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INTRODUCTION

Radiation biology encompasses a series of dualities.

To begin with, the absorption of ionizing radiation is both

random and discrete. All molecules in a cell are susceptible to

damage, but only a few are hit. Further, energy absorption

events are large enough to break any molecular bond.

Second, randomness and discreteness implies hits and targets.

Since radiant energy is deposited in volumes of atomic dimensions,

in principle targets consisting of large molecules, or aggregates

of molecules, are resolvable from measurements of radiation response.

Third, the stochastics of radiant energy deposition require

the distinction between microdosimetry and macrodosimetry. While

every unit volume of a cell may be essentially equally vulnerable,

initially large regions between absorptions remain undamaged. After

!!small" doses, it is conceivable, therefore, that no biological

effect is produced simply because no damage is registered in a

susceptible target.

Fourth, the physical chemical effects, which follow the initial

energy absorption events, may result in indirect damage

in addition to direct damage registered in a target. Indirect

action is mediated largely by the radiolytic products of water and

effectively increase target sizes.
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Fifth, the net effect of a dose of radiation reflects both

damage and repair. Damage is proportional to dose. At the level of

the elementary biological structure, the cell, repair is operational

and depends upon our ability to measure biological change as well

as the properties of the radiation, the time course of its delivery,

and the inherent repair capabilities of the cell. A return to the

undamaged biological state, if it occurs at all, may only be

specified relative to what is measurable and, hence, is an operational

notion.

And last, radiation biology is fundamental to public health as

well as to radiation therapy. It has been clearly established that

radiation is mutage.iic and carcinogenic. It also has been clearly

demonstrated that cancer may be cured by radiation. This last

duality illustrates the broad-ranging importance of radiation biology

in the current day.

As the world's resources shrink and its population grows, potential

hazards to man increase due to various types of environmental pollutants.

The need for a sustained and vigorous pursuit of the fundamentals of

radiation action should be evident. To this end, rather than a series

of reminiscences and anecdotes, which one might assume are

called for by x.':e occasion, I offer instead an overview of damage/repair

processes in mammalian cells and some speculations about mechanisms.

I will deal principally with radiation lethality (i.e., division

suppression). The choice of this end point, which is easily measured,

is only in part a matter of convenience. Cell killing,

critical in thf treatment of
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cancer, also has a central role in the alteration of other cell

properties. To transform a cell, to mutate it, to change its

differentiation—in each case viability must be conserved. Hence,

to understand the radiation induction of altered cell properties

in general, one must also understand how radiation affects viability.

CELLULAR DAMAGE AND REPAIR

Inactivation Models

The probability of survival of a mammalian cell, in a population

of cells,may be expressed as the product of two terms,

S = e"aD M(D), (1)

where S is the surviving fraction, a is a constant, and D is the

dose. The factor exp(-aD) is referred to as the "single-hit" mode of

killing and describes the fact that most survival curves (see

Elkind, 1975, 1977) are found to have an initial, nonzero slope

(i.e., -a<0). The factor M(D) represents a damage accumulation mode

of inactivation and, in general, M(D) is found to be given by

expression (2a) or (2b),

W ^ y (2b)
) iWhere (2b) is found to apply, y (= - ) is interpreted to be the

n c

sensitivity of each of n targets in a cell, all n of which must be

inactivated to kill the cell. Setting a = (1/,D ), the reciprocal

D Q of the final slope of a survival curve which the term (2b) is

involved, is
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The fraction of cells killed K is given by,

K = 1-S = aD + bD2 + cD3 (4)

where a = a and the coefficients of the remaining terms depend upon

which expression for M(D) is used.

Whichever expression for M(D) fits a given set of survival data,

the qualitative feature of both is that damage must be accumulated

to produce an effect. If this type of damage is repairable, the

likelihood would follow that less killing might result if the dose

is delivered in a way that favors repair (e.g., in fractions over

a period of time, or at low dose rate). In contrast, from Poisson

statistics exp(-aD) implies that one "hit" in a cell's sensitive

"target" suffices to inactivate. Consequently, damage need not be
in this mode of cell killing

accumulatedAfrom which it follows that repair processes would be

without effect relative to the initial slope of a survival curve.

Dose-Effect Curves and Cancer Research

In the context of damage and repair processes, the equations

for survival (1) and killing (4) are schematized in Fig. 1. In the

left panel, where the ordinate is logarithmic and the abscissa is

linear, it is assumed that M(D) is given by (2b). A survival curve

with zero initial slope (i.e., a=0) is sketched as curve A. The

corresponding killing curve is A_' in the right panel, which also

starts with zero slope,although here both axes are linear. Curves
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B̂  and ]$' are the corresponding pair of curves for -a<0 (or a >0)

equations (1) and (4).

Taken together, these two pairs of curves symbolically characterize

the relationship of radiation biology to cancer research. In the

clinic, the objective is to reduce the probability of cell survival

to a level low enough to sterilize a tumor without inflicting an

unacceptable level of damage in the incidentally irradiated normal

tissue. Toward this end, a series of moderately large dose fractions

is employed frequently summing to a large total dose. The repair of

sublethal damags (Elkind and Sutton, 1959, 1960)--to be illustrated

presently—requires that the total dose to reach a given surviving

fraction, be increased as the number of fractions is increased

(Elkind, 1960). If the single-dose survival curve has the shape A,
would be expected to ~~

the total dose versus number of fractionsAincrease without limit

(Elkind, Withers, and Belli 1968, Elkind 1976). In contrast, if

curve B̂  applies, it may be inferred (Dutreix, Wambersie, and Bounik

1973) that when each dose fraction is not large enough to surpass the

initial linear portion of curve J[ (i.e., M(D)=1), the total dose will

approach a maximum as the number of fractions is increased (see

Elkind, 1976, for the additional details relevant to the foregoing).

Hazards to public health due to radiation in general result from

small total doses. Hence induced effects--e.g., cell killing, Fig. 1,

or mutation, neoplastic transformation, etc.--are usually plotted on

linerr scales. A zero initial slope, curve A*, implies no effect from
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a small enough dose. Further, in this case

the theoretical possibility is frequently noted that at a low dose

rate the curvature of A1 would be reduced so that induction frequencies

even for large doses would approach zero. In contrast, when the

induction curve has shape jJ', it is inferred that even if repair at

low dose rate reduces the incidence at high doses, the incidence would

never be less than that traced by the initial slope. This follows

from the assumption that the limiting slope of curve B' reflects

"single-hit" damage and is therefore not dose rate dependent. Since

effects directly proportional to dose (i.e., exponential for small to

large doses, or linear for small doses) are interpreted not to involve

damage accumulation, a role for repair is precluded because in a

surviving cell (or in a nonmutated cell, a nontransformed cell, etc.)

no subeffective damage has been registered.

From the foregoing, it is evident that repair processes expressible

at a cellular level—e.g., proliferative ability, mutation, transforma-

tion, etc.—can have a critical influence on both qualitative and

quantitative responses. The discussion to follow will be confined to

cell survival. The importance of this cellular end point to cancer

therapy is evident since the ultimate objective is tumor sterilization.

But cell survival is also of critical importance in other connections.

To express a mutated or a transformed phenotype, cell viability must

be maintained. Consequently, if only cell survival is influenced by
nevertheless

changes in response due to repair, such changes may also affect other

end points and in particular those of importance to public health.
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Repair Relative to Damage Accumulation

Mammalian cells exposed to X-rays or y-rays have single-dose

survival curves of shape .B in Fig. 1. In reference to equation (1),

cells surviving doses for which a significant decrement in survival

than ^.2]
results from damage accumulation [i.e., M(D) less^are very likely

sublethally damaged. Dose fractionation (Elkind and Sutton 1959,

1960) or irradiation at reduced dose rates (e.g., Ben-Hur, Bronk, and

Elkind 1972; Ben-Hur, Elkind, and Bronk 1974) may be used to

demonstrate the repair of sublethal damage. Since the survival

response of cells depends upon their "age" in their growth cycle

(e.g., see Sinclair and Morton. 1964, for the age-response pattern

of Chinese hamster cells), it is ncessary to account for partial

synchronization when dose fractionation is used. Hence, as an

illustration of repair of sublethal damage, an experiment using

synchronized cells is discussed.

In Fig. 2, the age-response patterns of V79 Chinese hamster cells

for two acute doses of X-rays are shown (see legend for details). A

2-dose fractionation sequence was started at 3-1/2 hrs, at about the

middle of the S-phase. Hence, fractionation data with asynchronous

cells may be expected to approximate those in Fig. 2 betause of the

partial synchronization that results from a

reasonably large first dose (e.g., see Elkind and Redpath 1977).

The prompt, increase in 2-dose survival has been shown to result from

a redevelopment of the shoulder on the survival curve of those cells
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surviving the first dose (Elkind, Sutton-Gilbert, Moses, and Kamper

1967), and the displacement of all of the 2-dose data upward from

the single-dose curve for the same total dose traces the progressive

effect of the repair of sublethal damage. From the plot of the ratio

of 2-dose to single-dose survival in Fig. 3, one may infer that the

repair of sublethal damage takes longer than 4-1/2 hrs to complete.

This is in accord with an estimate of the time course obtained from

the kinetics of the loss of damage interaction between X-rays and

actinomycin D (Elkind, Sutton-Gilbert, Moses, and Kamper 1967).

The down turn in the survival ratio curve in Fig. 3 results from a

shift in the age-phase relationship of the 2-dose to single-dose curves

in Fig. 2. Because cells surviving the first 542 rad dose are

delayed in their aging, the minimum in the 2-dose curve is at a

later time than for the single dose curve. The maximum in Fig. 3

results from this displacement and not from a "relapse" in first-dose

survivors (see Elkind and Redpath 1977, for further discussion of

this point).

Potentially Lethal Damage

When a change in cell cultivation conditions after irradiation

results in a change in survival, one may infer that potentially lethal

damage plays a role. Many of the studies of this form of damage have

demonstrated increases in survival after single doses when postirradiation

conditions suboptimal for growth and, apparently, more favorable for

repair were used (e.g., see Phillips and Tolmach 1966, Belli and
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Shelton 1969, Little 1969, and Hahn and Little 1972). In the work

I describe, a brief postirradiation incubation in anisotonic phosphate

buffered saline (PBS) results in a reduction in survival in the
the viability of

absence of a concomitant effect onAunirradiated cells (Utsumi and

Elkind 1979a and b). The evidence I now describe indicates that

anisotonic PBS posttreatment results in the enhanced expression of

damage which, therefore, is ordinarily only potentially lethal.

Following an acute X-ray dose, the survival of Chinese .amster

cells is further reduced with time if they are incubated in arisotonic

PBS (Utsumi and Elkind 1979a). The rate of reduction depends upon the

NaCl molarity and the temperature of incubation. For cells incubated

for 20 min, 37°C, after X-ray and fission-neutron exposure, Fig. 4

shews the dependence of survival on the NaCl concentration cf PBS.

Maximum survival results if isotonic (0.14 M NaCl) PBS is used and

this survival is the same as for medium. Although the range of

survival change is less for neutrons than for X-rays, it is clear

that after both radiations the qualitative result is the same.

The survival curves of aerobic and hypoxic cells treated after

irradiation with anisotonic PBS are shown in Fig. 5. It is clear

mid-to-large doses,
that forAdoses for which M(D) in equation (1) contributes significantly

to survival decrements, appreciably more potentially lethal damage is
than after small doses,

made evident by postirradiation anisotonicity- Of particular

importance is the fact that the oxygen enhancement ratios (OER's) are

approximately equal for isotonic and anisotonic post'oreatment. This

suggests that essentially the same spectrum of radiochemical lesions
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are involved for the two levels of damage expressed. Hence, it

appears likely that the enhanced expression of potentially lethal

damage does not result from nonspecific stress due to the anisotonic

PBS exposure.

Repair of Potentially Lethal versus Sublethal Damage

A further indication that anisotonicity reveals radiation damage;

that is ordinarily repaired is demonstrated in Fig. 6. Following a

fixed X-ray dose, cells were incubated in (isotonic) medium at the

temperatures and for the times shown. They were then treated with

hypertonic PBS after which medium was returned for colony formation.

A rapid, strongly temperature-dependent loss of the susceptibility ox

cells to enhanced damage expression is evident. Consistent witn the

results in Fig. 6, it was found that by 60 min after irradiation, the

entire survival curve is no longer modifiable by hypertonic PBS.

Repair of sublethal damage proceeds more slowly as shown in Fig. 3.

The data in Fig. 6 suggest that the repair of potentially lethal

damage, expressible by anisotonicity, is appreciably more rapid than

the repair of sublethal damage, Fig. 2. This implies that these two

forms of damage differ. Further support for this likelihood is in

Fig. 7 where fractionation survival curves are shown for isotonic and

h/pertonic PBS posttreatments after each dose. It is clear that the

reduced survival resulting from hypertonic PBS treatment is not

accompanied by a loss of the ability of cells to repair sublethal

damage.
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Hence, in the mid-dose range [i.e., M(D) less than M).2], where damage

accumulation can be expected to make an appreciable contribution to

cell killing, it is nevertheless clear that the repair of sublethal

damage is independent of the amount of potentially lethal damage

expressed. Further, independence of repair implies that these two

forms of damage are molecularly distinct as well as operationally

distinct at a cellular level. (This point will be further discussed.)

Is "Single-Hit" Damage Reparable?

The detection of damage modification after mid-to-high doses--

i.e., for surviving fractions lower than ^0.1--is frequently

facilitated by the relatively large changes in survival which may

be effected. This is clearly the case in connection with both

sublethal damage and potentially lethal damage. To illustrate, since

the amount of sublethal damage that may be repaired decreases as the

size of the first dose is decreased, the repair of sublethal damage

becomes increasingly more difficult to demonstrate as the first dose

approaches zero. This is because, in principle, the sublethal damage

accumulated approaches zero, i.e., M(D)-K). In the instance of

potentially lethal damage, the enhanced expression of which may

result mainly in a D change, the survival difference becomes

progressively less as the small dose region is approached (e.g.,

Fig. 5). Consequently, it is generally difficult to examine whether

or not the conventional interpretation of no repair associated with
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an exponential (or linear) dose dependence—e.g., exp(-aD)--is
i

fulfilled experimentally. This difficulty is even more apparent

for end points like mutation and transformation induction because

experimentally, low frequency events are usually associated with

large uncertainties.

In spite of these difficulties, one may test for repair in

the region of small doses with the aid of an extrapolative procedure.

Figure 8 shows pairs of survival curves, isotonic versus hypertonic

PBS postirradiation treatment. (As noted earlier, an isotonic

posttreatment does not influence survival.) While the relative

change in survival for fission-spectrum neutrons ir less than for

50 kVp X-rays, nevertheless it is clear that in both cases the

posttreatment enhances the expression, in the mid-to-high dose ranges,

of what is otherwise only potentially lethal damage.

To decide whether or not the initial part of each curve in

Fig. 8 has remained unchanged, one may reason as follows. For each

radiation, one may plot the survival ratio as a function of dose.

If the initial part of either survival curve io unaltered by the

posttreatment, the plot of the survival ratio would have a zero

initial slope indicating that in the small dose region, survival is

not reduced by hypertonicity. From Fig. 9, which shows plots of

this type, it is clear that neither curve intersects the abscissa

at a dose greater than zero. Thus, the inference follows that

hypertonic posttreatment results in enhanced lethality even in the

region of dose where survival is controlled by the first factor in
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equation (1). (Results similar to those in Figs. 8 and 9 have also

been obtained with hypotoiuc posttreatment.)

Two separate kinds of experiments have a^so been performed

(Utsumi and Elkind, to be reported separately) which support the

foregoing inferences. In the first, synchronized cells, irradiated

in late S-phase with X-rays or with fission-spectrum neutrons, were

examined. In both instances, clear modifications of the initial

parts of the survival curves are evident when the repair of potentially

lethal damage is inhibited by anisotonicity or by other means (e.g.,

caffeine). In the second, a radiation sensitive variant of V79

Chinese hamster cells was examined. The neutron and X-ray responses

of these cells are modified neither in the high nor low survival

regions by the tonicity changes which are effective against parental

cells suggesting that the sensitivity of the variant results from an

inability to repair the same sector(s) of damage that is caused to

be expressed in parental cells by anisotonicity.

Hence, data obtained with repair proficient and repair deficient

cells are internally consistent and lead to the conclusion that the

"single-hit" survival factor exp(-aD), as well as the damage

accumulation survival factor M(D) in equation (1)>ordinprily reflect

the net damage remaining after the repair of that portion which is

only potentially lethal. As discussed elsewhere (Elkind 1977), this

conclusion is not in conflict with hit-target theory. The conventional

inference that exp(-qD)—or, equivalently, a linear dose dependence—

represents single-hit killing and, therefore, is not subject to
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biological modification, corresponds to an interpretation of a

limiting case of a more general mathematical solution in which a

specific accumulation of events in a target also yields an exponential

survival curve.

Lastly, as has been noted, by 60 minutes after an acute X-ray dose,

the entire survival curve is no longer modifiable by anisotonicity.

Hence, one may infer that low dose-rate irradiation involving exposures

of the order of, or longer than, 60 minutes will result in survivals only

minimally modifiable by anisotonicity. From this the more general

implication may be drawn that the initial slope of a survival curve

could become shallower with decreasing dose rate. In a given case,

if the expression of survival involves postirradiation

conditions which limit the amount of potentially lethal damage which

is repaired, or which limit the rate of repair, then at a reduced dose

rate more repair could occur and, as a result, a in equation (1)

could decrease

Cell Killing and DNA Damage due to Nonionizing Radiation

The characteristic discrete and random nature of energy deposition

by ionizing radiation is associated with absorption events large

enough to break any molecular bond. Thus, the structure evident

in an age-response pattern (e.g., Fig. 2) reflects the age-dependent

ability of cells to cope with radiation damage in sensitive targets

rather than an age-dependent variation in the amount of energy

deposited in such targets. The correlation of x-ray resistance with
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the DNA synthetic phase, the potentiation of X-ray killing by DNA

interactive chemicals like actinomycin D (e.g., Elkind, Whitmore, and

Alescio 1964, Elkind, Sutton-Gilbert, Moses, and Kamper 1967, Elkind,

Sakamoto, and Kamper 1968), and the sensitization which results from

the incorporation of halogenated pyrimidine:; into DNA (e.g., Mohler

and Elkind 1P63, Shipley, Elkind, and Prather 1971)--all point to an

involvement of DNA in cell killing by ionizing radiation.

However, DNA damage is implicated in lethality due to other

radiations. For example, DNA damage is very likely involved in lethality

due to far-UV (254 nm) light (Rauth and Whitmore 1966, Setlow and Setlow

1972, Cleaver 1974, Han, Korbelik, and Ban 1975) in part, at least, because

it is readily absorbed by nucleic acids and produces copiou. quantities of DNA

photoproducts (see Table. 1). And the photosensitivity, which results

from the replacement of thymidine by 5-bromodeoxyuridine (BUdR), appears

clearly related to DNA damage since BUdR is incorporated exclusively into

DNA, and since light exposure results in extensive DNA damage (see Fig. 12

and Table 1). For these reasons, it is instructive to consider the

interactive effects of nonionizing and ionizing radiations in the context

of damage-repair processes.

With cells synchronized by the mitotic selection technique (i.e., zero
Figure 10

hours corresponding to the beginning of the cycle in this case), A shows the
the light

relationship between the X-ray and^ar-UV^fUV) age-response patterns for

survival. Both suggest an involvement of DNA because of the large changes

during the S-phase (̂ 2-9 hrs), but because the patterns are almost mirror

images of each other, their action on DNA must differ.
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To examine the possibility of interactive damage, the respective

age-responses of these radiations must be taken into account. The

dashed .arve is obtained by forming the product of the individual

survivals as a function of time and predicts the combined age-response

if the two radiations act independently. The lowest curve shows, in

fact, what is observed.

Using synchronized cells at their mid S-phase, Fig. 11 shows how

the X-ray survival curve is altered by a first exposure to far-UV light.

These data indicate that the shoulder of the X-ray survival curve is

ultraviolet light.
progressively removed by increasing doses of » Experiments in

which the effect of X-rays on the far-UV survival curve was examined

(Han and Elkind 1977), and on the rate of repair of interactive

damage (Han and Elkind 1978)} support the interpretation that nonlethal

far-UV damage operationally is equivalent to sublethal X-ray damage.

Although, at a molecular level far-UV effects differ from those

of X-rays notably in the production of pyrimidine dimers in DNA, they

also differ in its lesser ability to produce DNA alkali-labile

lesions (or single-strand breaks; see Elkind and Han 1978, and Table 1).

In contrast, the fluorescent light (FL) exposure of cells containing

BUdR (BUdR/FL) results in much higher yields of DNA breaks as shown in
Q

Fig. 12. The rates of induction of single-strand breaks per 2 x 10

daltons are compared in Fig. 12 by normalizing dose in each case by

the corresponding D dose. Although BUdR has a small effect on the

X-ray breakage efficiency (Ben-Hur and Elkind 1972b), a major difference

in the induction of breaks by BUdR/FL compared to X-rays is,nevertheless,
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apparent. A second point of importance is the fact that one line

suffices to fit all of the BUdR/FL data when dose is expressed in units

of D . Growing cells in 1 x 10" M BUdR results in an appreciably steeper FL

survival curve than for cells grown in 1 x 10 M BUdR (Ben-Hur and

Elkind 1972a). But when the consequent change in D is taken into

account, the DNA breakage data are fitted by a single line (Fig. 12).

Thus, a connection between DNA breakage and cell killing is implicated.

Relative to the effects of nonionizing radiations, the foregoing

may be summarized as follows.

1) Operationally, far-LJV nonlethal damage is equivalent to

sublethal X-ray damage.

2) BUdR/FL cell killing very likely results from DNA lesions and

may be due to single-strand breaks, or a lesion induced in proportion

to single-strand breaks.

3) BUdR/FL is appreciably more efficient than X-rays, per unit

amount of cell killing, in producing single-strand breaks in DNA.

Anisotonicity versus Lethality due to Nonionizing Radiation

Jn view of the distinction already made between potentially lethal

and sublethai damage due to ionizing radiation, it is relevant to

consider if nonionizing radiation cell killing is modifiable by

anisotonic PBS posttreatment. Figure 13 shows that after u far-UV dose,

or after a near-IJV exposure of cells containing BUdR,which, in each case,

is sufficient to reduce survival to about the same level as for X-rays,
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essentially no alteration in survival is effected by

treatment with PBS solutions containing NaCl concentrations from 0.01 M

to 0.5 M. Further, it has been shown that 0.5 M NaCl PBS has essentially

no effect on the far-UV and BUdR/near-'JV survival curves (Utsumi and

Elkind 1979b).

Thus, the following points are suggested.

1) Anisotonicity-related potentially lethal damage is not involved
light

in far-UYVlethality. This supports the differences noted between X-ray

potentially lethal and sublethal damage and the operational equivalence
light

between nonlethal far-UV^damage and sublethal X-ray damage.

2) Anisotonicity-related potentially lethal damage is not involved
light

in BUdR/near-UV^(or, equivalently, BUdR/FL) lethality. Since BUdR/FL

lethality very likely results from DNA lesions, and in view of the

efficiency with which these lesions are produced (Fig. 12), one may

infer that either BUdR/FL induced DNA lesions differ in some important

respect from X-ray-induced lesions, or the modes of killing of these

two treatments differ (Hagan and Elkind 1979a).

DNA DAMAGE AND REPAIR

In regard to cell killing by ionizing radiation, several

generalizations may be stated.

First, repair competent cells are able to repair potentially lethal

damage essentially starting from levels of damage corresponding to zero
sparsely ionizing radiation like

dose. This is the case not only for X- and y-ray^, but also for a more

densely ionizing radiation, fission-spectrum
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neutrons. Therefore, biophysical theory intended to connect biological

action with microdosimetry (e.g., see Kellerer and Rossi, 1972) will

estimate target sizes (e.g., see Elkind 1978) unless the effects of

repair are taken into account.

Second, cells exposed to ionizing radiation suffer both potentially

lethal and sublethal damage. The potentially lethal damage expressible

by anisotenicity operationally appears to be unrelated to sublethal

damage. While it remains a possibility that the damage accumulation

mode of cell killing [M(D) in equation (1)] results: from the

saturation of a repair system by damage otherwise only potentially lethal;

or from the radiation inactivation of a repair system compromising its

ability to repair damage otherwise only potentially lethal (see Alper

1977)--there appear to be classes or types of potentially lethal damage,

at least, which are not the same as sublethal damage.

And third, accepting that lesions in DNA give rise to both

potentially lethal and sublethal damage, it is likely that one or both of

the following is involved: the same types of lesions act in different

targets; or different lesions act in the same targets.

To place the preceding in perspective, Table I summarizes the

results of damage-repair studies relative to cells and DNA. Although not

all the same kinds of information are available for each radiation,

nevertheless, what is available suggests certain consistent relationships

and some which are not. (Note, cell cycle fluctuations in response and
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variations of similar magnitude are considered second order effects for

purposes of the discussion to follow.)

Consistencies:

1. The ability of cells to repair sublethal damage (SLD, Table 1)

correlates with the presence of a shoulder on the survival curve.

2. For each radiation, the number of DNA single-strand breaks

(ssb, Table 1, i.e., alkali-labile lesions) induced per DQ is too large

for one such lesion to be the hit produced by a "mean lethal dose."

(See, for example, Elkind and Whitmore 1967, for a discussion of the

foregoing in the context of hit-target theory.)

3. With the exception of far-UV light (because the data are not

available), DNA double-strand breaks (dsb, Table 1) are also produced

with considerable excess per Do.

Inconsistencies

4. The ability of cells to repair potentially lethal damage (PLD,

Table 1) does not correlate with the shape of the survival curve (i.e.,

compare far-UV light and BUdR/FL).

5. The number of single- or double-strand breaks in DNA per D

does not correlate with the ability, or inability, of cells to repair

sublethal or potentially lethal damage (i.e.., compare far-UV light and

BUdR/FL).

6. If cells have an ability to repair DNA breaks, it does not mean

they are able to repair cellular damage (e.g., compare far-UV light and

BUdR/FL).
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it is evident from the foregoing that systematic relationships between

damage-repair at a cell level are not correlatable with damage-repair

relationships at a molecular level.

In respect to the X-ray data in Table 1, an important set of

entries refers to DNA breaks in surviving cells (Elkind 1978). Briefly,

the estimates that fewer than 1 in 300 single-strand and 1 in 12 double-

strand breaks remain unrepaired were arrived at as follows. Because

technical difficulties preclude the measurement of single-strand breaks

by sedimentation methods unless supralethal X-ray doses are used--i.e.,

doses which reduce the surviving fraction to appreciably less than

0.001 — and because it is not possible to separate survivors from cells

destined to die, DNA damage-repair measurements essentially trace the

course of events in killed cells. Remarkably enough, as indicated in

the table (see also Ben-Hur and Elkind 1972, and Han and Elkind 1977),

the repair of single-strand breaks is rapid and probably double-strand

breaks as well.

To circumvent this difficult in part, V79 cells were irradiated

with dose fractions of ̂ 1000 rad until a dose of 50.8 krad was

accumulated. Between each fraction, the cells were incubated for

several days which permitted the nonsurvivors to lyse and the survivors

to repopulate. From an analysis of the sedimentation patterns obtained

with the further irradiation of the progeny of the 50.8 krad survivors

compared to those from control cells, it vas possible to arrive at an

upper limit estimate of the proportion of unrepaired single-strand breaks

which were propagated. Also, since one double-strand break is produced
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is produced fcr every 25 single-strand breaks, an upper limit estimate

could be made for the persistence of double-strand breaks. Thus, for

X-rays the further point in Table 1 is that most, if not all, of the

breaks in the DNA of the progeny of surviving cells is repaired.

Since the repair in nonsurvivors is completed before the first division

after irradiation (e.g., see Elkind and Han 1978), repair i5 probably

equally as rapid in surviving cells and, consequently, probably few,

if any, breaks are propagated.

DNA DAMAGE AND LETHALITY

In spite of the differences evident among the damage-repair processes

just reviewed, some inferences relative to X-ray killing may be drawn for

purposes of biophysical modelling. These are only qualitative or

semi-quantitative since it is of questionable usefulness to offer detailed

speculations before additional data are available.

To begin with, the properties of potentially lethal damage and its

repair are sufficiently different from sublethal damage and its repair to

suggest, as already noted, that either different targets or different

lesions in the same target are involved. As the following indicates, at

present it is not possible to choose between the two.

1) Hypotonic and hypertonic buffer solutions (Figure 5) have the

same qualitative effect on cell survival. Thus, a mechanism of expansion

and contraction of some vital structure related to the genome is implicated

in the inhibition of the repair of potentially lethal damage. Such a
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structure could be the nuclear envelope and/or the protein matrix of the

nucleus (Berezny and Coffey 1975) to which the genome may b<* attached

at different points.

2) The kinetics of repair of single-strand DNA breaks (e.g., Ben-Hur

and Elkind 1972, Han and Elkind 1977) is close to that for the repair of

potentially lethal damage (Figure 6). Hence, it is a possibility that

the repair of strand continuity returns the DNA to a state in which

anistonic treatment—i.e., stretching or contraction of DNA-related

structures—is without effect. Alternatively, the attachment point

itself, or the DNA in it, could be long as compromised by the anistonic

treatment as the DNA is not repaired.

5) Actinomycin D affects the X-ray survival curve of Chinese hamster

cells (Elkind, Sutton-Gilbert, Moses, and Kamper 1967, Elkind, Sakamoto,

and Kamper 1968) in a manner qualitatively similar to far-UV light

(Figure 10). As a result of its intercalative binding to DNA,

actinomycin D introduces a strain in the duplex because each intercalation

results in a small amount of unwinding (Waring 196S). Although the

nature of the distortion differs, the pyrimidine dimers produced by

far-UV light (Table 1) also distort the duplex by causing intrastrand

straightening and associated local denaturation (Hagen, Keck, Korger,

Zimmerman, and Lucking 1965, Salgnik, Drevick, and Vasyuninia 1967).

The influences on the X-ray response of actinomycin D and far-UV light

persist for appreciably longer periods than the susceptibility of cells

to the enhanced expression of potentially lethal damage (i.e., several to

many hours compared to less than one hour, respectively). In contrast,
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the fcinetj.cs of the repair of single-strand X-ray breads is only

slightly influenced, if at all, by either actinomycin D (Elkind,

Chang-Liu 1972) or far-UV light (Han and Elkind). These various

factors ail point to an effect on DNA whose repair is appreciably slower

than the repair of strand discontinuities. Furthermore, this effect is

not influenced by anisotonicity. Hence, a lesion different-from a

strand break is suggested that is sublethal and that leads to a distortion

of the genome presumably at the level of the secondary structure of DNA.

MISREPAIR AND LETHALITY

A last major point that is contained in Table 1 involves the excessive

amount of DNA damage per D and the indications that single- and

double-strand breaks may be completely repaired in cells surviving

X-radiation. This means that to survive, a cell must repair a very

large number of breaks (not to mention other lesions). To illustrate,

a D dose reduces survival by at most a factor 1/e [expression (2b) for

equation (1) assumed]. However, statistically it is not possible that

the genomes of essentially all of the survivors of a D dose increment

escape suffering large numbers of lesions. Hence, repair of DNA damage

would appear to be required for survival and must be effected with

enough fidelity to be compatible with viability.
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From the foregoing, the notion arises that lethality may be the

resuJt of misrepair. That is, the presumed complete restitution of DNA

breaks following an X-ray dose occasionally results in a configuration

that is incompatible with sustained proliferation. Since ̂ 1000 single-

(plus other lesions)
and M O double-strand breaks are registered per D , the frequency of

misrepair would not have to be large. An alternate hypothesis compatible

with the apparent large excess of DNA damage per D is that only a small

fraction of the genome—e.g., 'vL/lOOOth or ̂ l/^Oth in the instance of a

single- or a double-strand break, respectively, being the lethal lesion-

is sensitive to ionizing radiation.

\lthough the detection of repair, or the lack thereof, in a small

fraction of the genome is probably beyond the capabilities of currently

available methods, misrepair is favored nevertheless because of the

following additional observations. After high-survival doses of X-rays

(i.e., 100-800 rads), the sedimentation of DNA released from mammalian

cells is altered discontinuously in manner analogous to the insertion

of a single-strand break in a closed circular superhelical duplex

(Elkind, 1971, Elkind and Chang-Liu 1972, Cook and Brazel 1975, 1976a).

Cells can reverse the changes involved in this process as rapidly

(Elkind and Chang-Liu 1972, Cook and Brazell 1975) as they can repair

potentially lethal damage. From target considerations, the molecular

g
size of this structure is estimated to be in the 10 dalton range,

9
e.g., ̂ 3 x 10 daltons. A unit of this size has been identified in
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the maturation of newly synthesized DNA (Hagan and Elkind 1979b). Cook

and Brasell (1975, 1976a and b) have shown that the sedimentation of

this material, in the presence of DNA intercalators is reminiscent of

the sedimentation of a circular supercoiled DNA structure (Waring 1970),

and they have proposed that this results from a "topological constraint"

that prevents the free rotation of this DNA unit (Cook and Brazell 1975).

The number of such units p^r cell would be about the same as the number

of single-strand breaks per Do. The points of "topological constraint"

could also be the genome "anchor points" to the nuclear protein matrix

to which reference has been made. Hence, in the range of biologically

relevant doses, a large fraction of these constrained units would suffer

a single-strand break, and since these units appear to be completely

repairable (Cook and Brazell 1975), an infrequent misrepair could be

a likely cause of reproductive death. Anistonic treatment immediately

after irradiation could enhance lethality by increasing the frequency

of misrepair. Alternatively, the anchor points themselves could

represent the target equivalent to the small fraction of the genome in

which a hit is potentially lethal. Misrepair would also seem reasonable

due to an accumulation of sublethal damage--i.e., damage which distorts

the duplex—and, hence, distorts the tertiary or higher-order structure

g
of these ̂ 3 x 10 dalton units as well.

PERSPECTIVE AND PROSPECTS

Radiation biology has reached a critical stage both in regard to

its importance in human affairs, and its position at the leading edge
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of fundamental science. On the one hand, society needs answers—answers

to questions that limit the effectiveness of cancer therapy, and answers

to questions of the degree of the hazard to people from widespread

radiation exposures (i.e., from nuclear power, diagnostic X-rays, etc.).

On the other hand, the fundamental insights from which such answers will

come are not likely until the molecular and cell biology of the genome—

its structure, replication, segregation, and control of phenotypic

expression including cell proliferation—are more clearly understood.

Thus, at this juncture, radiation biology, as well as other areas of

science, characterize an ultimate duality; that is, the strong coupling

between fundamental science and improvements in human welfare.
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Table 1. Summary of Cell and DNA Damage-Repair Data

Surv.
Treatment curve

SLD PLD ssb ssb in dsb dsb in. TT per
repair repair ssb/D repair survivors dsb/D repair survivors ssb

far-UV
(254 nm)

thresh-
old

slow
(next
cycle)

none "400
slow
to
none

probably
«ssb slow ^5,000

BUdR/FL expo-
nential

none none ^50,000 rapid ^250 probably ?
rapid

X-rays thresh- T
old

90 min 15 min

^1,000 rapid <l:300
unre-
paired

probably <1:12
rapid unre-

paired

SLD = sublethal damage; PLP = potentially letha' damage.

ssb = single-strand break; dsb = double-strand break; TT = thymine-containing dimer.

p •

O 2

3
Cu
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Figure 1. Schematic representations of zero (A> L') and nonzero

(ii, I,1) initial slopes for cell survival (left panel) and the

induction of effects like cell killing, mutagenesis and oncogenesis,

(right panel). The left panel represents a logarithm-linear plot

while the right panel denotes a linear-linear plot.

(From Elkind 1975).
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Figure 2. Single-dose and two-dose survival patterns for V79 Chinese

hamster cells irradiated (50 kVp X-rays, 1800 rad/min) at different

ages (or times) in their growth cycle. Cells were synchronized by

the use of hydroxyurea (Sinclair 1967) and hence, zero hours on the

abscissa corresponds to the G^S border. The dose fractionation was

started at 3-1/3 hrs which is close to the time of greatest resistance

in the cell cycle. P.E. = plating efficiency and N = average cell

multiplicity of colony forming units. Uncertainties are standard

errors. (Modified from Elkind and Redpath 1977; similar results have

been reported by Sinclair and Morton 1964, Elkind and Sinclair 1965,

and Elkind, Sutton-Gilbert, Moses, and Kamper, 1967.)
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Figure 3. A plot of the survival ratio of the 2-dose to single-dose

data in Figure 2. (Modified from Elkind and Redpath 1977.)
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Figure 4. The dependence of the survival of V79 Chinese hamster

cells on the NaCl molarity of phosphate buffered saline (PBS) added

immediately following a fixed dose of 50 kVp X-rays or fission-spectrum

neutrons obtained from the JANUS reactor at the Argonne National

Laboratory. The doses chosen resulted in about the same single-cell

surviving fractions for isotonic PBS posttreatment (or medium). The

range of NaCl concentrations shown did not reduce the survivial of

unirradiated cells. Other details as for Figure 2. (From Utsumi

and Elkind 1979b.).
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Figure 5. The influence of hypoxia on the survival curves of

X-irradiated asynchronous Chinese hamster cells treated v/ith (aerated)

PBS solutions, containing the NaCl concentrations shown.after

irradiation. The survival curve parameters are as follows:

aerobic irradiation, isotonic posttreatment, D = 138 rads,

D = 393 rads, jji n = 2.85; hypoxic irradiation, isotonic posttreatment,

D = 375 rads, D = 1050 rads, jLn_ n = 2.80; aerobic irradiation,

anisotonic posttreatment, D =70.0 rads, D = 248 rads, In n = 3.54;

o q

and hypoxic irradiation, anisotonic posttruatment, D = 182 rads,

D = 619 rads, Jjri n = 3.40. (D , the 1/e dose along the exponential,

terminal part of the curve; D , the shoulder width corrected for

single cells; and In n, the natural log of the extrapolation number.)

Other details as for Figure 2. (From Utsumi and Elkind 1979a.)
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Figure 6. Repair of the potentially lethal damage, in X-irradiated

(807 rads) Chinese hamster cells, which is made evident by hypertonic

PBS posttreatment. The open symbols show the time dependence of the

loss of the expression of additional lethal damage; each point denotes

the time at which a 20-min 37°C hypertonic treatment was started

following postirradiation incubation in complete medium at the

temperatures shown (see text). The closed symbols refer to treatments

with 57°C isotonic PBS for 20 min. Other details as for Figure 2.

(From Utsumi and Elkind 1979a.)
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Figure 7. Single-dose and fractionated-dose survival curves of

X-irradiated Chinese hamster cells treated immediately after each

dose with either isotonic or hypertonic PBS at 37°C. The first doses

for the fractionation survival curves were: isotonic PBS, S34 rads;

and hypertonic PBS, 457 rads. During the 2 hr fractionation interval,

cells were incubated i.n growth medium at 37°C. The single-cell survival

curve parameters for isotonic PBS posttreatment are: single-dose D =

135 rads, D = 347 rads, and In n = 2.57; and two-dose D = 137 rads,

D = 170 rads, and JJT. n = 1-24. For hypertonic posttreatment, the

parameters are: single-dose D = 71 rads, D = 259 rads, and In n =

3.65; and two-dose D = 75 rads, D = 104 rads, and Jjn n = 1.39. Other

details as for Figure 2. (From Utsumi and Elkind 1979a.)
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Figure 8. Survival curves of V79-AL162 Chinese hamster cells following

single doses of 50 kV X-rays or fission-spectrum neutrons. Immediately

after irradiation, cells were incubated in either isotonic PBS (O,A)

or hypertonic (0.5 m NaCl) PBS (• , A ) • The survival curve parameters

are: X-rays + isotonic PBS, D = 148 rads and D = 280 rads; X-rays +

hypertonic PBS, D = 70 rads and D =233 rads; neutrons + isotonic PBS,

D = 68 rads and D = 83 rads; and neutrons + hypertonic PBS, D = 48

rads and D = 53 rads. Other details as for 1-igure 2. (From Utsumi

and Elkind 1979b.)
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Figure 9. Survival ratios as a function of dose for Chinese hamster

cells treated immediately after irradiation with isotonic versus

hypertonic PBS. The survival ratios are obtained from the data in

Figure 8. (From Utsumi and Elkind 1979b.)
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Figure 10. Survival of Chinese hamster cells after

single or combined exposures to ultraviolet light and X-rays as a

function of position through the growth cycle. From the top down:

single-dose UV survival, O; single dose X-ray survival, A ; predicted

survival through the growth cycle after a combination of UVplus X-rays

based upon independent action, [UV]•[X]; and observed survival versus

cell age from a combined treatment UV + X, • . Other details as for

Figure 2. (From Han and Elkind 1977.)
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Figure 11. X-ray survival curves for synchronized Chinese hamster ce l l s

i r r a d i a t e d in t h e middle of t h e S p e r i o d ( e . g . , a t 5

hours in Figure 10). Graded X-ray doses were administered immediately

after the UV doses shown. Other de ta i l s as for Figure 2. (From Han

and Elkind 1977.)
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Q

Cper 2 x 10 daltons),
Figure 12. DNA single-strand breakageAas a function of dose normalized

by the D dose, for fluorescent-light (FL) exposure of cells grown for

^20 hr in BUdR, and for cells X-irradiated with and without prelabeling

with BUdR. (From Ben-Hur and Elkind 1972b.)
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Figure 13. The influence of postirradiation treatment with anisotonic

PBS on the survival of Chinese hamster cells following 24 J/m

2
of far-UV light (primarily 254 nm) or 200 J/m of near-UV light (filtered,

Westinghouse Sun Lamps), in the latter instance the cells had been made

light sensitive by prior growth in BUdR (see text). Other details as

for Figure 2. (From Utsumi and Elkind 1979b.)
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