U lesions. RQ is a "quadratic" repair process, and.its rate
is proportional to the squake of -the local density of U states. If the dis-
tribution of U lesions is uniform throughout the cell nucleus, then the rate

6f Ry is proportional to U(U-1) = .

For a single, rapidly delivered dose of Tow linear energy transfer {LET)
radiation the time dependent behavior of U is described by the first drder quad?

ratic differential equation:

L= au () - kUi(e) _y (1)

- In this equation X is the coefficient of linear repair and k is the coeffic-

ient of quadratic repair. Integrating between Timits 0 and t we find:

. t t
u(o) - u(t) = , M (t)dt + fo k US(t)dt - (2)

-14-



With the definitions

R = fxu(t)dt
0o »
and
t 9
Ry = j k U3(t)dt
0 |
we have
U(E) + R(E) + Ry(t) = y(0) (3)

- Simple solutions exist for the decay of uncommitted U lesions and the
growth of R states, with the assumption>that for a specific cell type in a
specific state , and k are constant and independent of time and dose. Let

U(0) = Uy R (0) = Rq (0) = 0; U(w) = 0; ande= X the "repair ratio."
: k

SV . A (4)

UO -
RL(t) = ¢ In [1 +E— (1 - e-}\t)] : -. (5)
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u

Yo\
Uy (1 + ;;‘,) (1 -eh | U
(t) = e In |1+

Q = J - e e )| (6)
| '1+_;,_0(1-e'>‘t) | |

R

Eurepair and Misrepair -

A range of possible repair states occur after damage to cellular DNA.
The Ce]l.may repair the damage accurately, making the DNA sequencing exactly
like it was before radiation damage occurred. We'ca11 this type of true repair
"eurepair." The other typés of repair are variations of misrepair and range
from Viab]e mutants to a1térations that. eventually cause cell death. One form
of misrepair is misfep]icatioh. The process of DNA'synthesis and repair is often
not completely accurate even in normal, unirradiated cells (Bernardi and Ninio
1978). | '

The states RL and RQ represent the products of biochemical repair. If
U represents DNA strand breaks, for example, RL and RQ would be yields of
reconstituted DNA with strand continuity unless for some reasoh the repair is
unsuccessful or incomplete. Let ¢ represent the probability that linear repair
is eurepair, and & the probability that quadratic repair is eurepair. The
probabilities of misrepair will be represented by coefficients 1 - ¢ and 1—6,

It is obvious that incomplete repair is also misrepair.

-16-



- Table 1

Definitions for the Probabilities of Eurepair and Misrepair

Eurepair Misrepair

Symbol  Probability Symbol  Probability

Linear repair process

RL RiE ¢ Rim 14

- Quadratic repair process RQE $ : RQM | 1-8

Survival Probability S(t)

Equations (4) through (6) and the definitions found in‘Table 1 allow for the cal-
culation of the probabilities of survivai S(t) and lethality L(t). Assume that
statistfca] variations in U, RL’ and RQ are randbm. (Pojsson statisfics are
used here; a more detailed discussion of statistical approéches is being prepared.)
The probability of survival at time t clearly depends on the
number of misrepaired 1esions'(RLM and RQM) and the number of unrepaired U
lesions that a given cell can tolerate at the time of ce]]tdjvision. Survival
is usually measured as colony formation (reproductive integrity)fafter severa]
where t__ is the

cell divisions to limit the time variable such as t< t max

time interval allowed for repair.

The genetic constitution of cells may also be a factor for survival.

. In order to describe the survival of higher ploidy or of binucleated cells,

-17-



it may be necessary to consider additional constraints. Thus, survival pro-
bability should be considered separately for a variety of situations with speci-

fied constraints.

We have considered six different applications of the RMR model. These
cases have been chosen to interpret a variety of types of radiobiological ex-
periments. Each of these cases is briefly described below, and a detailed

discussion for each will follow.

Case I: Assume that all linear repair is eurepair and that all quadratic
repair results in lethal misrepair. This leads to the simplest RMR sur-
vival equation with two adjustable parameters: o , the yield of U lesions

per rad, and € , the repair ratio.

€

L € _ |
S = e-aD[1+_ﬁll] o (7)
There are interesting similarities and differences between this survival
expression and the multitarget single hit survival curves. Equation (7)‘is

useful for fitting survival data from mammalian cells exposed to x-rays.

As an illustration of Case I, an analysis of the x-ray survival of various

repairless mutants of yeast cells will be made.

Case II: Assume that fraction of linear repair is misrepair which causes

more lethality than that found with Case I.

-18-



| ned | o
S = e'aD[1+l€D—] - S (8)

In addition to a' and ¢ there'is a third_adjustable parameter, ¢ , which

was defined in Table I.

The survival probabilities of Case II‘are compared to the linear-quadratic
survival equations. This form of'surviva1 equation is suitable for analysis
of mammalian cell survival curves resulting from high LET radiations, and

the analysis 6f survival as a function of cell age.

Case III: For the application of the RMR mode].tb split dose and mixed
modality exposures, we assume that a time interval t separates two dose

instalments Dl'ahd D,. JThe survival equation is:
S(Dps Dyy T4 t) = L (D, T)eS (Dyy t-1) (9)

At the end of period T, remnant U lesions are added to the new lesions

produced by dose D,.

We will éhow an example of splitvdose experiments with x rays on mam-
malian cells in the fof1dwing discussion. Mixed radiatioh exposures may be
analyzed in a similar méhner. The analysis of split-dose experiments uses
the concept of remnant Ullesi¢ns. ‘The relationship of remnant lesions to

the initial slope of the survival curves will be discussed.

-19-



Case IV: For the calculation of mutation probab111t1es, we shal] assume
that a spec1f1c mutation corresponds to a specific k1nd of m1srepa1r " The
frequency ofamutat1on induction as a function of dose is then, in a simple
case,.proporfienal to,fhe amount of misrepair that 15 occurring while the

cell recovers from a dose of radiation.

:§a§g_1: Repair processes that depend on the magnitudeiof adminisfered
doée may -also be coﬁsidered with the RMR model. The:same-dose of radiation
that causes U 1e§ions might either inaCtivate.orvenhance repair processes.
Hence we obtain survivai curves for repair inactivatioh by_ailowing the co-

efficient ¢ to be a decaying‘function‘of dose. .

A second example allows € to increase as an increasing function of ‘dose.
This results in survival curve shapes that have been described from experi-

ments with bacteria and algae as "SOS repair."

Case VI: We Wil] discuss survival and lethality from ionizing radiations
that are delivered in protracted fashion at constant dose kate. Repair“is‘
occurring while the dose is still being administered, and the cells are left
wifh accumulated U 1esions'at the time when radiation is stoppéd. The RMR .

model predicts certa1n types of dose rate effects for protracted doses.

We will now proceed with a detailed discussion of each of the six cases

of the RMR model.
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v e

Case I of the RMR Model

CasegI is based on the idea that linear Eepair; e.g., the rejoining of
two adjaceﬁt broken ends of DNA in order to reconstitute fhé origina]iunbrbken
piece, is always eurepair. Quadratic repair, which is the rejoining of pieces
of DNA which did not originally belong together before the cell was exposed

to radiation,- is always misrepair, in fact misrepair causing a lethal effect.

- If all RL‘is eurepair, ¢ = 1. If all RQ is lethal misrgpair, § =
0. If remnant U lesions are lethal, then at time (t) any cell that has RQ
lesions is committed to die,and cells that have no RQ or U Tesions are com-
mitted to sufvive. According'to Poisson statistics and based on equations

(4)’through (6).

R U, U ' €
S(t) = exp (- Ry -u> =e 0 [1+9_ (1-et (10)
o . . : € .
With the designation of: ' .
U
(1+—2) (1 - Rt
Y (Uo,t) : eU (11)
1+ (1Y '
€
: _ -yU, u _ € _
L(t) = 1 - exp (-RQ) = e 0 [1 + —g— (1 -e At?] ' v (12)
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When t » = then (S +1L), = 1; which means that no U lesions are left,
they have all been eurepaired or misrepaired. In Figure 4 the time depend-
ence of the functions S(t) and L(t) are shown in the course of repair follow-

ing a dose of radiation.

Dose Dependence of U and S

Dose does not explicitly enter into the survival probabilities (equations
10 through 12). However, U0 is a function of dose. Generally, the dose de-
pendent initial yield of U lesions mightvbe approximated by a power series

that is subject to experimental verification at the molecular level:

_ i max
= :E: i ' '
i=1

where o is a constant.

Without Timiting the eventual app]iéabi]ity of the model, we shall re-
strict ourselves here to a discussion of singlé-sfrand DNA scissions and double-
stranp scissions produced by ionizing radiation. There is a variefy-of experi-
ments available on the yield of strand breaks in microorganisms and in mammalian
cells exposed to ionizing radiation. For example, in recent work on ﬁNA of
X174 phage (Christensen et al. 1972; Hutchinson 1974; Corry and Cole 1973;
Bonura et al. 1975; Sawada and.Okada 1972; Veatch and Okada 1969) and on hamster
cell DNA (RitterAet al. 1977), the yield of DNA strand breaks is proportional to
dose. In phége, single-and double-strand breaks were measured separately,

whereas in mammalian cells the sum of single- and double-strand breaks was
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measured. For both cases the yield of strand breaks was a linear function

of dose:

U0 = abD : (14)

where o is the yield of strand breaks per cell per unit dose. The propor-
tionality holds regardless of the particle or radiatioh used, whether it is

x-rays, carbon, or argon ion beams; o does vary with beam quality, however.

There are some observations which tend to favor a quadratic relationship

for the yield of strand breaks:

Ug = (D) + (a0 (15)

where G, o = constants

For example, Dugle et al. (1976) observed this a relationship for mammalian
cell DNA with x rays at very high doses. Also certain models, e.g., the dual
action theory (Kellerer and Rossi 1972; 1978) propose relationships similar

to equation (15).

The RMR model can use any of the forms of dose dépendence for U0 (equa-
tions 13 through 15) and this model may in fact be helpful in decidingAwhich
equations express the yield of Uo'lesions most accurately. In the present
paper, we use‘only the linear relationship of equation (14); most biochemical

evidence supports this choice.
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The'Rates'of Répair: A and k

ForVDNA strand scission, the rate of>rep§ir has usually been found experif
mentally to be proportional to the number of strand breaks present in tHe cell,
leading to simple time-dependent exponential relationships for the decay_of
strand bréaks. For x-ray-induced strand breaks measured by the alkaline
sucrose method, the half-life for fepair at 37°C is 7 to 15 minutes. Ritter
et a].(1977)'found'that after heavy-ion irradiation about 50% of.the.breaks
repaired with én 80-mihute half-1ife, and up to 20% of the breaks remained
| unrepaired in a 12-hour time span. The slower rate of répaif after heavy
ion exposures can be correlated with the inéreased incidénce of double-strand
écission. A variety of auihors have deménstrated the repair of double-strand

breaks (Hutchinson 1974; Corry and Cole 1973; Roots et al. 1979).

The‘term "doub]e-strand‘scission" probably denotes a variety of 1esioﬁs
”in mammalian cells which af some timé or other fo]]owihg ekposure to radia-
tioh:reach a state where bbfh strands of DNA are severéd. Most methods.to assay
the number of DNA strand bkéaks are indirect. There is also én indication that
éome double-strand breaks remain unrepaired even after 12 hours or more in-
cubation of the damaged cé]ls. "Roots et al. (1979) have correlated the frac-
tioh of unrepaired breaks to the relative bio1ogica1‘efféctiveness (RBE) of
'heavy ions for 1nhibition.6f reproductive fntegrity in hﬁman kidney ce]]s.
'However, we do not have di;ect evidence at present wﬁether the inability to
repair causes death, or rather the cells that are dying'haVe lost thefr ability

. to repair because of some other cause.
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The increase in yield of DNA double strand scissions appears tb be in-
timately connected to the increased biological effectiveness of alpha pér-
Atic]es and of accelerated heavy ions. Although most of the double-strand
Tesions are repaired, this repair is measured at the chemical level as an
increase in molecular weight of DNA fragments. No chemical information is
available on whether or not the entire coded message is preserved during the
double-strand repair process, i.e., whether the repair is eurepair
or misrepair. If we draw a parallel between the production and repair of
double-strand breaks and chromosome breakage and repair, it becomes obvious
that at the‘chromosomal level certafn types of rejoinings, e.g., deletions
or trans]ocations,relate intimately to the survival or death of the cells
and to the possible presence ofbmutants. It seems straightforward to assume
that DNA double-strand scissions may often rejoin.with DNA deletions and DNA
rejoinihgs between two abnormal sets of broken DNA strands. Neary (1965)
has theorized that abnormal chromosbmé rejoinings are proportional to the
square of the dose. |

The form of the RMR model, as given in equation (1), is patterned to
fit the above ideas. The linear repair constant A could represent the rate
at which the broken strands of the same DNA molecule rejoin, and should be
mostly eurepaif un]es§ the repair prdcess for some reason cannot be completed.
The rate constant k could represent DNA deletions and exchanges. The values
of A and k cannot be evaluated in a single survival experiment; this can

be done, however, in split-dose experiments.
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Practical Survival Equation for Case I Derived from Equatidhs (10), (14),

and (15)

vIn Figure 4 we have plotted the time dependent probabilities for cell
survival, equations lb and 12, for a single exposure to dose D Which caused
Ug = ab ]egions. “On‘this figure'we see that'as the cells become committed
to.survive, qr'die due to the formation of RLE‘or'R QM‘states, the probability
of finding cells with U lesions diminishes. The actual observations of sur-
vival probability usuai]y are made at a much later time after the cells have

gone through several divisions and the cells that survived have formed colonies.

We now introduce the factor T as a "time constraint” that depends on

the maximum time available for repair, tmax:

T = 1- eApax ' ' ’ (16)

toax Might be set as the time available from exposure to the first mitosis.

In this case T < 1; alternatively, t might be the time of some other event

max ;

in the cell cycle where repair ceases.

.s=e'°‘D~[1‘+°‘DT] . (17)

€

Usually, if it >> 1, then T = 1 and survival appkoximates equation

max
(7):

5 = o@D ]y 4 _oD
€
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We find thaf this survival equation fits experimenta] data on lethal
effects of low-LET radiation exceedingly well. For example, a survival curve
for V-79 hamster cells exposed to x rays, obtained in our laboratory by Yahg
is shown in Figure 5 togéthef with an RMR survival curve fitted by nonlinear'
least ‘squares method. In comparison, the Tinear mu]tftarget (LMT) model
(Elkind and Sutton 1960) and the repair saturation mode] (Green and Burki
-1972) fit less well because of lack of fit in the "shoulder" region;_thé'
linear quadratic mode]ndeviates from the experimental data either in the

shoulder region or at high doses.

»Figﬁre 6 demonstrates the manner in which the survival curves drawn
from equation (10) or (7) vary when the repair parameters change. A hypoé
thetical mammalian cell similar to v-79 hamster'cells was modeled.

The yield constant o remained the same for all the graphs. In Figyre 6A,
which uses eqdation (7), the repair constant e was varied. When € =0,
an exponential suryiva] was obtained; as € is increased the survival curves

have increasing shou]defs and decreasing slopes at high dose levels.

Figure 6B allows variation of the time tmax of equation (10) while keeping
o and € cthtant. If the repair time is‘zero, the survival curve is
exponential as in the case of € =0. With increasing tmax’ different survival
curves afé obtained with different initial slopes approximating the case of

tmax + <, This case corresponds to T = 1 which has zero initial slope.
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Figure 5

Survival of V-79 cells expoéed to x rays (taken from the work of T.
Yang). The solid line throught the experimental points is a fit by
the RMR model. The exponential curve corresponds to e'OLD
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Theoretical RMR survival curves according to the equatioh:

o ‘aD 1¢
S = e-aDv[l"‘ e]
are represented by solid line. The value o was kept constant, and €,
the repair ratio, was varied from 0 to 30. When € = 0, there is no
repair; when € is large then linear eurepair is much more important

than quadratic misrepair. The dotted lines represent the well-known
single target, multihit survival equation:

oD gaD}2 gaD}Z
S = e [1 o P T

The one-target single-hit curve is identical with the RMR survival curve
when € = 0. The one-target two-hit curve is identical with the RMR

curve when € = 1. At higher hit numbers there are significant differences
between the two models both at Tow and at high dose levels.
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The manner in which cells become committed to survive as Fepaik'proceeds
in time. The coefficients a and € were held constant, and the time v
available for repair was varied.
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Comparison with Conventional Sing]e_Target Multihit Theory

Conventional target theory with m number of hits and g inactivation

constant gives the following survival equation:.

m-1 i
_ (aD)
>

S
( i=0 ie

target) (m) (18)

We can compare this directly with Case I if we éxband'equation (7) in

the form of a power series. For the comparison, assuming € =m - 1 we ob-

tain:
Spmg (e =m - 1) = e g 1!(?m--1%°- 7)1 (mallj) - (19)

- Expressions (18) and (19) are similar except that the terms of (19)

are smaller by the factor:

m-21)"(m-1-14)1

When we deal with a "single hit" survival curve S = e~ #D

, both expres-
sions are the same. In the RMR model, we claim that € = 0; there is no re-
pair. Both models agree that either a single U lesion or a sing]é hit kills

the cell.

A two hit survival curve (m = 2) gives the same analytical form as

= 1. In this case, the multihit equation would claim that the cell could
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always tolerate one relevant lesion, never two or more. The RMR model states
~that € =1 =-%— , therefore the coefficients for linear repair and quadratic

misrepair are equal.

The dashed 1lines on Figure 6A are single target m01t1p1e-hi£ éurviva]
curves for the cases discussed above. Note that neither fhe constants Dq
or Do of the target theory have a meaning for the RMR modei; there'is no
"final" slope to measure Do because the survival curves are cohtinually bend-
ing. For the same réason, it is not valid to extrapo]até the surviva]véurVe

~ to zero dose in order to obtain the eXtrapo1ation number m.

Survival Curves of Cells with Genetic Defects in the Repair Mechanism

As an example of the use of the RMR method and to illustrate the validity
of some of the concepts used, we have used the data of Ho and Mortimer (1973)

on the x-ray survival curves of genetically tetraploid Saccharomyces cerevisiae

(Ho 1976).  These authoré demonstrated that a mechanism for the lethal effect
in these cells was the bfoduction of double Etraﬁd breaks in the nuciear,DNA,
but that in the wild tybe (+) of DNA, efficient repair mechanisms éxisted

to repair double-strand breaké. Severa} repair defiéient mutants were
isolated; one of these (rad 52) was incorporaféd ih the'genome of five dif-
ferent yeast strains. Rad 52 is a repair-deficient gene, whereas the wild

type gene can repair. The gene dose of rad 52 was 0, 1, 2, 3 or 4 in the
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five different mutants; whereas the wild type gene went from 4(+) to 0(+)*.

Figure 7 shows survival curves of the type of equation (7) fitted for
each strain by the least squéres methods. The strain with four rad 52 genes
had an a]most pure exponential survival curve, showing very little repair.

In the other strains , the yield parameter ( o) was constant, whereas the
repair parémeter ( €) increased rapidly with gene dose. A plausible inter-
pretation of these data is the assumption that the availability of the enzymes
responsible for linear eurepair increased with dose of the wild type (+) gene,
while intrinsic sensitivity of the genome for U lesions ( o ) and the rate

of quadratic misrepair remained approximately constant. These experiments
yie]ded only the value for ¢ = El‘ mofe could be learned about the values
of X and k in split dose experimehts (see Case III of the RMR model, which

follows).

Case II of the RMR Model

It is hecessary to extend the treatment of the RMR model to situations
where linear repair is not always eurepair. For example, even though a repair
enzyme may attach to a UO lesion in a normal manner, it may be unable to

complete repair. This wou1d count as misrepair.

*Footnote: The genetic designation of the tetraploid strains of S.
' cerevisiae used was:

X3423 (X3406-1D x X3406-1A) a/ a/ of of +/ +/ +/ +/

XK1l (X3406-1D x X3443-6A) 3/ a/ o/ o/ ¥/ ¥/ F/rad 52/

XK12 (X3406-1D x X3443-2B) a/ a/ o/ o/ ¥/ ¥/rad 52/rad 52/

XK13 = (X3443-11B x X3443-6A) a/ a/ o/ o/ */ rad 52/rad 52/rad 52/
X3452 (X3443-11B x X3443-2B) a/ a/ o/ of rad 52/rad 52/rad 52/rad 52/
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Figure 7

Experimental surv1va1 curves for tetrap101d yeast cells (from the .work
of Ho and Mortimer 1973), fitted by the RMR model. Rad 52 is a repa1r-
- less gene. The survival curves vary with gene dose in a manner generally
in agreement with the RMR model. ‘With @ and k fixed, the values for
€ are given in the insert. If we assume that € measures the repair
rate and that € is proportional to the repair enzymes, then it appears
that the amount of répair enzyme available increases approximately pro-
port1ona11y to the gene dose of the wild type gene (+).
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The analysis that follows is an obvious simplification of the.very com-
plex repair mechanisms that are known to occur in n§ture. Lety = 1 be

the probability that linear repair (R;) is eurepair (see Table 1).

We have shown elsewhere (Tobias 1978) that in Case II, the RMR survival

probability given in equation (7) can be modified to equation (8):

S = e"'(!D [1+ O'—D-] €d
e € ,

An important consequence of equation (8) is that at low doses the sur-

)

vival curves have a finite negative slope;

(%) - -e0-o | (20)
o -

In Figure 8A theoretical survival curves are plotted acéording to
equation ( 8); the value e 1is kept.constaht. When ¢ is zefo, the survivai
is exponential. When ¢ = 1, the curve is the same as that described by equa-.
tion (7) and has zero initial slope. The family of curves with intermediate
values of ¢ all had negative initial s]obes; the slope gradua]]y.decreases

as ¢ is increased.

We compared Case II to the linear quadratic survival equations (LQ) of
Chadwick and Leenhouts (1973; 1978). Let x and y represent constant coef-
ficients in the 1inearvquadratic survival model expressed by the survival
probability SLQ: |

S = e ”XD"yDZ .

g (21)
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Theoretical survival curves and their dependence on the constant. ¢,
which signifies the portion of linear eurepair. A single heavy ion
produces several lesions along its track. The coefficient ¢ decreases
as LET increases, and it measures the probability that all lesions

produced in a single track are eurepaired.
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Figure 8B

Comparison of survival according to the RMR and linear-quadratic models.
Continuous lines represent RMR curves, SO without repair and RMR with
repair. The RMR curve is above the SO curve; repair helps survival.

The linear-quadratic survival (equation 21) is indicated by dashed lines.
The straight line, which corresponds to the initial slope, is.usually
interpreted as being due to single-hit irreparable or irreversible lesions.
The lower dashed curve indicates the cooperativé lethality due to the
quadratic term. If the initial slopes are the same, then at very large
doses the survival due to the linear-quadratic model a]ways dips below
survival due to the RMR model.
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In Figufe’SB we combared survival probabilities of equatibns (8) and
(21), adjusted in such a manner that the-initial siope of the survival curves

is the same.

~Equating the initial slopes gives:
X =a(1'-¢) - ) B (22)

The usual interpretation,of'x‘according to the LQ mbde] is.that‘it re-
presents the yield of irrebarab]e lesions per>unit,dose.}‘The RMR model inQ
Citially has no irrepérab]e Tesions,‘but in the cdurse of time a fraction (1-¢)
of the initiél U0 ]esioﬁ;} D are misrepaired. The RMR model has a<repair
‘term: | | | |

[l*lo]e(.I> 21 (23)

€

“

which is-greatek’than one if ¢ is positive, signifying repair of lesions..

On the'othek hand fﬁé factor é_yDZ of thevLQ model may be regarded as
a "potentiation térm."ufbdmparison of the two models in Figure 8B indicates
that the survaa1,due toffhe LQ model becomes progressive]y lower thaﬁ the
RMR survival at high doéés. The slope of the RMR survival curvévatalarge
doses is always less steep than thelslope of the RMR survival curve withoﬁt

the repair term, equation (23).

Equation (8) can a]so'bé used to describe enhancement of damage by chang-

ing the algebraic sign of ¢ from positive to negative. Enhancement corres-

- =39-



4

ponds to an increase in the number of ‘U lesions over what has been‘initia11y
produced by a dose of radiation. Enhancement may occur as a result of en-
zymatic action. RMR "enhancement" survival curves would lie well below the

expdnentia] curve S0 of Figure 8B.

The Interpretatioh of Survival Data Obtained with Heavy Ions

We have analyzed survival data obtained from human kidney cells irradiated
with a variety of accelerated heavy ions at the-Bévalac accelerator (Blakely

et al, 1979).

Contrbf x-ray data were fitféd to the RMR model eqUation (8); the value
of ¢ was nearly 1. Data from high LET radiations were then analyzed by
non]inear ]east square fitting of two constants: o and ¢, We assumed that
e 1is the same regardless of paktfc]e velocity and LET,so that values ob- |

tained at low LET for ¢ were used to analyze the high-LET data.

We have used a neon beam of 425 MeV/amu npmina1 kfnetic energy per nu-
cleon. This béam has a uséfu] range penetratioh of about 15 g/cm2 in water.
Survival curves were obtained along the Bragg ionization curve at eight dif-
férent residual range values from 0.1 g/cm2 to 12 g/cm2 measured relative
to the Bragg peak LET values ranged between 30 and 400 keV/um. Figure 9 shows
RMR fits to each of the surviya] cUrveé. Note‘that'the cdrvés had less and

less shoulder as the residual range was decreased and the LET increased.

In Figure 10 the RMR coefficients are analyzed as a function of the

mean LET,. The beam was contaminated at low residual range values by primary

-40--



1.0 e T T Tt I e e o o SR %
E
o o 2 B i
* o
0.1} & ’ E
3 E E
-] o 3
L ° :
o -4
o
O
0.01 | 8
8
1.0 deb At
]
c I E
. I
01k
o F
<
>
>
>
x
> - .
m0.0I: *
2 ¥ °
b
lollIIIIL lllllllllll I T T | lllllxi‘lollllllllllllll il SN WS U N WY U G N N N N |
0 gttt bt TR TR TR T TR T TRy
I ] T T Gy’
T 1 ,|BRAGG cuRvE IN warer |
¢ - K F
.01 - + 3 E'\
E ' ¥ : jeo |- -1
F ° o B
1<
g 4 &
4 &
1 gz
4 -
0.01 | i<
E in
1z
11
oot v e P PR NPT, ST
: 0 2 4 6 8 10 12 14 16 18 20 22 24l0°2 4 ¢ 8 10 12 14 16 18 20 22 24 0
TER
DOSE (GRAY) CM OF WA
XBL 792-8478
Figure 9

Experimental survival curves for T-1 kidney cells in air and in nitrogen.
The cells have been exposed to neon beams of various residual-range

values. The Bragg 1onization curve at the bottom right panel shows

the residual ranges, O through K, at which exposures were made. Solid
squares ‘indicate exposures in air; open squares indicaté exposures in

anoxic conditions. Note that the cells are more sensitive to neon pafticles-
near the Bragg peak and the oxygen effect is also reduced. The solid

lines through the points are RMR least-squares fits.
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~ Values of a for the experiments in Figure 9: air, e; nitrogen, o.

Since o is an indicator of U0 lesions, we conclude that this yield
increases with LET under anaerobic conditions. In air, however, the
yield of U0 lesions per unit dose is almost independent of LET.

Figure 108 ‘
Decrease in the exponent ¢e of the survival equation as a function of

LET: air, e; ni?rogen, 0. The decrease of ¢e indicates that there
is much less eurepair at high LET than at Tow LET.

-42-



beam fragmentation. In Figure 10A the coefficient o , which measures the
 yield UO ]esibns per cell, is plotted for exposures performed in air and those

under hypoxic conditions.

_ If ‘we consider the hypoxic conditions first, we see that o increases
rapidly until it levels off above 100 keV/ym. In the presédée of oxygen,
however, there are only minor variations in the o cdéfficient, indicating
that the yield of Uollesions is nearly independent of LET in aereated con-
ditions. At very high LET there is no éignificant difference between the
yield of U0 1es1ons found in cells treated under either areated or hypoxic

conditions. Thus, the presence of oxygen during 1rrad1at1on will signifi-
cant]y increase the 1n1t1a1 yield of U0-1es1ons& It appears indeed that most,
if not a]], of the}rddiobio]ogica1»6xygen effect relates to the initia] pro-
duction.of UO radio1esionsvduring the early radiation physics and chemistry

phases.

In FigureYIOB'the'Qalues of the exponent ¢ 'are.plotted as function

of LET. In. air as we]ibas under hypoxic conditions there is rapid decrease .
noted in ¢ with'increasing LET. Sihce e . is assumed to be constant, the
measure of 1inear eureﬁaif ( ¢. ) decreases rapidly'with LET. We believe this
is not because of a chéﬁge in the value of A or of k, but rather . ¢-decreases
because of the incréased misrepair along indivﬁdualfionizing particle tracks.
The incréased_misrepaif 1s causéd by the physical éloseness of U0 lesions

along the individual paftic]e tracks. We visualize that a particle track

With’very high energy density has a high efficiency in'producing DNA Tlesions
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wherever the expanding core of this\tréck intersects DNA. Calculations show
that 10 to 20 Ug lesions per ionizing track are likely in mamma]ian cell

nuclei when the LET is greater than 100 keV/um. At this LET the core diameter
of a high speed heavy ion can be on the order of 10 to 20 nm (Chatterjee
et al. 1973). This js the same order of magnitude as the-size of nucleosomes,
therefore, the damage might be extensive if a nucleosome is in theApathway

of such a heavy -ion track.

We<be1ieve that the repair processes for heavy-ion-induced radiolesions
are quite similar to the repair processes for x-ray-induced lesions. The
key question is whether or not all lesions méde by a single track can be
eurepaired; if only one of the lesions is misrepaired it may cause a lethal

effect. Further analysis of this problem is in progress.

Applications to the Radiation Respdnses of Synchronous Cell Populations

It is well known that mamma]ian cells exhibit variations in radiétion
Sensitivity during'the cell division cycle. Although a good deal of empirical
material is'avéi]able,'thiS'probiem has received relatively little analysis
from the point of view of quantitative mechanisms. The RMR model can give
some information on the variations in sensitivity for producing UO lesions,

and on changes in repair.

We have an experimental program to measure cell radiosensitivity in

various stages of the cell cycle. The data given here should be regarded
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Y
as preliminary because we are still finding a good deal of variation in both
_the'q and € values from exberiment to experiment. This may be because the
procesé of synchronization interferes with the amoﬁnt of the intrace]-‘
Tular repair enzyme and with the chemical end groups that can modify radio-

sensitivity.

For x rays thé most sénsitive part of the cell cycle is mitosis, and
we-find ¢, the repéir ratio, to be very small for mitotic cells ( € = 0.02)
(Figure 11A). However, the yield of Uy lesions (o ) is comparable to and even
somthat 1ower than o at bther‘cell phaées. In the G and S phases, there is

repair; much more in S ( ¢ = 22.5) than .in Gl (e =5.93).

There;is_much less Fépair for any of the fouf cé11 phases irradiated with
_}argoh ions cbmpared to tﬂelrepair seeh with Xlrays (Figure llB). Survival
curves.obtained from cells irradiated.with,argon are almost purely exponential,
and therefore it is more difficult to accurately determine the € coefficient.
Howeier, € isriess than 1 for all of the celi-cycle phases;, and the yield
of‘U lesions (q ), all wifhin 10% of each other. Inférestingly, Sasaki and
Okada (1979) found fhe iﬁ{tial yield of stranﬂ-breaks in,mammaiian cell DNA

“to be independent of‘the:stage in the cell cycle.

We are only beginning to work on the synchrony problem. It appears that
the rates of repair A and k of equation (1) are both functions of cell age.
It is likely that synchrohy experfments will demonstrate a need for more de-

tailed RMR models of the repair process than are given here.
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Figure 11A

T-1 cell survival curves obtained with 220 kV x rays for cells synchronized
by mitotic shake-off. The data are from Vos et al. (1966) and Blakely
et al.
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T-1 cell survival curves obtained with argon jons of 0.35-cm residual
range in water.
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Case III of the RMR Model: Split Dose Experiments and Mixed Modalities

Equations (4), (5), and (6) are solutions of the basic RMﬁ differential
equation (1), and they give a detailed account of the time dependent quan-

tities of U and R states following a single dose of radiation.

Assume that a dose D1 is given first and thaf this is followed by a
second dose 02 of the same radiation after a‘time interval ¢t . (A1l relevant
quantities of the first and second expdsure are denoted by subscripts 1 and
2, respectiye]y.) We propose tb deal with this.problem by introducing the

concept of a "remnant lesion."

'The symbol for remnant lesions, UR » stands for the quantity of uncom-

mitted lesions present per cell at time ¢
-A
U;(0)e™

Up(t) = ‘ (24)
R u,(0) .
1+ 19 (1 - e'xt )

€

If time scale t, begins with the second dose D, (t2 =t -1 ) we can

write a solution to equation (1) by prescribing new boundary values:

UZ(O) = Ug *aD,, where U2(°° ) = 0 (25)

Analogous to equations (4), (5), and (6) we have:

Atz

(UR + aDz) e
(UR+ aDﬂ

€

]
—
N
(o)
~—

Uy (t,)

1+ (1-e Aty
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-Atz
(UR + aDZ) (1 -e )
RL(tz) = € ]n 1 + | T (27)

€

' -t
] D 2
(UR + aDz) (} + i_B_;_f_gl_) (1”- e. °)

R (tz) Us + oD -t
Q 1+ i_B_____EZ . (1 - 2)
. e ,
- -th
(UR + aDz) (1 -e )
cen |l + e . . - (28)

Calculation of the sﬂrviva] after two dose instai]menté involves renor-
malization. We know that'after time t1 = 1 of the first dose D1 some cells
are‘a]réady committed to die since they have RQM lesions. = The number that
still survive is 1 - L (1) of equation (12). The probability of survival

after two doses,_D1 and 02’ separated by T is:

S;5 = tl -'L(1)] s(ty) o , (29)
S(Dq5 bz; T3 t,) = eXQ [-Up(T) - oly(1) Dy + D, H] .
1 ' -At,, € |
1+ Dl(l - e-kt) 1 + (UR * aDZ) (1 - € ) (30) 

e . _ €

where Up is given in equation (24).
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In Figure 12 we show a graphic analysis of the time dependence of the

'surviva] probabilities (S) and lethality probabilities (L) as functions of
time. Three different conditions are compared: a single dose of 800 rad,
a single dose of 400 rad, and two split doses of 400 rad each separated by
a time interval t . The.area representing cells that have only U iesions
is shaded. It is obvious from the figure that at t there are cells with
remnant lesions, and that the probabiiity for U lesions increases stepwise
with the addition of a second dose.

We have analyzed some split dose X-ray experiments on V79 hamster cells'
performed by Ngo (1978). In this type of split dose experiment it is neces-
sary to evaluate the constants o and é from single exposures -in advance
of the analog of the split-dose eXperiment. The usual experiment, shown in
Figure 13, involves administering a presef single dose (D]), and varying the
size of the second dose (Dz), keeping 1 constant. When this is done, we
can evaluate the remnant lesions UR and also the value of A, the time rate
constant of linear repair. When the values of ¢ and A are known, the values
for k = —2- can then be calculated.

€

Mixed Radiations

The equations given for split dose experiments can also be extended for
mixed beams in special cases. One may initially ask the question whether
or not two radiations can méke uncommitted lesions of the same type for each

other. This question can only be answered after extensive experimentation.
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Figure 12

The time dependence of the functions S and 1-L are shown for a single

dose of 400 rad, a single dose of 800 rad, and for split doses of 400,

rad each separated by 20 minutes. The eventual observable survival |
levels are at large time values. Shaded areas correspond to uncommitted
lesions. The time rates of change of these curves depend on the coefficient
A (equation 25). For this example, X was assumed to be about three

times greater than is actually the case in V-79 cells.

-51-



1.0000 ¢ At ———————} =
[ V-79CELLS ]
: ® X—-RAYS :

O FIRST DOSE:800 RAD X—RAYS

180 MIN_UTE INTERVAL (37°)
0 1006 1l GRADED SECOND X—RAY DOSE 1
0.0100 ¢ T
- u N
< - ]
> T 1
: - .
—) - -
»

0.0010 ¢+ +
- ]

0.0001 ——————

0 2 4 6 8 10 12 14 16 18 20 22 24

'~ DOSE,GRAY
' XBL 794-9461
Figure 13

Split-dose experiment on V-79 cells with x rays; experimental data and
RMR theory. e, single dose, x rays; o, graded second doses; continuous
Tines, RMR model, following equation (30).
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The usual experimental design starts with a dose of radiation 1 (e.g., neon
ion beam), which is followed by a series of doses of radiation 2 (e.g., x
rays). A time”interval T ﬁs-set-netween the two exposures.‘ The situation
can be described by equations stmi]arlto equations (24) through (30), except
that € # €, and alf(iz. (We do not show the exn1feit equations in

this paper.)

- Figure 14 graphs data-from a mixed radiation exberiment. Experiments
like tnese}established that an exposure to heavy ions (carbon; neon,‘qr*angonf
produces remnant U lesions fon-x-rays and vice versa (Ngo 1978). We suspect,:
however, that the interaetiqn between two'modalities,and also between split
doses of the same moda]ity,is more comp1ex than a mere overlap of sublethal
lesions Th1s is illustrated by the fact that exper1menta1]y large doses
of h1gh LET neon or argon ions can under certain circumstances potent1ate.

the effect for a second moda11ty

It appears quite likely that split dose and mixed modality exposures
may uncover new repair mechanisms. It is of particular interest to extend
this model to-account for-the effects from a variety of deleterious agents.

Among the possible interactions are:

1. One modality makes entire1y different moTecu]ar leeions than another
modality and the repair mechanisms are also different. |

2. One medality makes remnant lesions for another modality.

3. One modality may cause extranuc]ear effects (e.g., membrane damage) which
may result in an a]terat1on of the number of U lesions that can be pro-

duced by the other moda]ity.
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Mixed beam experiments with V-79 cells. The curves shown are for x

rays only, neon only, and neon followed by x rays. These experiments _
by F. Ngo et al. show that a previous dose of neon ions produced U lesions
for x rays. After 330 rad neon dose, the "remnant" lesions for x rays
correspond to about 210 rad of x rays; after waiting three hours at

room temperature, the remnant lesions from 303 rad neon correspond to
about 150 rad of x rays. .
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4, Exposure to a deleterious agent can impair or potentiate the repair mecha-

nisms for the other modality.

The RMR ‘model might be suitable for fnrther expansion because it separ-.
ates the dose-dependent prodnction of radiolesions from the time-dependent
repair, and because it has a built in "memory" for UR lesions. Eventua]]y
the RMR mode] may be he]pfu] in c]ass1fy1ng a variety of lesions produced |

by a variety of agents

The Role of Remnant Les1ons and the1r Re]at1onsh1p to the In1t1a1 Slope of

the Surv1va1 Curves at- Low Doses

We may genera11ze the ro]e of remnant 1es1ons UR’ wh1ch is. def1ned 1n>
equat1on (24) These shou]d also be re]ated to rad1ob1o]og1cal exper1ments
on mamma]1an ce]]s when a s1ng]e dose is de11vered It appears that remnant o
"UR 1es1ons might be present not on]y as a consequence of a previous dose of
rad1at1on, but also because of other, nonspec1f1c events in the life of the
~cell that are not precisely understood at present. Remnant 1es1ons can po-
' tent1a11y lower the p]at1ng eff1c1ency of cells and they are also able to
alter the 1n1tna1 slope of:the survival curve. Whereas it is quite likely
~that most of the plating efficienCy variations in radiobiological experiments
are not re]afed*to U ]esionsbfor ionizing radfations, the RMR model mfght

be useful in unraveling some of the causes of variations in plating effic-

~iency. -
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Consequently, us1ng the RMR model there are at least three poss1b1e

reasons for a finite initial slope of the surv1va1 curve:

1. a 1imited time (tmax) available for eurepair, usually the time to
the first'mitosis (see equations (10)'and (17))

2. not all linear repair is eurepair;¢ < 1, see equaiion'(8);

3. there are remnant U 1esions from a previous dose of the same
radiation, or a previdus dose of anether deleterious agent, see

equations (24) and (30).

‘The problem of the initial s]op of survival curves, and the initia].
s]opes of mutation and transformation curves, is a serlfus one from the point
of view of public health risk estimation. In some mode]s e. g., the dual
action theory (Kellerer and Rossi 1972 1978), a f1n1te 1n1t1a1 slope is
f1rm1y related to irreversible d1rect rad1at1on 1n3ury Th1s is a rather
different conclus1on from the RMR mode] where at 1east three different c1asses
of phenomena can a]ter the initial s]ope and where the surv1va] curve’ of ce]]s
depends on their recent h1story of exposure to a var1ety of de]eter1ous agents.

We hope that the RMR model can be used to design crucial exper1ments that

would point to the most important factors in the causatiep<of,]ow dose effects.

Case IV of the RMR Model: Mutations and Cell Transférmation

There are several classes of mutations. The exact prqbabi]ity of pro¥

ducing a specific mutant or transformant debends on the number and types
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of changes that must occur in DNA to produce the specific new structure. |

It is possible, and even likely, that a number of cell generations and severaT
crucial events must occur to complete a mutation or transformation process.
There is not sufficient room in this paper to discuss all factors affecting
mutation rates, however, an example is given of how the mutation rate might

be calculated.

Assume that mutations derive from misrepaired R states. According to
our definitions (Table 1), Ry and RQM are states withvabhormal gengﬁic struc-
tures. If a cell with such states survives, there is a chance that its pro-
geny wi11,be mutanfs. Aésuming a constant probabi]ity, we give a formula
for the probability M (D,t) that a survivor is a mutént,‘based on survival

equation (&).

M(D,t)=l—’l+°‘DU'e ). J (31)
€

Here A¢/¢ s the fraction of 1inearArepair that results in a mutant.

At very low doses, we obtain a linear relationship between dose and mutation:

M(D,t) = Mbeca (1-e- Y p (32)

whereas at high doses the mutant/survivor ratio is saturated. The mutant thus

produced corresponds to a chromatid aberration, but whether or not it is
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expressed depends on further genetic developments. The absolute number of
mutations produced is nonlinear and has a maximum. Equation (31) generally
fits the shapés of mutation yields obtained in heavy-ion enhancement of vira]

induced cell transformation studies by Yang et al. (1979).

Case V of the RMR Model: Radiation Effects on the Kinetics of the Repair

Process

Inactivation of the Repair Mechanism

Because the dose- and time-dependent processes are handled separately,
the RMR model is well suited for the study of the dose depéndence of the
kinetics of the repair process. In the survival expression equation (10)
the coefficients A , k,ahd € were regarded as constants. For Case V we con-
sider these coefficients to be dose-dependentvquantities. We may regard A
as proportional to the available repair enzyme so that if the enzyme should
be inactivated by a dose D of radiation, A may'change accordingly: A |
= X (D). In Figure 15A we show theoretical exﬁmp]es of mammalian cell sur-
vival curves where the repair process is inactivated. We assumed that the

inactivation kinetics are linear, along with the coefficient ¥ . -

e(D) = ¢ Oe"p D _ (33)

where € o “€ at zero dose and € (D) of equation (33) was substituted for

€ in survival equation (7).
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Figure 15A

Theoretical survival curves, assuming doée-dependent inactivation of

the repair mechanism. It was assumed that o (from equation 16) was
constant. The repair ratio, e, is a function of the dose delivered
according to equation 33. The values of Y on the graph are given in
units of rad'l. When. ¢ is about 10'3, the survival curves have a quasi-
exponential portion.:
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It is interesting tb note that in Figure 15A_the shape of the survival
curves change from the usual continuously bending "RMR" form to shapes that
behave 1ike a simple exponential at medium high doses (8 to 16 Gy ). This
occurs when we‘assume that the repair mechanism is about ten times more re-
sistant to ionizing radiation than the genome of the cells is to the produc-
tion of U lesions. This type of dose-dependenf behavior resembles a repair
saturation curve such as proposed by Green and Burki (1972). HoWever,.at
higher doses where the repair is completely inactivated the curves merge into
the "repairless" curve e'dD. Thus, according to the RMR model; survival
cﬁkves with shoulders\and an exponential portion might be indicators of the
presence of repair mechénisms that are damaged by a dose of radiation. It
would also follow that repair would proceed more slowly after a large ddse

of radiation than foT]owing a small dose.

S0S Repair

The induction of repair by a dose of radiation is termed "SOS repair."
Recently new types of repair of UV-induced lethal lesions Qere described in
bacteri (Radman 1975; Devoret 1978; W1Pkin 1976), where a large dose of radia-
tion induced a repair mechanism that was not present when a small dose of
radiation was given. Howard and Cowie (1978) also showed SOS repair.in algae.
As far as we know, the genes controlling repair enzymes in mammalian ¢e115~

-are constitutive; however, more investigations appear necessary.
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The RMR model is quite suitable for the study of rate processes involved
in SOS repair. In Figure 158 we show survival probabilities for SOS repair
when an appropriate function of dose is inserted in the € parameter of equa-

tion (17).

Case VI of the RMR Model: Dose-Rate Effects

In all of the pre;edih§ cases 1t\wa$ tacitly assuhéd that the dose was
delivered so fast to thé éé]]s that exposuré to radiation was complete before
the repair processés were undérway. In this sectioh, we shall demonstrate
that the RMR modei can be used for modeling survival at low as well as_high
dose rates. At very high dose rates (e.g.,> 105 Gy/min), the RMR modé] ‘
is probably not valid.

Assume a constant dose rate D. Uncommitted lesions accrue at the con-
stant rate a(B) in accordance with equations (13) through (15). 1In our ex-
ample, we;chdose a(b) = ad from equation (14). The differential equation for

uncomitted lesions per cell which is analagous to eqdation.(l) is:

=a-AU- k2 | - | (34)

(ol fa )
[ (o=

Integrating and using the quantities R, and R, defined 1h'équations (2) and
_ L Q

(3) we have

U+ RL Tf RQ = at ‘: | (35)
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_ SO0S survival curves generated by the RMR model. To do this, we assumed
a dose dependence of €, as shown by the equations on the graph.
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Figure 12 . | | |
The time dependence of the functions S and 1-L are shown for a single

dose of 400 rad, a single dose of 800 rad, and for split doses of 400
rad each separated by 20 minutes. The eventual observable survival
“levels are at large time values. Shaded areas correspond to uncommitted
lesions. The time rates of change of these curves depend on the co-
efficient A (equation 25). For this eXamp]e, A was assumed to be about
three times greater than is actually the case in V-79 cells.

- A
Figure 13 » _
Split-dose experiment on V-79 cells with x rays; experimenta1 data and
RMR theory: e, single dose, x rays; 0, graded second doses; continuous

Tines, RMR model, fo]]bwing equation (30).

Figure 14 _ _
Mixed beam experiments with V-79 cells. The curves shown are for x
rays only, neon only, and neon followed by x rays. These experiments
by F. Ngo et al. show that a previous dose of neon ions produced U
Tesions for x rays. After 330 rad neon dose, the "remnant" lesions
for x rays correspond to about 210 rad of x rays; after waﬁting three
hours at room temperature, the remnant lesions from 303 rad neon cor-
respond to about 150 rad of x rays.

Figure 15A ,
Theoretical survival curves, assuming dose-dependent inactivation of

the repair mechanism. It was assumed that a (from equation 16) was
constant. The repair'ratio;e , is a function of the dose delivered
according to equation 33.° The values of Yy on the graph are given in
units of rad'l. When y is about 10-3, the survival curves have a quasi-
exponential portion. ' '
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~ With boundary values of U(0) = 0 and U(=) = U, we can solve for U(t):

U(t) = U, « y,(t) - o o : ~ (36)
P 3
where:  U_ = -¢/2 + ((e/2)° + (a/k))
A, = Ae 2k, e, = a/k
1 - (Use )l At
. _ Ume.- - .
and: yé(t) = (" : a_J(_ ¢ )
-a.t

(1 - (Uged(1-e 2 )

If we proceed in a manner similar to equations (1) through (6) and (17), we
can calculate time-dependent probabi]itiesvof survival S(a,t) and lethality

L(a,t):

| | - gt e | o
- S(a,t) = [1 - (U/ey) (1 -6 a )]‘ exp (?\a U - ajt (37)

| | | At - | |
1-L(at) = [1 - (Ufey) (L-e ® )] " exp Tlrgle + (U, - )] (38)

- If radiation with a constant dose rate D is delivered for a time period
1," a remnant lesion of Ya(T)U will be present at the end of period T. Repair

will continue with the further passage of time.
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u -y, (1)U, ’
: W e-x(t-T))>€ ol (39)

S, =S (a,1) (1 +
€

where S(a,t) is taken from equation (37)

In Figure 16 we have ‘plotted the funetions S(a,t) and S(t) for widely
vérying dose rates, but each with the same total-dose.‘ The survival depends
on dose rate if the dose ‘is de]ivereddin about the same lenth of time as the

half time for repair.

The example for a typical mammalian cell syétem assumes that the hq]f
life for repair is longer than one hour. In this examp1e, the dose can be
delivered.in any time interval, from 0 to about 10 minutes, without appreciably

affecting survival.

Kab]an'(1974) found “fast" repair processes in bacterial DNA which were
on the order of one m1nute, and a similar rate of repair process was found
recently by Braby and Roesch (1978), in the algae chlamyddmonas, which was
irradiated continously . The model descnibed here is suitable for calculating
surviVa1 for repair'rates. that are A = 103/se¢ or smaller, but in mammalian

cells we have no evidence for such high repair rates. .
It is important for ‘the validity of the RMR model that the rate dependent

events involving fast radical chemistry do not s1gn1f1cant]y over]ap in t1me

with the enzymatic repa1r;processes we discuss here. From the work of Epp
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Prediction of the RMR model for continuous dose rate exposure. S and

1-L curves are shown for 4 rad/min and 12 rad/min doses. Above 10,000
rad/min the model prédicts no dose-rate effect. Note that the U lesions
accumulate with time while the radiation is "on."
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et al. on bacteria (1968; Michaels et al. 1978), it appears that very high
dose rates (high enough so that the entire dose is de]iYered in about 10'4
seconds) ére necessary to‘modify the oxygen effect. Anoxic radfosensitivity,
on the other hand, appears to be insensitive to high-dose rates up to 1012
rad/min. Todd'ef al. performed very high dose rate experiments in electron

beams with human kidney cells (1968). Their work, reinterpreted recently by

Braby and Roesch (1978), is indicative of a small dose rate effect above 1011

rad/min. Such results essentially confirm the assumptions of our model:
that dose and time‘dependent physical-chemical interactions are essentially

over in less than 10-3 seconds.

Continuous Background Radiation and the Initial S]ope'of Survival Curves

Background radiatioﬁ, according to equations (34) through (38), contin-
uously delivers new U 1esidns tovce11s and, in spite of repair, there are

always some U lesions present in DNA under these conditions.

The'backgéound radiéfion caused by cosmic rays,.and radioactivity found
in the tissues and the enQironment, cdntinuous]y produce lesions in DNA nucleo-
protein. Misrepair of such lesions is also bound to occur, resu]tfng in oc-
casional lethal effects. As a result of the presence of remnant lesions from
background radiation, the RMR model predicts that the initial dose-dependent
slope of survival curves fo]]owing acute Tow-or high—LEf radiation is never

exactly zero but always has a finite, albeit, possibly very low, value.
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~ SUMMARY

A new model is presented for cell éurvival, lethality and mutation caused
by ionizing radiations: the repair misrepéir model (RMR). We have shown
thaf the fast events of physical energy transfer and of radiation chemistry
are largely complete before the enzymes of a living cell can recognize re-
levant macromo]ecd]ar processes anqbbefore biochemical repair processes are
under way. This a]]oﬁs the model to be separéted'into dose-dependent and
time-dependent processes; the shapeséf the survival curves depend on both.
Initial macromolecular lesions are regarded as uncommitted because the even-
tual fate of cells remains uncertain for some time after exposure. The en-
zymatic repair processes yield either eurepaired states or misrepaired states
with altered structures. Survival is a result of competition between eurepair
and misrepair. A fraction of misrepair leads to lethality; other misrepair
fractions produce mutants. The general features of the misrepair process

are analogous to chromosome rejoinings.

RMR survival kinetics have been applied to a variety of radiobiological
processes including the ana]ysis of repair-deficient mutants, the cell age
response, the effects of accelerated heavy ions, split dose survival
from mixed moda]ities, and induction of mutations. The model provides a
flexible framework for testing mechanisms of the biological effects of ion-
izing radiations and of other deleterious agents. Dose-rate effects have
also been modeled. Work is in progress to adapt it to such processes as

repair inactivation dnd S0S repair.
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LIST OF SYMBOLS

time

dose (usually delivered at t = o);'ﬁ = It
probability of survival

probability of lethality

probability of mutation

number of uncommitted lesions/cell

U0 initial number of U 1esiohs

remnant U lesion (at time t)

repair states

RLr yield of a linear repair processes

R

pairs of U lesions
coefficient of Tinear repair
coefficient of quadratic repair

repair ratio (A /k)

probability that linear repair = eurepair

= dose rate

Q yield of a repair process involving interaction between

probability that quadratic repair = eurepair

yield of U lesions per unit dose

time interval separating two dose installments

-A t)

time constraint = (1 - e

number of hits in conventional target theory

constant coefficients in the LQ model

rate of production of U lesions
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