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XOWLEDGE OF THE FACTORS governing radiosensitivity is a fundamental as- 
pect of the actions of radiations on living systems. Considerable emphasis K has been placed, therefore, upon methods of prevention and reversal of 

radiation effects. This sort of endeavor has become even more popular in recent 
years with the realization that many of the radiation-induced reactions are indirect, 
a consequence presumably of energy transformations in water. 

Interest in the modification of radiosensitivity is by no means new, however. 
Apart from academic curiosity and the obvious ramifications to biology in general 
there is the practical matter of preventing radiation sickness, first described by 
Walsh (353) a few months after the discovery of x rays, and of protecting normal 
tissue while enhancing the sensitivity of diseased tissue during therapeutic irradia- 
tion. The former has been minimized somewhat by advances in exposure techniques 
and by greater attention to clinical detail. The latter remains as a limiting factor to 
radiation therapy. As early as 1909, Schwarz (293) reported the protective role of 
ischemia in cutaneous radiosensitivity, and many of the effects of temperature (183), 
hydration (266), oxygen, and related factors (78, 183, 194, 240) were described some 
years before the concept of indirect action by activated water was promulgated. 

We are concerned here with the many protective agents and situations that 
have been reported for the high energy or ionizing radiations. Only those papers 
that have particular relevance to basic mechanisms in radiation biology and from 
which reasonable data and conclusions could be obtained have been included. No 
doubt, important papers have escaped the writer's attention for one reason or an- 
other. Before discussing the various modifying factors and their possible modes of 
action, it is appropriate to consider briefly the nature of radiation effects and the 
general problem of radiosensitivity. Some attention will also be given to the radio- 
chemical events in water that are relevant to interpretation of the protective mecha- 
nisms. For a more detailed survey of the biological effects of ionizing radiations, the 
following publications may be consulted (40, 54, 82,  151, 214, 245, 248, 268, 313, 
375). 

RE~LARKS CONCERNING THE NATURE OF RADIOBIOLOGICAL EFFECTS 

Whatever the ultimate mechanism may be, it is clear that the biological actions 
of the various ionizing radiations are related in some manner to direct local release 
of free energy. It has been inferred, largely from studies with gases since the high 
conductivity of water precludes conventional measurement, that the initial transfer 
of energy in tissue is accomplished by ionization and excitation of the constituent 
molecules, probably with a relative frequency of two to three excited molecules for 
every ion pair (117, 239). Radiation dose may thus be defined as energy absorbed in 
the form of ionization and excitation per unit of tissue or in absolute terms as ergs 
per gram. The energy transfer is chemically nonspecific and may be contrasted with 
the highly specific molecular excitation by ultraviolet radiation. Biological effective- 
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ness of the different ionizing radiations has been shown to depend upon the rate of 
energy loss to the medium, a quantity that is determined primarily by the velocity 
of the ionizing particle and the magnitude of its effective charge, and that is roughly 
proportional to the linear density of ions along the particle track (150, I 3 - 2  7 340, 370, 
373). -4 significant aspect of energy absorption is the infinitesimal total energy re- 
quired to produce a change in the biological machinery; in contrast, effects due to 
elevated temperature require several thousand times as much absorbed energy. 
Even with lethal dosages, the molecules that are transformed by the randomly dis- 
tributed primary effects of irradiation must represent an exceedingly small fraction 
of those present within a cell. It may be recalled further that water is by far the most 
abundant substance in biological material, and therefore that it must serve as the 
major repository of the initial energy transfer. How then is the physical act of ir- 
radiation amplified and translated into one or another of the many radiobiological 
effects that have been described? 

Two main concepts of radiation action have been formulated. These are at best 
only generalizations but they have provided a useful and frequently fruitful working 
hypothesis. Direct action postulates that the critical energy transfer, Le. ionization 
or excitation, occurs in an especially sensitive volume of a cell, e.g. a gene or an en- 
zyme molecule. This idea in its classical sense is compatible with the single-hit type 
of effect that is characterized by its exponential relationship to radiation dosage, its 
independence of dosage rate and the inverse relationship between its efficiency and 
ion density (214). It is perhaps best expressed in the effects on dried biological 
materials. I n  the presence of water, however, it seems clear that biologically important 
ionizations and excitations may also occur a t  some distance from the critical molecules 
or sensitive regions of the cell. In this instance water is believed to be the most 
important site of energy transfer, the absorption of radiation by water molecules 
giving rise to chemically active entities, e.g. H, OH, HOz, Hz02 ( 6 2 ,  359). These 
radicals are formed in high concentration along the tracks of individual ionizing 
particles. According to this concept of indirect action, localization of an effect within 
the biological system would depend upon the nature of the acceptors as well as 
upon the spatial distribution of the ionizations and excitations, the number of reac- 
tive substances formed, and the kinetics of their diffusion. The indirect type of ac- 
tion is dose rate dependent and, in general, its efficiency varies directly with ionization 
density. 

Reactive intermediates other than those derived from water may also be of 
some consequence. Ammonia formed from irradiated proteins, amino acids, nucleic 
acids (88, 360) and H2S derived from cysteine and glutathione (91) could have pro- 
found effects on cellular processes, as could histamine (102) and other toxic break- 
down products (347). The local changes in PH that probably occur in the vicinity of 
an ionization track (62) may also play a role in the development of injury. On theo- 
retical grounds, the probability of modifying the sequence of events would seem to be 
considerably greater on the basis of indirect than of direct action. While it appears 
that many of the biological effects of ionizing radiations are mediated by the decom- 
position products of water and possibly by other reactive intermediates, it should be 
remembered that direct effects of radiation on solutes also play a role, but one which 
at  present is not as well defined. The relative importance of direct and indirect effects 
is often difficult to equate; it is clear however that direct action and indirect action 
are complementary. 

Radiation responses in general conform to the familiar concepts of threshold, sum- 
mation, intensity-duration, and adaptation (38, 107, 214, 248, 312). The interval 
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between irradiation and its biological expression is variable; it may be a matter of 
minutes for suppression of cell division, hours for lymphopenia, days for neutro- 
penia, weeks for anemia, or months or years for neoplasia. This latent period depends 
not only upon the character of the radiation and manner of exposure but in some 
instances may also be related to the life span, mitotic rate, and metabolic activity of 
the cells concerned with the effect. Little is known of the biophysical and biochemical 
changes that intervene between the primary ionizations and excitations and the 
recognizable end result. Effects on respiration (12 ,  26, 28, 7 7 ,  126, 298), enzymes 
(31, 32, 85, 119, 123, 332), nucleic acids (171, 172,  220, 221, 237, 309), redox poten- 
tial (344), viscosity (270, 365), permeability (57, 339), and PH (140, 247) have been 
described. I t  is not known however whether such changes are the cause or the effect 
of cell injury and death. It is noteworthy that effects on growth occur at  dosages 
considerably below those required to influence metabolism (44, 120 ,  147, 184, 247, 

In  view of the ubiquitous nature of energy absorption, and hence of the wide 
variety of atomic and molecular changes that are possible within the framework of 
biological complexity, it is not surprising that the effects of irradiation are manifested 
in many ways and that many factors have the capacity for influencing radiation 
responses. This diversity of action increases the probability of nonspecificity, and 
thus no single response has been found to be unique for radiation injury, while a 
number of agents (nitrogen mustards, urethane, benzol and hydrogen peroxide) are 
capable of mimicking radiation effects (so). Since it is almost impossible for a radio- 
mimetic agent to attain the uniform distribution of penetrating radiation, no single 
agent would be expected to duplicate all of the radiation-induced reactions. From the 
many factors that are known to influence radiation sensitivity, it is clear that the 
development of injury and of repair from such injury depends, at  least in degree, 
upon a number of biological conditions. 

PROBLEM OF RADIOSENSITIVITY 
I n  general, radiosensitivity as discussed here will refer to the destruction or 

degeneration of cells as living entities or to the overall lethal effect on the whole or- 
ganism. Damage of a more restricted nature, e.g. to genetic materials, and inter- 
ference with more discrete processes, e.g. cell division, growth and differentiation, 
will, however, also be considered in specific instances. The great difference in sensi- 
tivity among biological objects is rather astonishing (248, 312). Tolerance to growth 
inhibition or lethal action differs by a factor of about 8000 (312). The dose range re- 
quired to produce various biological responses extends moreover from about IO to 
106 roentgens. There are no satisfactory explanations for these differences. Factors 
that may be related to the radiosensitivity of the various cells, tissues and organisms 
include the structural and chemical compornents of protoplasm; physical conditions 
such as molecular orientation, viscosity, conductivity and temperature; the level of 
activity, for example the rate of metabolism and growth; and the stage in the life 
cycle as manifested by the phase of mitosis, the degree of differentiation and aging. 

It is well known that the nucleus is a more sensitive indicator of damage than 
the cytoplasm. Perhaps not as obvious is the fact that nuclear damage depends in 
large measure upon direct irradiation of the nucleus. This is true for both ultraviolet 
and x-radiation (42, 167, 288, 348, 368). Cytoplasmic change is not necessarily less 
important, however. There is in fact evidence that nuclear pyknosis in amphibian 
eggs may be a result in part of toxic factors originating in irradiated cytoplasm (100). 
I t  has also been suggested that release of heparin-like substances from combination 
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with proteins may be responsible for part of the antimitotic effect of irradiation (161, 
162). There appears to be a physiological requirement for the production of visible 
nuclear damage, since irradiation of isolated nuclei results in negligible change in 
nuclear structure (100) and in the properties of nucleoproteins (349). The sensitivity 
of nuclei may be related to changes produced in nucleoprotein by radiation (159, 

An indication of the importance of metabolism in its broadest sense may be the 
fact that the cell in mitosis is usually more susceptible to injury than the cell at  rest. 
Even in mitosis there are differences; cells in prophase or metaphase are generally 
the most sensitive to radiation injury. The phase of peak sensitivity varies in the 
different biological materials (I 51, 309). It is noteworthy that degenerative changes 
are prone to occur at  the time of cell division regardless of the period of irradiation, 
which is also strongly suggestive of a physiological influence on the development of 
injury (146, 206, 314, 334). The sensitivity of the cell during division may reside in 
some facet of its instability. At present, it is possible only to implicate some of the 
differences that exist between the interphase and mitotic cell in, for example, chro- 
mosomal mass and surface, viscosity, permeability, conductivity and energy require- 
ments. Numerous investigations have been directed toward an elucidation of this 
fundamental problem. These studies have been reviewed recently by Sparrow (309, 
310) and Gray (151). 

The inherent difference in sensitivity of various cells and tissues attracted early 
attention, and in 1906 Bergonik and Tribondeau (36) formulated the principle that 
actively proliferating tissues are the most sensitive to radiation and that the radio- 
sensitivity of a tissue varies inversely with the degree of differentiation. In  accord 
with this concept, it is generally true that hematopoietic tissue, testes, gastro- 
intestinal epithelium, skin, lens epithelium, embryonic germinal centers and plant 
meristematic tissues are the most readily damaged by ionizing radiations. It is in- 
teresting to note that the acute radiation syndrome may be causally related to cyto- 
logical damage in areas of rapid cell turnover, e.g. the hematopoietic and intestinal 
tissues. There are, however, many departures from the simple condition relating 
radiosensitivity to growth and differentiation (39, 56, 168, 186, 241, 242, 246, 318, 
343, 354). The reasons for this are largely a matter of conjecture, but it is clear that 
other factors must influence the responsiveness of cells during their life history. 

There is no obvious relationship between susceptibility of different tissues and 
their basal oxygen consumption. Brain and kidney have higher rates of respiration 
than spleen; yet the former are relatively radioresistant while the latter is radiosensi- 
tive. Although it  has been shown that polyploidy protects certain simple organisms 
against radiation damage (70,  IO), there is little reason to believe that this is an 
important factor in radiosensitivity of the several animal tissues. Polyploid cells 
occur in the liver, but they are the exception rather than the rule and probably do 
not account for the apparent resistance of this organ to radiation. 

Recovery phenomena have been invoked to explain differences that are fre- 
quently observed in the response to x rays of slowly and rapidly dividing cells (171). 
The argument is made that the slowly dividing cell has a greater chance to recover 
since the death of a cell frequently occurs at  mitosis from changes induced sometime 
before (146, 206). This sort of dependence on cell division is not as characteristic 
with alpha and neutron irradiation or with high dosages of x-radiation (207, 314, 
334). Certain types of recovery may actually be faster in cells that are presumed to 
have a more rapid turnover (186, 203). Temperature studies reveal that primary 
damage is usually not repaired in metabolically depressed tissues. 

220, 221, 310, 311, 335, 361). 
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Although the lethal dose of ionizing radiation varies among the different animal 
species (97) it is of interest that some physiological and histological changes, e.g. 
lymphopenia and lymphoid involution, are more nearly independent of species and 
reflect the amount of radiation instead of the lethal effect (39, 5 5 ,  93). Species sensi- 
tivity is not well correlated with body size or with metabolic rate although these 
factors may be important in individual animals. There is little difference, for exam- 
ple, in the basal heat production of the guinea pig and rat, although the ~ ~ 5 0  of the 
former is lower by a factor of about two. Sensitivity may be related to differences in 
rates of recovery from radiation injury rather than to differences in the extent of the 
initial injury; the mean survival time after median lethal irradiation is greater for 
the more sensitive species (283). The lethal response may, of course, simply reflect 
the particular susceptibility of different species to the diverse mechanisms leading 
to morbidity, e.g. leucopenia, bacteremia, hemorrhage, impaired nutrition and shock. 

The shapes and slopes of dose effect curves frequently yield useful information 
about mechanism (214, 376). It is unlikely that an exponential curve is due to biolog- 
ical variation; on the other hand, the significance of a sigmoidal curve is less obvious. 
Haploid yeast cells show an exponential dose-response curve, indicative of the inac- 
tivation of a single site, while polyploid cells present a sigmoidal curve, suggestive 
of multiple sensitive sites (210, 340). Curves relating dose to mortality in animals are 
of the sigmoid type and are quite steep, especially for mammals (43, 101) .  Variations 
in mortality of from o to nearly IOO per cent may occur in the LD60 range (71). The 
dose-dependence curve in this instance is almost certainly a complex function of a 
number of reactions. 

Apart from these perhaps more subtle mechanisms, other factors are known to 
influence the radiation responses. Radiosensitivity of the embryo varies with its age 
(199, 321, 363, 364); the fetus is also more susceptible than either the young or adult 
animal. Malformations of the skeleton and destruction of the developing nervous 
system are prominent sequelae of irradiation during the latter two-thirds of gestation 
(175, 2 8 0 ) .  Adult bone and nervous tissue, on the other hand, are relatively radio- 
resistant. The newborn mouse is less sensitive to lethal action than the puberal ani- 
mal, perhaps because of protective influences associated with suckling (I). It may be 
stated that maximal susceptibility to radiation lymphoma in the mouse also occurs 
during puberty (196). There is little difference in the acute lethal response among 
adult animals (377). However, the amount of x-radiation required for minimal stunt- 
ing follouving local exposure of the epiphyseal region of rats is linear with age a t  least 
up to 6 months (176). The role of body weight in the radiosensitivity of a given species 
is not well defined, although it appears that heavier animals tend to be less sensitive 
(104, I j4, 269). It is not always clear, however, whether this is a reflection of weight 
or of age. At any rate neither age nor weight effects are attributable to a simple 
relationship between the rate of growth and sensitivity. Differences in absorption 
and distribution of the radiation, for example, because of the low effective atomic 
number of fat (315), could account conceivably for small differences in sensitivity 
due to body weight. Sex differences are fairly negligible; females may be slightly more 
resistant but this is not apparent in all species (I, 154, 155). 

INTERMEDIARY RADIOCHEMICAL EVENTS 
The reactions induced by ionizing agents in aqueous solutions have been sub- 

jected to rather intensive scrutiny during the past decade. Such endeavors have pro- 
foundly influenced the trend in radiobiological thought with the result that a large 
part of our attention has been given to the role of water in the development of radia- 
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tion injury. Water, because of its great abundance in living tissues and its suscep- 
tibility to activation by ionizing radiation, constitutes a prime biological target. The 
significance of water resides largely in its role as an amplifier of the absorbed energy. 
This is not to say, however, that water may not contribute to radiation effects in 
other ways, as for example by influencing metabolism or structure. Since the reac- 
tions of irradiated water are responsible for many of the chemical effects of the high 
energy radiations and form the basis for many of the protection studies, it will be 
profitable a t  this time to summarize the events in water that appear to be relevant 
to radiobiology. The reader is referred to recent papers in this field (IO, 62, 83, 151, 

Irradiated water constitutes an oxidation-reduction system. As postulated by 
Weiss (358), ionizing particles are believed to form free hydrogen atoms and hydroxyl 
radicals along their tracks. According to Burton (62) free radicals may be produced 
in the ambient liquid even when ionization occurs directly in a solute molecule. The 
initial spatial distribution of the H and OH radicals appears to be a decisive factor 
in the chemical and biological effects of the various ionizing radiations and indeed 
probably represents the essential difference between radiochemical and photochemical 
decomposition of water. Although it is generally believed that ionization is the 
primary physical event in the aqueous phase (62, 214, 216) ionization is not always 
adequate to explain the observed transformations, and in such instances i t  is neces- 
sary to consider excitations and chain reactions. The dissociation of ionized water 
molecules (HzO+ and the HzO- formed by capture of the ionized electron) forms H 
and OH radicals with all types of ionizing particles. The ultimate effects vary, how- 
ever, and depend mainly upon the nature of the incident radiation (essentially its 
rate of energy loss or ionization density) and the presence of dissolved oxygen and 
other solutes. These factors influence markedly the recombination or further reaction 
of the free radicals. 

With high ion density radiation, e.g. alpha particles, each ionization track is 
believed to consist of a dense central core of H+ and OH (HzO+ -+ H+ 4- OH) 
and an envelope of H and OH- (HzO- --+ H + OH-) (48, 62, 92, 152,  214, 216). 
Interaction between OH radicals to form HzOz is quite probable in view of their 
close proximity. Likewise, H atoms combine readily to form hydrogen gas. Oxygen 
is another byproduct, presumably from decomposition of Hz02. As the free radicals 
diffuse, the chances for collision between H and OH and H+ and OH- to reform HzO 
increase and may be presumed ultimately to balance the frequency of combinations 
between like radicals. This picture may be contrasted with the situation following 
low ion density radiation, e.g. x- or gamma radiation, where the initial distribution 
of radicals along the ion track appears to be a more random event and there is a 
relatively small over-all change in pure water unless oxygen or anions of low electron 
affinity are present (4, 48, 62, 134). These differences are related to the velocity of 
the impinging particles; slow electron irradiation with tritium beta rays has been 
shown to simulate the effects observed with alpha particles (138). 

Oxygen has at  least a twofold influence on the radiochemical effects of fast 
particle or low ion density radiation. First, it converts free hydrogen atoms to the 
hydroperoxyl radical (HO?), a powerful oxidizing substance which in turn may be 
degraded to H202. Second, by virtue of the reduction in hydrogen atom concentration, 
the presence of oxygen would be expected to increase the survival of the highly reac- 
tive free OH radicals, and therefore to facilitate their reaction with other substances 
that may be present. As a consequence, oxygen may be expected to increase, and 
oxygen acceptors to decrease, the radiosensitivity of biological systems sensitive to 

359, 374). 
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oxidation. This is indeed the case for many of the effects of s- and gamma radiation. 
If the oxidizing OH radicals derived from the action of either high or low ion density 
radiations on water are important radiotoxins, reducing agents in general might 
improve the situation with all of the ionizing radiations. Even here, however, some 
difference in protective efficiency may be anticipated because of the initial spatial 
distribution of the radicals. 

It may be noted that H,02 is an important product of the radiodecomposition 
of water. As demonstrated by Bonet-Jlaury and Frilley (47), H202 production is 
determined by the energy dissipated in water. The yield, commonly expressed as 
molecules transformed per ion pair, corresponds to 0.54 or, in other words, to approxi- 
mately 50 pg. of H?02 per cc. per million roentgens. The yield of hydrogen peroxide 
with x rays depends somewhat on dose rate (49). Peroxide formation may be greater 
with x rays than with alpha rays in oxygen-saturated water (48). I t  is greatly re- 
duced, however, with the low ion density radiations in the absence of oxygen (4, 
48, 134). With radiations of high ion density, e.g. alpha rays, the yield of HzOz is 
essentially identical in the presence and absence of oxygen (46, 48, 61). This implies 
that with alpha rays the hydrogen atoms do not make an appreciable contribution to 
peroxide formation. Although H202 formation depends upon oxygen concentration 
with x ray dosages of the order of 200,000 r and above, the yield with lower dosages 
may be independent of oxygen tension (9, 151). This is perhaps understandable 
since there may still be a considerable excess of oxygen atoms relative to the hydrogen 
atoms produced by low dosages of x rays (92). This point merits careful attention 
since exceedingly small dosages of radiation are important biologically, and radio- 
sensitivity has been shown to vary with oxygen tension. 

From the work of Bonet-Maury and Lefort (48), it is apparent that changes in 
temperature compatible with most living systems do not affect the yield of HzOz 
with either alpha or x-rays. Peroxide formation is decreased by about 50 per cent 
a t  - 4.C: However, with alpha rays there is no difference between - 4.C. and 
- ~go'C., whereas with x rays hydrogen peroxide formation decreases progressively 
and can no longer be detected at - 116.C. The PH of the solution appears to exert 
an effect, the yield of H202 with x rays declining abruptly above PH 8 and rising 
sharply below PH 3 (49). The amount of HzOt found in biological fluids may be con- 
siderably less than that formed in water because of the presence of catalase. This 
situation may, nevertheless, be compensated, since peroxide formation is increased 
by other biological components such as cysteine, ascorbic acid and aldehydes ( 2 2 5 ) .  

It is obvious that in a nonhomogeneous system the spatial relationships of the various 
constituents would be of crucial importance. 

I t  is not to be inferred from these considerations that H20z is necessarily the 
primary radiotoxin. On the contrary, as emphasized by Latarjet (208) and others, 
the formation of Hz02 may represent an important detoxifying mechanism in the 
reactions of irradiated water. No doubt, part of the emphasis on hydrogen peroxide 
is related to the convenience of its application to biological studies and to the existence 
of suitable direct methods for its detection. This is not the situation with the free 
hydroxyl and hydroperoxyl radicals. It is noteworthy that the action of HZ02 may 
be enhanced by addition of ferrous ions or by ultraviolet irradiation (74); these 
agents are believed to convert HzO2 to free OH radicals. The relative contributions 
of the decomposition products of water will be discussed in connection with the pro- 
tective effects of anoxia and chemicals. Although the emphasis is more on oxidation 
as a mechanism of inducing radiation injury, it must be remembered that reduction 
reactions due to free hydrogen atoms may also play a role (123). It may be noted, 
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moreover, that local changes in PH must also occur in the vicinity of an ion track; 
PH probably decreases in the track itself and increases in the immediately adjacent 
areas ( 6 2 ) .  Shifts in PH toward increasing acidity have been detected in irradiated 
water containing oxygen (134). Protein solutions irradiated with alpha rays also 
show an increased acidity, provided that the initial PH of the solution is above the 
isoelectric point (17). Changes in PH have not been seen in X-irradiated beef broth 

in a variety of aqueous systems since the classic observations of Risse (277)  and 
Fricke (128). An essential feature of these reactions is the independence of the ionic 
yield (molecules affectediion pairs formed) from the concentration of solute over a 
wide range of concentrations. This has been termed the ‘dilution effect’ by Dale 
(85-87) who made extensive experiments on the effects of x and alpha rays on puri- 
fied enzymes in aqueous solutions. I n  effect, this phenomenon substantiates the idea 
that solute molecules are transformed indirectly by energy that is transmitted as a 
result of the change in solvent molecules. The dilution effect is not observed a t  very 
low or high concentrations of solute. In  the former instance, it is generally considered 
that the ratio of activated water molecules to solute molecules is much higher and 
hence favors competitive recombination of radicals rather than interaction with 
sparsely distributed solute. On the other hand, as solute concentration increases, or 
with increase in radiation dosage, there is a gradual transition from the activated 
water type of reaction to the direct hit type characteristic of nonaqueous systems. 
Cnder these circumstances, the ionic yield, in general, increases to some optimum 
value, since both types of action prevail. In  contrast with the direct effect, the ionic 
yield for the indirect effect diminishes with increase of molecular weight (214, 215). 
The yield will also be influenced by the distribution of ions and free radicals. Al- 
though there are relatively few data relating to the efficiency of different radiations 
on solutions, alpha particles have been found to be less effective than x rays in initiat- 
ing certain chemical reactions (89, 92, 152, 214). This follows from the relative 
probabilities of recombination of radicals and of their collisions with randomly dis- 
tributed solute molecules. It is not to be inferred, however, that chemical changes 
induced in cells will necessarily manifest a similar dependence. I n  fact, this picture 
may be contrasted with the situation in living systems where the effectiveness varies 
directly with ionization density for a number of radiation-induced changes. 

Of considerable theoretical significance is the ‘protection effect’ described by 
Dale (87). This refers to competition between various solutes, or between breakdown 
products of a single solute, for activated water molecules. The protective power of 
different solutes is proportional to their molecular weight. Specificity is indicated, 
however, in that protection has also been shown to depend upon specific atomic 
groupings, thiourea being one of the most effective agents for the protection of 
carboxypeptidase in aqueous solution (88,90). Protection cannot always be attributed 
to simple competition for free radicals, since it has been observed that protective 
power may decline with increase in concentration of the protector. It is necessary, 
therefore, to postulate more involved energy-sharing mechanisms. 

A word about the temporal aspects of this type of protection is appropriate. 
The main energy transfers, including the events in water (free radical formation, 
recombination or further reaction), occur undoubtedly within a small fraction of a 
second after passage of an ionizing particle. One would expect, therefore, that pro- 
tective agents that depend on altering the mechanisms of energy dissipation must be 
brought into play at  the time of irradiation in order to be effective. This is the usual 



Iume 33 

track; 
jacent 
jiated 
s also 
le the 
broth 

iation 
) and 
ionic 

wer a 
Dale 
puri- 

2 idea 
i as a 
, very 
dered 
r and 
with 

es, or 
vated 
tems. 
imum 
ionic 

5. Al- 
ttions 
titiat- 
lative 
y dis- 
anges 
cture 
raries 

215)- 

d by 
down 
rer of 
,ated, 
:omic 
in of 
luted 
ctive 
'SBrY, 

riate. 
ttion, 
of a 
pro- 
st be 
usual 

January 1953 MECHANISMS OF RIDLITIOS PROTECTIOX 43 

0018355 

situation. It is well to recall, however, that as an aqueous system becomes con- 
taminated, the possibility of longer-lived toxic products and chain reactions becomes 
greater. The contaminants, on the other hand, may also exert a protective effect. 
Indeed, one part of a macromolecule may protect another as was effectively demon- 
strated by Dale (86) for the enzyme, d-amino acid oxidase. A further manifestation 
of the protection effect is the exponential curve obtained when the proportion of 
biologically active enzyme remaining after irradiation is plotted against radiation 
dose. 

Many types of radiochemical reactions have been described: oxido-reduction 
of inorganic and organic molecules (IS, 29, 123, 129, 130, 139, 359), deamination of 
amino acids (88, 360), denaturation of proteins (29), depolymerization of nucleo- 
proteins (159, 220,  221, 311, 335, 361), and polymerization and aggregation of or- 
ganic molecules (84, 267). Similar effects have been induced by chemically generated 
free radicals and radiomimetic agents such as the nitrogen mustards (3, 64, 74, 220, 

279). Each of these phenomena could be relevant to radiobiological processes. 
The ramifications and implications of the protective effect in biological systems 

and in molecules of biological importance will be reviewed in the following sections. 
I t  is at  once obvious that there are a number of obstacles to the in vir0 extrapolation 
of these in vitro effects of irradiated water. We should anticipate a marked protec- 
tive action by the bulk of protoplasm; yet, in general, there is a relatively greater ef- 
fectiveness of ionizing radiations on living systems. Weiss (361) has suggested that 
a small primary attack on an important macromolecule followed by hydrolysis may 
provide the amplification factor, while small differences in activation energies may 
account for its selective reactivity in the presence of protective substances. Although 
it may be inferred from the effects in simple solution that an enzyme present in 
minute amounts in a homogeneous cell system would be no more sensitive than the 
same enzyme irradiated in concentrated solution, the situation may be altered if the 
cell constitutes a nonhomogeneous system. Moreover, if enzymes or other critical 
entities form surface films, the chances for inactivation may be greatly enhanced. As 
shown by Mazia and Blumenthal (234, 235), x-irradiation with only roo r of pepsin- 
albumen films spread on the surface of water leads to 50 per cent inactivation of 
the enzyme. A single radiation event may, therefore, affect a large number of mole- 
cules. Since the efficiency of enzyme inactivation varies with the surface pressure 
of the film, it is believed that inactivation may be related to the physical configura- 
tion of the enzyme molecules. Further work in this area should add greatly to our 
understanding of the biological actions of radiation. 

MODIFYING FACTORS 
A few general comments are in order before discussing the various modifying 

factors. Protection or potentiation of radiation action must be defined in terms of 
specific parameters. These include, in addition to the biological effect under consid- 
eration, the quantitative and temporal aspects of the radiation and of the modifying 
agent or situation. It is desirable that a given agent or situation be evaluated in 
terms of the dose-response curve for the effect in question. This is true for several 
reasons. I n  the first place, this is necessary in order to arrive at a reliable estimate of 
the efficiency of a protective or potentiating agent. Secondly, knowledge of the dose 
dependence affords a standard for comparison with other effects or with the same 
effect determined elsewhere. And finally, information regarding mechanism may be 
derived from comparison of the dose-response curves obtained under control and 
experimental conditions. As discussed by Zirkle (376), a change in slope probably 
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reflects a change in the relative probabilities of competing reactions, while a change 
in shape may imply a change in the number of relevant reactions or events that are 
required for the particular biological effect. 

The biological end point also deserves mention. Protection against acute lethal 
action, for example, does not necessarily imply protection against the more chronic 
effects insofar as different mechanisms may be responsible for their development. 
Likewise, protection against one or another of the acute sequelae does not signify 
protection against all of them. No doubt a number of pathways exist for theexpression 
of injury in a heterogeneous and highly integrated biological unit. Uniformity of 
protection against a number of radiation effects suggests that the chain of events is 
being intersected at a common and presumably early stage in their development. 
Protection against a single event, on the other hand, may well imply an intervention 
farther downstream or a change in a specific biological target. 

Waler 
It was recognized long ago that desiccation of biological systems favors radio- 

resistance. Effects can be induced, however, even in dried materials such as bacteria 
(94). The dependence of sensitivity on water content has been demonstrated in 
spores (177), seeds (136, 266), seedlings (168, 362), tumor cells and isolated tissues 
(67, 115). About 50 per cent of barley seeds soaked in water for 23 hours show frag- 
mentation and bridging of chromosomes after 10,000 r (136). With 15 per cent water 
content the frequency of chromosomal aberrations decreases to 28 per cent and with 
IO per cent water content, to 13 per cent. Since it is apparently necessary to remove 
most of the water in order to induce these effects, it is obviously difficult to determine 
whether a similar dependence exists for the intact animal. Frogs that are kept in 
dry, individual containers for 3 days lose about 35 per cent of their water; yet they 
are no more resistant to x-irradiation (263). Mice deprived of drinking water for 24 
to 40 hours tend to live somewhat longer, but the proportion surviving is not altered 
materially (125). 

I n  the case of seeds, the water effect is apparently related mainly to processes 
associated with germination. Although, as noted above, a 5 per cent increase in water 
content doubles the number of chromosomal aberrations in barley seeds (136), other 
effects, e.g. mutations, growth inhibition, may not increase until germination is 
underway (168, 316). The onset of germination represents an abrupt transition in 
the life of the seed in terms of water content, respiration and cell division. However, 
there is no clear relationship between these factors and the rapidly increasing radio- 
sensitivity of germinating wheat seedlings with age (168). Wheat seedlings appear 
to become slightly more resistant with onset of visible mitosis. 

Since cells exposed to ionizing radiation may swell, especially after large dosages, 
and this can be a contributing factor in cell death (57, 114, I I ~ ) ,  it may be argued 
that dehydration can decrease sensitivity by minimizing cell swelling. In  support of 
this contention, i t  may be noted that the growth capacity of irradiated mouse sar- 
coma 180 is reduced by immersion in isotonic or hypotonic Locke-Ringer solutions 
and enhanced by similar treatment with hypertonic solutions (326). Injection of 
small quantities of distilled water into this tumor also enhances its regression follow- 
ing local x-irradiation in vivo (116). Equivalent water injection per se does not affect 
tumor growth. While local changes in osmotic pressure due to partitioning of ions 
and molecular fragments, the so-called fluid flow hypothesis advanced by Failla 
(114, I I ~ ) ,  is an interesting notion, increase in cell size, especially after moderate 
irradiation, can also be attributed to absence of cell division while growth continues 
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a t  a normal rate (51 ,  214). The possible importance of shifts in 1 

tion (159) and this may be due to an increase in water content 

ner to the activated water concept of radiation action. A decrease in M~ 
with relative dehydration could be explained by assuming a transition from 
indirect to direct action when water content is low enough. To this may be added 
the probable increase in concentration of naturally occurring protective substances. 
While there is rather convincing evidence, admittedly indirect, in support of in 2.ir'L 
effects of activated water, it is not possible from available data to appraise the rela- 
tionship between water content and radiosensitivity in these terms. To do SO, one 
must contend not only with the technical problem of removing sufficient water from 
the cell without inducing injury or a contributing physiological change, e.g. in res- 
piration or growth, but also with the uncertainty regarding the spatial distribution 
and state of water within the cell. Differences in water content of various subcellular 
elements may be relatively more important than the over-all content. Likewise, a 
water effect may depend more on solvent water and perhaps on water of hydration 
than on nonsolvent or bound water. 

It is appropriate to say a word about dilution effects in simple biological sys- 
terns. Direct and indirect actions and dilution and protection effects are well demon- 
strated with preparations of viruses and bacterial toxins (105, 132, 133, 217, 230). 

The relative importance of direct and indirect actions depends on the ratio of water 
content to solid content in the suspension. It may be remarked in this connection 
that there are distinct differences in the properties of bacteriophage inactivated by 
the two types of effect ( 3 5 5 ,  356). Sensitivity of the virus suspended in water is in 
general greater than that of the dry virus preparation. This is so because in addition 
to direct ionization of the virus particle, there is also the possibility of inactivation 
by reactive intermediates formed in irradiated water. Lea (215) has shown, however, 
that an ionization in water is about one-thousandth as effective as an ionization in 
the tobacco mosaic virus. It is necessary, therefore, to  achieve a water-solid ratio 
greater than 1000 in order to decrease the radiation dose required to inactivate a 
given percentage of viruses by a factor of two (215). I n  keeping with this it will be 
recalled that, in general, the ionic yield for the indirect effect is lower than for the 
direct effect in the case of very large molecules. The prime factor in determining 
whether the action of radiation on the virus is direct or indirect appears to be the 
total protein content of the suspension and not the virus concentration (215). Apro- 
pos of the distinction between direct and indirect effects, it should be pointed out 
that part of a so-called direct effect could result conceivably from absorption of 
radiation in the water of hydration or in the water envelope surrounding a biological 
particle. bloreover, an ionization in the particle itself may be effective because of 
free radicals formed in the ambient water layer (62) .  Water intimately associated 
even with a so-called dry substance may, therefore, be of some consequence. It has 
been shown, however, that x rays are unable to depolymerize DNA in the dry state 
as well as in ethylene glycol or in a frozen aqueous solution (220) .  

Dilution effects have also been demonstrated for Arbacia sperm (111) and yeast 
(299). The xu-ray-induced reduction in fertilizing capacity of sperm and in anaerobic 
CO? production by yeast is diminished when the concentration of the suspensions is 
increased. The protective effect of concentration in these cases is not entirely com- 
parable with that observed with enzymes and viruses. One is concerned here with two 
aqueous environments, namely the extra- and intracellular fluids, and the contribu- 

One is tempted to inquire whether these effects of water are reb,. 
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tion of each to indirect action must be assessed. The effect of rather close packing 
of cells may reflect the decreased surface available for attack by toxic products 
produced in the extracellular phase. A s  shown by Evans et (11. (111), cleavage delay 
of Arbacia ova successfully fertilized by irradiated sperm does not depend upon a 
medium effect. Likewise, there is only a weak effect of the irradiated medium (phos- 
phate buffer) on the formation of visible colonies by yeast cells (299). I t  is not to be 
inferred from this that these effects are necessarily a result of direct ionization or ex- 
citation of biological targets other than water, since ample water is present within 
the cells. I t  is noteworthy that closely packed thymocytes are about twice as resistant 
to the lethal action of x rays as cells suspended in buffered plasma (251). I n  this 
instance, the protective effect is attributed to the hypoxia resulting from cell packing. 
Whether this effect of hypoxia is related to the events presumed to occur in cellular 
water upon irradiation is another matter. 

Oxygen 
The relationship between oxygen and radiosensitivity has been the subject of 

considerable investigation and much speculation. I n  essence, the oxygen effect refers 
to the diminution of many of the changes induced in chemical and biological systems 
by x and gamma rays when irradiation takes place under conditions of relative oxy- 
gen deficiency. This obviously basic phenomenon was recorded as early as 1921 by 
Holthusen (183), although it may be recalled that a presumably related protective 
effect, that of ischemia, was described by Schwarz in 1909 (293). Several papers 
bearing on the oxygen effect appeared during the next two decades, notably those by 
Mottram (240-244) and Crabtree and Cramer (78). Emphasis in the early investiga- 
tions was placed mainly on the physiological aspects of oxygen deficiency as it 
related to radiosensitivity. The more or less latent interest in the contribution of 
oxygen to radiation processes has since been profoundly influenced by our under- 
standing, incomplete as it may be, of the events that transpire in irradiated water. 
The protective role of hypoxia has been established for a variety of biological ma- 
terials; a corollary to the diversity of objects so protected is the variety of radiation 
effects that are subject to the oxygen influence, It must be emphasized that all radia- 
tion reactions are not affected by oxygen, a fact that is not inconsistent with the 
concepts of direct and indirect actions discussed in the preceding pages. 

Oxygen deprivation during exposure to x or gamma rays has been shown to de- 
crease the following radiation effects: oxidation of quinhydrone ( z z ~ ) ,  auxin (~oI), 
glutathione (34), and other substances in aqueous solution; deamination (289) and 
delayed depolymerization of solutions of thymus nucleic acid (63) ; inactivation of 
bacteriophage suspended in buffer solution (11); cleavage delay in ilscaris eggs 
(183); mitotic inhibition in grasshopper neuroblasts (135) and in Vicia faba meri- 
stems (271, 272); chromosomal aberrations in barley seeds (I&), Tradescantia micro- 
spores (142, I ~ Q ,  145), and Viciafube root tips (271, 272, 336); sex-linked lethal 
mutations in Drosophila (25)  and biochemical mutations in E. coli (14); growth reduc- 
tion in germinating seedlings (160, 168) and Vicia fabu roots (271, 272, 336); de- 
velopmental abnormalities in mouse embryos (281); and lethality of bacteria (178), 
yeast (16), tumor cells (78, 157), mice and rats (98, 205) .  The degree of protection is 
rather similar for these different effects. In  more specific terms, the radiation dose 
required to induce a comparable degree of change in the absence or near absence of 
oxygen is generally increased by a factor of 2 to 3, at  least in those instances where 
sufficient data are available to allow such comparison. I t  may be remarked that an 
increase in ambient oxygen tension above the level in air has a relatively small effect 
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in most systems. We will return to this point later, as well as to the biological implica- 
tions of the oxygen effect. 

Oxygen is not always a determinant of radiation sensitivity. The transforma- 
tions in carboxypeptidase (92) and in ribonuclease (182) are not influenced by re- 
moval of oxygen from the solution. An oxygen effect is not apparent in the case of 
bacteriophage suspended in a protein rich broth (174). In this instance, the radiation 
effect is attributed to direct ionization of the phage particles since it is assumed that 
sufticient protein is present to neutralize the radicals that are formed. The selective 
potassium accumulation by X-irradiated erythrocytes suspended in plasma is like- 
wise unaffected by oxygen tension (297), and radiation induction of dominant lethals 
in mice also appears to be independent of oxygen ( 2 8 2 ) .  The reason for this is less 
obvious unless direct ionization or interaction with OH radicals is the primary mech- 
anism for these changes. Specificity of the oxygen effect is clearly demonstrated by 
the experiments of Anderson (14), who has found that oxygen exerts a negligible 
effect on x-ray induction of back mutations in a streptomycin-dependent strain of 
E. coli and a striking effect on the back mutation rate of a purine-dependent strain. 
Yet there is a similar decrease in sensitivity of both strains to the lethal effect of x 
rays in the absence of oxygen. The dose reduction by anoxia is identical for the lethal 
and genetic effects in the purineless mutant. Quite apart from the demonstration of 
negative oxygen effects, it may be noted that a decrease in oxygen tension during 
x-irradiation potentiates the radiation-induced aggregation of hemocyanin molecules 
in vitro (267) .  This situation may perhaps be explained by assuming that hemocyanin 
aggregation is a result of some reduction process, although other explanations are 
possible. The destructive effect of x rays on catalase in dilute aqueous solution is 
also facilitated in the absence of oxygen (123). 

Mode of Action. When we turn to the mechanism of the oxygen effect, we are 
immediately faced with the proposition of determining whether the mechanism is 
essentially radiochemical or biological in nature. It is clear that oxygen may modify 
radiation injury by influencing the pathways of energy transfer in water, and hence 
the production of active radicals and peroxides. This is almost certainly the case for 
the oxygen effect on solutes in simple solution and on other systems in which the 
external aqeuous environment contributes a substantial part of the radiation effect. 
In  systems of increasing complexity, albeit still a single cell, the possibilities of 
interpretation multiply in proportion to the uncertainties regarding the morpholog- 
ical and physiological relationships of the cellular constituents and the biochemical 
processes induced by the radiation. I t  is a t  this point that one must inquire about a 
more specific biological effect of oxygen, perhaps on the physico-chemical relation- 
ships of the various biological targets in the cell, or on some aspect of metabolism, 
cell division, or recovery. 

We may recall the observation by Loeb in 1910 (223) that suppression of cellular 
oxidation in Arbacia eggs prevents the toxic action of a number of agents. I t  is well 
known that diminished oxygen tension shifts metabolic pathways, leads to accumula- 
tion of acid metabolites with corresponding changes in tissue PH, and stabilizes the 
organic sulfur system in favor of high sulfhydryl concentration. Cell division also 
depends on the energy supply and therefore on the availability of oxygen (173). 
Respiratory peaks have been described during the mitotic cycle and are related pre- 
sumably to synthetic activity. I t  is necessary, however, to distinguish the qualita- 
tive from the purely quantitative changes in the biochemical machinery; as will be 
discussed in the section on temperature effects, moderate differences in metabolic 
rate during irradiation do not appear to influence radiosensitivity. In  view of the 
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marked effect of the ionizing radiations on mitotic processes and of the somewhat 
obscure relationship between sensitivity and cell division, it is well to keep these 
possibilities in mind, if not as alternatives, at  least as complements to the presently 
more attractive radiochemical hypothesis. 

Effects on Solutions and Suspensions. That oxygen endows X-irradiated water 
with the properties of an active oxidation system is firmly established. The redox 
potential of an irradiated aqueous solution of quinhydrone moves progressively in 
the direction of oxidation in the presence of oxygen; in its absence, oxidation does 
not take place (224). Inactivation of auxin solutions (301) and oxidation of gluta- 
thione (34) are dependent upon oxygen. With 10,000 r x-radiation there is 2 6  per 
cent oxidation in an aerated dilute solution of glutathione and about 9 per cent 
oxidation in an oxygen-free solution, a reduction of 67 per cent. Addition of catalase 
to an aerated solution of glutathione reduces the oxidation by about 25  per cent. 
From this it has been concluded by Barron and Flood (34) that hydrogen peroxide 
contributes 25 per cent to the oxidation of glutathione, the hydroperoxyl radical 
about 3 2  per cent, and the free hydroxyl radical 33 per cent. 

Comparable experiments have not been reported for sulfhydryl enzymes. It may 
be remarked, however, that catalase has been shown by Barron and Dickman (32) 
to reduce by approximately 50 per cent the inhibitory action of alpha radiation on 
phosphoglyceraldehyde dehydrogenase in dilute aqueous solution. This suggests a 
more formidable effect of hydrogen peroxide with alpha rays than with x rays as 
described for glutathione (34). Yet an even greater degree of protection by catalase 
has been observed when phospholgyceraldehyde dehydrogenase is exposed to beta 
rays, which in terms of ionization density are more nearly comparable to hard x 
rays (32) .  The apparent inconsistency may possibly be attributed to the very low dose 
rates employed in their experiments with both alpha and beta radiation. I t  may be 
noted that catalase decreases the beta-ray oxidation of BAL by only 17 per cent, 
which is similar to the situation with x rays (34). In  this instance, however, the 
total dose was delivered in 2+ hours in contrast with the I-day exposure with alpha 
rays and the 4-day exposure with beta rays for the sulfhydryl enzyme. It remains 
to be determined, therefore, whether 'the contribution of hydrogen peroxide to thiol 
oxidation differs with radiation quality. The ionic yields reported for phospho- 
glyceraldehyde dehydrogenase (32) should also be re-evaluated in view of the wide 
differences in the rates of irradiation. Although the production of hydrogen peroxide 
increases somewhat over a narrow range of dose rates (49), the contribution of a long- 
lived reactant, such as hydrogen peroxide, must be relatively greater as the time re- 
quired to deliver a given dose is increased. On the other hand, the action of a short- 
lived radical, e.g. OH, should be relatively less dependent upon dose rate. These 
considerations emphasize the importance of dose rate, which in a real sense comple- 
ments ionization density, in the interpretation of indirect actions. 

Relevant to the contribution made by various oxidants in irradiated water, 
Coilinson el al. (74) have shown that ribonuclease is inactivated primarily by OH 
radicals. This enzyme is not protected by catalase nor inactivated by hydrogen 
peroxide. The absence of an oxygen effect has also been established (182). Hydroxyl 
radicals produced during the reduction of ferric ions by ultraviolet radiation, the 
decomposition of hydrogen peroxide by ultraviolet radiation, or the reaction of 
ferrous ions with hydrogen peroxide, inactivate ribonuclease. The degree of inactiva- 
tion varies exponentially with the number of radicals formed. There is reason to 
believe that other nonsulfhydryl enzymes in aqueous solution, e.g. carboxypeptidase, 
are inactivated mainly by free OH radicals formed upon irradiation (92) .  This is 
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consistent with the low ionic yield obtained for carboxypeptidase irradiated with 
alpha particles as against s rays. The rate of recombination of OH radicals should 
be greater with alpha rays than with the more randomly distributed low ion density 
radiations. Oxidation of reduced cytochrome G by x rays is also unaltered by the 
presence of catalase or the absence of oxygen and may be presumed to be a conse- 
quence of interaction with OH radicals (30 ) .  

The immediate fall in viscosity of X-irradiated thymonucleic acid solutions is 
independent of oxygen concentration, but may be attributed, nevertheless, to an 
indirect mechanism (63, ISI? 335). On the other hand, the delayed depolymeriza- 
tion occurring over a period of several hours after x-irradiation with 7,000 r is in- 
fluenced by oxygen, and i t  is perhaps significant that the protection is of the same 
order of magnitude as described for the oxygen effect in living systems (63). The agent 
responsible for the delayed effect may be the HOz radical, since sufficient hydrogen 
peroxide cannot be detected in the solution. Moreover, hydrogen peroxide in con- 
centrations that exceed those postulated for X-irradiated water do not affect the 
viscosity of thymus nucleic acid solutions (I  18, 335). 

These results stand in sharp contrast with the radiation after-effect on bacterio- 
phage suspended in phosphate buffer. Alper (11) has observed that the greater part 
of the delayed inactivation of the dysentery phage, S13, is the result of a change oc- 
curring during x-irradiation, which makes it more susceptible to the action of formed 
or added hydrogen peroxide. The enhanced sensitivity of irradiated phage to peroxide 
and the immediate inactivation of some of the phage particles are due presumably 
to OH radicals. These effects are independent of oxygen. Oxygen increases the over- 
all inactivation, however, because it favors the formation of hydrogen peroxide. The 
possibility of a change in threshold for hydrogen peroxide effects as a consequence of 
irradiation adds a further complication, in addition to that of cell barriers, to com- 
parison of the actions of radiation and of hydrogen peroxide. This may well account 
for the negative peroxide effect described for thymonucleic acid (335) and for the 
variable contribution of the irradiated medium and of added hydrogen peroxide ob- 
served in other situations (33, 106, 118, 251, 352, 367). As far as nongenetic effects 
in paramecia are concerned, i t  appears that directly irradiated animals are not in- 
fluenced to a greater degree than would be expected from the irradiated medium 
alone ( 2 0 0 ) .  Xongenetic death and division delay in paramecia that are X-irradiated 
in a dilute medium can be accounted for to a large extent by hydrogen peroxide or 
organic peroxides. Genetic effects are apparently independent of the medium. The 
production under certain conditions of relatively stable reactants in irradiated media 
and the occurrence of delayed effects again emphasize the importance of reaction 
time and hence of attention to the circumstances of irradiation. 

Effects on Cells. When we turn to the oxygen effect in cells and tissues, a second 
aqueous environment enters the picture and we must contend with both intra- and 
extracellular water as well as with the physiological state of affairs. It is significant 
that the resistance of bacteria, Tradescantia microspores, and broad bean roots to x 
rays is the same whether anaerobiosis is induced under vacuum or by nitrogen, helium, 
argon, hydrogen or carbon dioxide (142, 144, 145, 178, 271, 272). Xeither the type of 
gas nor its pressure has a demonstrable effect. Moreover, the removal or addition of 
oxygen immediately after x-irradiation under either aerobic or anaerobic conditions is 
without induence. The important consideration is clearly the availability of oxygen 
during irradiation. 

The quantitative aspects of the oxygen dependence for x rays have been studied 
by varying the oxygen concentration in the aqueous medium of Vicia faba root tips 
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and of bacteria or in the gas phase surrounding Tradescatha inflorescences and 
Drosophila. -1 rather similar dependence on oxygen concentration has been found in 
the different organisms; the radiation effects increase linearly up to about IO to 1.5 
per cent oxygen in the gas phase or 5 to IO mg. of oxygen per liter in the ambient 
duid (58, 59, 1 4 2 ,  178, 271, 272) .  As pointed out by Read ( 2 7 2 )  and by Hollaender 
and his associates (I~S), oxygen concentration within certain limits acts as a multi- 
plying factor on the radiation dose. Read (273) has also made the interesting observa- 
tion that the biological additivity of two briefly spaced x-ray doses given with dif- 
ferent oxygen concentrations is determined solely by the oxygen levels during each 
exposure. Extreme manipulation of this sort is obviously impossible in adult mammals. 
Definite protection against radiation lethality is seen in rats and mice breathing, re- 
spectively, 5 and 7 per cent oxygen duringx-irradiation (98) ; sensitivity is unaffected, 
however, in animals breathing IO or IOO per cent oxygen (98, 252). 

In general, protection is not enhanced at  levels below I per cent oxygen. This 
may be due to the fact that a t  these low levels oxygen is already depleted in critical 
loci within the cell. An explanation is less obvious, however, in the case of bacterial 
suspensions where much of the oxygen effect may be presumed to reside in the me- 
dium. I t  is well to recall the uncertainty concerning the dependence of hydrogen 
peroxide formation on oxygen tension with low dosages of x rays (151). I n  the case 
of water, as long as some oxygen atoms are present there may be an excess relative 
to the hydrogen atoms produced by such low dosages. A similar situation may not 
exist, however, in a dynamic system in which oxygen is in constant demand, and the 
observed dependence of radiosensitivity on oxygen concentration is not unreasonable, 

I n  general the oxygen effect plateaus a t  levels approaching the physiological or 
normal ambient oxygen tension (142, 178, 271, 272). A notable exception is the 
marked potentiation of chromosome-breaking efficiency when Tradescanlia pollen 
grains are exposed to x rays in pure oxygen (75). But, as shown by Conger and Fair- 
child (75), oxygen per se has considerable effectiveness in producing chromosomal 
aberrations. This raises the question of a possible sensitization even by physiological 
oxygen concentrations to certain forms of radiation injury. That such a mechanism 
may take place has been suggested by King and his collaborators ( 2 0 2 ) .  They have 
observed that exposure of Tradescanha microspores to carbon monoxide during x- 
irradiation increases the frequency of chromosome aberrations by as much as 70 per 
cent. Carbon monoxide alone is ineffectual as far as chromosome changes are con- 
cerned. Since the increase in aberration frequency depends on the time of exposure 
to carbon monoxide prior to irradiation, with a maximum effect reached after I 
hour of pretreatment, one may inquire to what extent carbon monoxide influences 
cell division under these conditions. Carbon monoxide potentiation is reversed by 
oxygen in high concentration; oxygen per se under positive pressure results in a small 
increase in the frequency of x-ray-induced chromosome aberrations. These findings 
have been interpreted by postulating the inhibition of cytochrome oxidase by carbon 
monoxide, which in turn facilitates the action of flavoproteins as terminal oxidases. 
This action is believed to produce excessive amounts of hydrogen peroxide that 
sensitize the chromosomes to irradiation. Accordingly, oxygen antagonizes sensitiza- 
tion by carbon monoxide by reversing the inhibition of cytochrome oxidase. It is 
suggested further that the oxygen effect may also be mediated by way of the flavo- 
proteins, low oxygen tensions decreasing and high oxygen tensions increasing their 
activity as terminal oxidases with a corresponding decrease or increase in production 
of hydrogen peroxide. Whatever the ultimate mechanism may be, this significant 
contribution focuses attention on the biochemical processes of the cell, which have 
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been somewhat neglected by the emphasis on oxygen as an amplifier of activated 
water reactions. 

Dependence on Radiation Quality. Perhaps the most impressive evidence in 
support of the in zlivo action of activated water is derived from experiments by Tho- 
day and Read (336,337). These investigators have coniirmed and extended the earlier 
observations of Mottram (241) , in which oxygen deprivation was shown to decrease 
the growth reduction of Vicia fuba roots following gamma irradiation. Exposure of 
bean root meristems to x rays under anoxic conditions decreases mitotic inhibition, 
the frequency of chromosome aberrations, and the magnitude of growth reduction 
(271, 272 ,  336). It has been observed, on the other hand, that oxygen lack does not 
afford significant protection against the effects of alpha irradiation (337). These find- 
ings parallel the radiochemical reactions involving oxygen in aqueous solution, since 
oxygen would be expected to exert a minor influence on peroxide formation by alpha 
rays. It is assumed that the primary action of irradiation with regard to water takes 
place in the roots themselves, rather than in the tap water in which they are irradi- 
ated. 

While these results are suggestive of an important role of peroxides in radia- 
tion action, the effect of the presence of oxygen in the case of x or gamma rays would 
be also to increase the life span and possibly also the production of free OH radicals. 
Although, as we have seen, oxygen has a negligible influence on the sensitivity of 
substances believed to be inactivated by OH radicals in simple solution, the situa- 
tion may be quite different in the aqueous milieu of the cell where the survival and 
reactivity of such radicals are doubtless subject to many influences including local 
oxygen concentrations. With alpha rays, OH radicals are presumed to be formed 
close together and their chances for reaction with an essential molecule in the imme- 
diate vicinity are correspondingly greater. The absence of an oxygen effect with 
alpha radiation is consistent with such a scheme. At  any rate, it is clear that valu- 
able information may be gained in protection studies by taking advantage of differ- 
ences in the spatial distribution of the various ionizing radiations. Such data are 
urgently needed. 

Giles and Beatty (142) have, in fact, attempted to evaluate the role of OH rad- 
icals on the production of chromosomal aberrations in Tradescantia inflorescences 
exposed to x rays. Little difference is seen in interchange frequencies when in- 
florescences are exposed in an atmosphere of hydrogen a t  normal pressure or at 3 
atmospheres above normal. One might anticipate that the back reaction of hydrogen 
atoms and hydroxyl radicals to form water would be enhanced at  high pressures of 
hydrogen (4). The lack of an effect of hydrogen pressure may indicate, as suggested 
by Giles and Beatty (142), that even the residual aberrations in the absence of oxygen 
are due to direct ionization of chromosomes rather than to OH radicals. This con- 
clusion obviously rests on the assumption that reactions in the virtually anoxic cell 
and in oxygen-free water are identical. 

Biological Factors in the Oxygen Effect. From the biological point of view, it is 
well to ponder the greater dependence of low doses of x rays than of alpha rays on 
mitotic conditions (206, 314, 334) and also the greater restitution of chromosome 
breaks with the high ion density radiation (151). If the oxygen effect is related to 
mitotic phenomena or to restitution of broken chromosomes, such differences could 
complicate the interpretation of the relative effectivesness of oxygen for the different 
radiation qualities. However, there is no obvious correlation between the change in 
x-ray sensitivity of broad bean roots induced by anaerobiosis and the proportion of 
cells in divison at  the time of irradiation ( 2 4 2 ) .  Moreover, the time lag for altering 



the sensitivity of the roots after changing the osygen concentration of the water 
is not greater than I minute (271, 2 7 2 ) .  Giles et al. (141, 143, 145) have concluded 
that restitution of broken chromosomes is not an important factor in the oxygen 
effect on Tradescanfia. In  this preparation, rejoining of breaks does not take place 
for several minutes and the only critical parameter is oxygen tension during irradia- 
tion. The oxygen effect on Tradescanlia chromosomes appears also to be independent 
of the intensity of x-irradiation, which further supports the view that restitution 
of breaks is not an  important factor ( 2 7 6 ) .  A similar conclusion may be drawn from 
consideration of the osygen effect on sex-linked lethals in Drosophila (178). 

Interpretation becomes more involved, however, when we consider the intluence 
of temperature on the oxygen effect. The yield of dominant lethal mutations in 
Drosophila ( 2  j) and of chromosome aberrations in Tradescarztia (143) is increased 
when x-ray exposure is performed a t  low temperatures in the presence of oxygen. 
The increased yield may be attributed to the greater solubility of oxygen and to its 
diminished utilization a t  low temperatures. In  the absence of oxygen, however, the 
effect is reversed; more aberrations are noted in Tradescantia chromosomes irradiated 
a t  high than a t  low temperatures. The reversal has been taken to suggest that the 
oxygen effect is probably not related to recombination of the split chromosomes. By 
way of contrast, it has been found recently that the percentage of autosomal recessive 
lethal mutations induced in Drosophila by ultraviolet radiation is actually greater 
when the exposures are made in the absence than in the presence of oxygen (236). 
Moreover, this difference is especially marked when the Drosophila are incubated 
at elevated temperature after irradiation. The picture with Tradescantia may also 
be contrasted with the temperature dependence noted for thymic cells suspended in 
plasma. Anoxia protects such cells against killing by x rays, but protection does not 
occur if the cell suspension is chilled while oxygen is being removed (37). Even when 
the anoxic suspension is prepared a t  room temperature, chilling for a brief period 
immediately after irradiation partially reverses the oxygen effect. Similar conditions 
of temperature in the presence of oxygen do not affect the lethal response of thymo- 
cytes to s rays. Other data also emphasize the difficulty of interpreting the oxygen 
effect solely in terms of immediate oxidative reactions in irradiated water. I t  has 
been observed, for example, that anoxic conditions after exposure to x rays exert 
almost as great a protective effect on the hematopoietic cells of tadpoles as similar 
treatment before and during the exposure (7). Similar protective effects have been 
noted in the case of poisoning with colchicine. It has been concluded that the protec- 
tive influence of anoxia against both colchicine and x rays is in this instance related 
to changes in cell division. 

It is appropriate to take cognizance of another form of oxygen sensitization to X- 
ray damage. Microorganisms capable of living either aerobically or anaerobically 
are more resistant in anaerobiosis. This phenomenon has been investigated with 
E. coli by Hollaender and his group (178, r81), who find that bacteria grown anaero- 
bically but X-irradiated in the presence of oxygen are about one and one half times 
as resistant as their aerobic counterparts. On the other hand, bacteria grown and 
irradiated anaerobically are about IO times as resistant as those grown and irradiated 
with oxygen available. It is noteworthy that the oxygen tension of the buffer solution 
in which the bacteria are irradiated determines the slope of the survival curve, while 
its shape is influenced by the environmental condition in which the organisms are 
grown (178, 181). The former suggests a change in the relative probabilities of com- 
peting reactions such as might be anticipated from the effect of oxygen on the com- 
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binations of free radicals. The change in order of the survival curve undoubtedly 
reflects the altered cell physiology. 

Influence of Blood Supply. Finally, we may include in our consideration of the 
oxygen effect the influence of blood supply on the radiosensitivity of the various 
animal tissues. Sensitivity of embryos increases as their blood supply is established 
(312). It is also well known that radiation injury to specific sites, e.g. skin, lymph 
node, ovary and tumor, parallels the blood flow during exposure (66, 109, 121, 194, 
240, 243, 244, 293).  Thus, damage to a limb is greatly diminished when the limb 
circulation is blocked, and tumor sensitivity varies with its vascularity. Since a 
factor common to all of these examples is a reduced oxygen tension, it is believed that 
hypoxia accounts for the modification of sensitivity. While this seems reasonable 
from the preponderant evidence in support of anaerobiosis cited previously, it has 
not been proved. 

Epinephrine and Pitressin administered prior to x-irradiation have been shown 
to protect against local effects as well as against lethality (149, 265, 293). The in- 
fluence of epinephrine and of Pitressin may be presumed to be a consequence of the 
decreased availability of oxygen, perhaps mainly because of changes in the blood 
supply. Effects of some other pharmacological agents may be mentioned at  this time. 
The resistance of mice and rats to lethal doses of x rays is enhanced when p-amino- 
propiophenone is administered before irradiation, a possible explanation being the 
hypoxia resulting from methemoglobin formation (320). Maximum methemoglo- 
binemia occurs, however, about 30 minutes after injection of this chemical, while 
optimum protection is obtained when the injection is made just prior to irradiation. 
Sodium nitrite, which produces a rather similar methemoglobinemia, gives equivocal 
protection (72,  170 ,  320). It has been suggested that a positive action of sodium 
nitrite when observed may be related to the accelerated decomposition of hydrogen 
peroxide (7 2) .  However, the importance of hydrogen peroxide in mammalian radia- 
tion toxicity remains to be demonstrated. 

Several points of general interest may be noted in concluding the discussion of 
oxygen effects. We recall particularly the similarity in the degree of protection by 
anoxia against the production of chromosome aberrations, the inhibition of cell 
division and growth, and the death of the organism. Although this by itself does not 
establish causality, the coincidence is striking. It can be inferred from the uniformity 
of the protection that the oxygen effect takes place at a very early stage in the chain 
of radiation events, presumably on a common mechanism. These studies reveal 
further that genetic effects may result from indirect actions, a conclusion that is con- 
sistent with the demonstration of chemical mutagens and in particular with the muta- 
genic action of the inorganic and organic peroxides. Whether point mutations origi- 
nate as a consequence of the indirect effects of irradiation is questionable. Oxygen 
dependence and independence with regard to radiation-induced mutations in the 
various organisms and in mutants of a single organism indicate that different mech- 
anisms lead to the genetic effects of irradiation. 

While it is almost axiomatic to search for an all-embracing mechanism, and, 
for the most part, the oxygen effect can be interpreted in terms of the diminished 
yield of oxidants in irradiated water, it is abundantly clear that this is by no means 
a certainty for all of the examples detailed in the preceding paragraphs. I t  is well, 
therefore, to continue to look for other effects of oxygen in regard to radiation sensi- 
tivity and at the same time to take advantage of the unique dependence of radio- 
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chemical and biological effects on the rate of energy loss of the different ionizing 
radiations. 

Chemical Protection 

Numerous examples of chemical protection have appeared in the recent litera- 
ture. The findings support the premise that many of the biological effects of ionizing 
radiations are indirect, a consequence mainly of the transfer of energy from water 
molecules to essential biological components. Interest in this section will be confined 
to substances that are believed to act a t  the level of the primary injury. Needless 
to say, the complexities of interpretation encountered in the oxygen effect, broadly 
defined as radiochemical versus biological, are even more in evidence in the case of 
protection by various chemicals. It is possible, nevertheless, to arrive at a reasonable 
approximation of the protective mechanism in some instances. 

The simplest case is one in which two solutes compete for the active radicals 
formed in irradiated mater. The protection of solutes, including enzymes and viruses, 
by bulk protein has already been considered, Although the protective power for equi- 
molecular concentrations of different solutes is roughly proportional to their molec- 
ular weight, specificity also plays an important role in the protection. Thiourea is a 
very effective agent for the protection of carboxypeptidase in aqueous solution, 
while the closely related urea has little protective activity (87, 88, 90). In  fact, sulfur 
compounds in general, i.e. colloidal sulfur and thiosulphate, have considerable eff ec- 
tiveness in protecting this enzyme. Another example of specificity in the protection 
of carboxypeptidase is' the finding that the protective power of oxalate is increased 
by a factor of 200 when it is converted to formate (87, 88). Simple competition for 
free radicals is not always adequate to account for these effects, since the protective 
efficiency of thiourea, formate and glucose declines as their concentration increases 
(88, p). More involved energy sharing mechanisms have been postulated to explain 
this phenomenon, e.g. chain reactions between free radicals and protector molecules, 
or temporary activation of protector molecules by the free radicals with subsequent 
transfer of the energy to the protected molecules. 

Sulfhydryl and Related Substances. Considerable interest has been manifested 
in sulfhydryl substances as protectors against radiation injury. This is attributed 
in part to the demonstration by Barron et al. (31) that sulfhydryl enzymes are quite 
sensitive to oxidation when X-irradiated in dilute aqueous solution and that it is 
possible to protect and to reactivate such substances in vilro by addition of gluta- 
thione. On the other hand, emphasis has also been placed on the simple thiols as 
potential indicators of, and buffers for, the oxidants formed in irradiated mater with- 
out regard to the question of whether the -SH group represents the sensitive site 
from the standpoint of radiation toxicity. We shall return to these considerations 
later. It is well to remember that Sulfhydryl addition is similar to oxygen removal in 
the production of a number of biological effects. 

Turning first to solutes in solution, glutathione added prior to x-irradiation 
reduces the inactivation of phosphoglyceraldehyde dehydrogenase (31), a sulfhydryl 
enzyme, and of ribonuclease (182), a nonsulfhydryl enzyme. Protection of the -SH 
enzyme by glutathione can be interpreted to mean that the oxidants formed in water 
are shared by the -SH groups of each substance. Yet, addition of glutathione im- 
mediately after irradiation with zoo r is nearly as effective as its addition prior to the 
exposure, even though the amount employed is only one-ninth of that added before 
irradiation (31). Reversal by glutathione indicates that enzyme inactivation is 
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partly due to oxidation of sulfhydryl groups to disulfides. The efficiency of reactiva- 
tion suggests that the protective effect of glutathione added before irradiation can 
also be attributed to a similar recovery process as the exposure continues rather than 
to competition for free radicals. The degree of reactivation diminishes with increase 
in radiation dosage; it has been inferred from this that nonspecific protein denatura- 
tion becomes progressively more important (31). With 500 r, the activity of phospho- 
glyceraldehyde dehydrogenase is 94 per cent inhibited, and there is only IO per cent 
reactivation by glutathione. It is not known whether glutathione pretreatment will 
protect -SH enzymes against x-ray dosages of this magnitude, which, incidentally, 
are in the biologically effective range. Reactivation by glutathione is relatively slight 
in the case of alpha rays and is apparently independent of the radiation dose; reac- 
tivation has not been seen after beta radiation ( 3 1 ,  32) .  These differences may pos- 
sibly be attributed to the great variations in the dose rates employed rather than to 
fundamental differences in action of the three radiations. 

Glutathione has been shown to protect the nonsulfhydryl enzyme, ribonuclease, 
which requires about 13,000 r for 50 per cent inactivation in dilute solution (182). 
Protection in this case is most likely 3 result of the competitive sharing of free OH 
radicals. X-ray inactivation is not influenced by the absence of oxygen or the presence 
of catalase and can be induced by chemically generated OH radicals but not by 
hydrogen peroxide. This enzyme is not reactivated by glutathione and is protected 
only if -SH groups are present during exposure to x rays. 

In contrast to these protective effects, cysteine and reduced glutathione have 
been shown to enhance the destructive effect of x rays on catalase in dilute aqueous 
solution from which oxygen has been removed (123). Catalase is protected, however, 
by cystine and oxidized glutathione. It is assumed that catalase is sensitive to reduc- 
tion and that free hydrogen atoms are responsible for this action. I n  support of this, 
it may be noted that iodide ions, which are believed to decrease the amount of free 
hydrogen, also protect catalase against inactivation by x-radiation. 

Cysteine added to thymus nucleoprotein solutions just before or after 50,000 
r x-irradiation affords almost complete protection against the immediate decrease 
in viscosity (118). Of interest is the large increase in viscosity observed 3 to 4 hours 
after the addition of either cysteine or glutathione to nonirradiated alkaline solutions 
of nucleoprotein. Thiocyanate, cyanide and ascorbic acid also lead to some increase 
in viscosity of nonirradiated nucleoprotein, while BAL, thiourea, thiouracil, uracil, 
urea and cystine are ineffectual. It is significant that cysteine added prior to x- 
irradiation gives approximately the same viscosity increase a t  3 hours as that ob- 
served in the nonirradiated cysteine nucleoprotein solution (118). On the other hand, 
the viscosity increase is greatly diminished when cysteine is added immediately 
after irradiation. These studies, which are based upon a single experiment, require 
amplification since they introduce the possibility of multiple actions by cysteine in 
regard to radiation sensitivity, namely as a buffer for radiotoxins and as a modifier 
of molecular orientation and structure. We may recall particularly the profound 
influence of molecular orientation on the radiosensitivity of pepsin (234, 2 3 5 ) .  

I t  is worthwhile to contrast the effects of cysteine with those of thiourea and 
anoxia. The immediate changes in X-irradiated nucleoproteins are independent of the 
presence of oxygen, but are prevented by addition of protein and are presumed to 
result mainly from indirect action. The delayed effects require oxygen during irradia- 
tion and may be attributed to either H02 or H202. Interpretation of the cysteine 
effect on irradiated nucleoprotein solutions is complicated by the dual nature of its 
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action as noted above. Among other things, it is important to determine whether 
viscosity will be increased when cysteine is added subsequent to irradiation under 
anaerobic conditions. The immediate radiation effects on nucleoproteins in zdro are 
prevented by thiourea (220) as well as by cysteine, but the former does not affect 
the viscosity of nonirradiated nucleoprotein. Thiourea does not modify the initial 
changes in nucleoproteins in uiro (221); it does protect, however, against the more 
delayed radiation effects. These considerations illustrate the difficulties inherent in 
extrapolation from the simple to the more complex systems. 

I t  is well known that the inactivation of viruses, cells and tissues depends on 
the nature of the medium in which they are exposed. Inactivation is less in a nutrient 
broth than in water or in a solution of inorganic salts. A number of organic sub- 
stances-cysteine, cystine, glutathione, thioglycollic acid, tryptophan, glucose, ascor- 
bic acid, alanine, gelatin and egg albumin-have been shown to protect bacterio- 
phage suspended in aqueous solution (105, 133, 209, 230). The residual inactivation 
in the presence of broth or extraneous matter is generally believed to result from a 
direct action of radiation on the virus particles (230). It is noteworthy, therefore, 
that cysteine and BAL have been shown in preliminary studies to reduce the rate of 
x-ray inactivation of phage T 2 H  suspended in nutrient broth or in a gelatin solution 
(96). I t  is not known whether the protective action in the presence of broth indi- 
cates a direct effect of cysteine or BAL on the virus particles or an interaction of 
these substances with toxic agents produced in the water of hydration. This finding 
is especially interesting in view of the effect of cysteine on the viscosity of nucleo- 
proteins described previously. Ethanol and glycerol may also protect the virus in 
the presence of broth. Ethanol in very low concentrations has been shown to pro- 
tect dilute solutions of trypsin against inactivation by x rays; the shape of the inac- 
tivation curve is altered (231), possibly indicative of a change induced in the trypsin 
molecule by ethanol. 

Ejec ts  on cells. Cysteine, BAL (~,3-dimercaptopropanol), mercaptosuccinic 
acid and mercaptopyruvic acid have been shown by Burnett et al. (60) to increase 
the resistance of E. coli B/r suspended in phosphate buffer to the lethal effects of 
x-radiation. Protection of Propionibacterium pentosaceum by cysteine and to a 
lesser extent by thioglycollic acid and thiourea has also been reported (I 24) ; these 
results are not as detailed nor as impressive as the findings with E. coli. The sulf- 
hydryl compounds must be present during irradiation in order to protect the bac- 
terial suspensions; they apparently do not affect the growth rate of nonirradiated 
bacteria in the concentrations used. A word about the criterion is appropriate. 
Lethality is determined by transferring the X-irradiated suspensions after suitable 
dilution with nutrient broth to agar plates and counting the average number of 
colonies developing after 24 hours incubation a t  37OC. (60). This procedure does not 
allow a distinction between immediate killing, delayed killing and delayed cell 
division. The dosages generally employed are in excess of 15,000 r or in other words 
are above the LDgg for E. coli as determined in this manner. 

As noted previously for the oxygen effect, protection by sulfhydryl compounds 
is characterized by a change in the slope of the survival curves. The dose of x rays 
required to produce equivalent lethality in the presence of BAL is increased by a 
factor of approximately 4. Protection is greater with equimolar concentrations of 
BAL, a dithiol, than with the monothiols (60). Although propanol is also protective, 
much higher concentrations are required, and it is unlikely that the greater effi- 
ciency of BAL is in any way related to the propanol portion of the molecule. Protec- 
tion of E. coti has been shown to vary directly with the concentration of -SH 
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compounds in the aqueous medium up to an optimum of about 0.02 x. Cysteine 
and BAL are additive in their action at concentrations below 0.01 AI (180). 

I t  can be assumed that part of the effect on bacterial cells originates in the 
phosphate buffer medium. If this is true, protection by the sulfhydryl substances may 
also reside to a degree in the medium. The -SH compounds might then protect 
against the medium effect in two ways: by direct competition with bacterial cells 
for free radicals (OH and HOs) and hydrogen peroxide that are formed in the me- 
dium; and secondly, by competition with free hydrogen atoms for the oxygen pres- 
ent in solution. That the first mechanism is operative, although not to  the exclusion 
of the second possibility, is perhaps indicated by the claim that -SH compounds 
give some protection in oxygen-free suspensions ( I ~ S ) ,  and that the dose reduction 
with Br\L is slightly greater than with oxygen removal by nitrogenation (j9, 60). 
Yet a similar situation exists with sodium hydrosulfite, which is believed to act 
exclusively by removal of dissolved oxygen (59). BAL and sodium hydrosulfite are 
also reported to give some additional protection when they are combined (180). 
The reasons for this are not obvious. 

Hollaender (177, 181) has stated that a heavily irradiated medium is not toxic 
to E .  coli added subsequently. Moreover, added hydrogen peroxide is not toxic to 
the bacteria unless the concentration is considerably in excess of that formed by 
reasonable amounts of radiation. The hydroperoxyl radical (HOz) may thus be im- 
plicated as the major radiotoxin for lethal effects in bacterial suspensions. We recall, 
however, that the influence of an irradiated medium or added hydrogen peroxide 
may be conditioned by a change in the responding system in consequence of its 
irradiation (11). While the presumption is that oxidants are also formed within 
bacterial cells, their contribution is difficult to evaluate, since indirect effects from 
the medium undoubtedly play a substantial role in a system of this sort. I t  seems 
important to determine whether sulfhydryl compounds added to a medium con- 
taining an excess of protein will protect bacteria. If this is the case, the above argu- 
ments with regard to oxygen removal and competition for oxidants by sulfhydryl 
substances can be applied equally well to an intracellular site of action. I n  this in- 
stance, however, one must contend also with the possibility that part, if not all, of 
the protection may have a biological rather than a radiochemical basis. 

There are, in fact, indications that these substances may protect in other ways 
or at least that the protective phenomena cannot be interpreted completely in terms 
of immediate oxidative reactions. Patt  el at. (251) have observed that rabbit thymic 
cells suspended in a medium consisting of equal parts of homologous plasma and 
phosphate buffer are protected against x-radiation by cysteine. Thymic cells main- 
tained in this manner almost never divide; suntiving cells can be estimated by the 
method of unstained cell counts using eosin (291, 324). As with bacteria, sensitivity 
of thymic cells is decreased by a factor of about 2 when cysteine is added to the sus- 
pension. Protection depends upon cysteine concentration and time of administration 
but, significantly, is not a simple function of the sulfhydryl level during exposure 
( 2 5 1 ) .  Cysteine addition 15 to 30 minutes before irradiation is optimum. Moreover, 
unlike the situation with bacteria and animals, there is a definite protective effect of 
cysteine added immediately after irradiation. This can be accounted for only to a 
slight extent by the persistence of toxic substances in the medium. It may perhaps 
be attributed to the reversal of a chain reaction or to the reconstitution of an in- 
jured site. A postirradiation effect of cysteine has also been described for onion 
epidermis cells (3 j). 

The plasma medium apparently makes a negligible contribution to the toxic 



effect of s rays on thymocytes. The resistance ot' packed thymic cells and the failure 
of cysteine to protect them may be attributed to their hypoxic state. Cells equi- 
librated Ivith oxygen before packing by centrifugation appear to be as sensitive as 
cells in suspension and are readily protected by cysteine (2j1). This may be inter- 
preted as evidence that cysteine acts at  the level of the cell, although whether on the 
cell surface or intracellularly cannot yet be stated. A cellular site of action is also 
implicated from studies with tumor fragments ( I  j 8 ) .  In contrast to the report that 
-SH compounds give some protection to bacteria in oxygen-free phosphate buffer 
(175), it may be noted that removal of oxygen from the thymic cell suspension is as 
effective as cysteine but that the two are not additive ( 2 5 1 ) .  These results are con- 
sistent with the observations on packed thymic cells and suggest perhaps that cys- 
teine action may be related to diminished availability of intracellular oxygen. If 
this is true, suboptimal deprivation of oxygen and suboptimal concentrations of 
cysteine may prove to be additive in their protection. 

Other complications enter the picture, however, and it appears that oxygen 
deprivation alone is not the sole decisive event in the protection of thymic cells by 
cysteine. I t  has been observed that protection is dependent upon temperature during 
the first 30 minutes or so after irradiation (250). A brief period of chilling a t  z°C. 
immediately after x-ray exposure completely reverses the protection. Temperature 
dependence of cysteine action before irradiation has also been shown (250,  292). 

Brief periods of chilling either immediately before or after irradiation do not affect 
thymocyte sensitivity. These findings may be contrasted with the report that sulf- 
hydryl compounds protect bacteria equally at  2' and at  3 7 O C .  (317). We recall also 
that Tradescantia microspores are more resistant in the absence of oxygen at  low than 
at high temperatures (143), but that thymic cells are not protected when chilled 
during the period of oxygen removal (37).  There is no satisfactory interpfetation of 
these differences. 

Ejects on animals. Considerable information is available concerning sulfhydryl 
protection against radiation injury in mammals. Cysteine has been shown to protect 
mice and rats against acute lethality, i.e. deaths occurring within 30 days after 
irradiation (259,  264, 303); glutathione protection has been observed in mice, rats 
and dogs (68, 69, 259), and BAL protection in rats (302). These substances must be 
given before irradiation to be effective (256, 259). The optimum time of cysteine 
administration is immediately before exposure but injection as long as I hour before 
irradiation is still protective. The report (227)  that several injections of cysteine 
and ascorbic acid during the first two postexposure hours improves the survival of 
rabbits has not been verified in either rabbits or mice (2  j3). There is no satisfactory 
explanation for the apparent discrepancy in the time course of the protection in 
certain plant and animal cells as described previously and in the whole animal. 
The kinetics of the reactions with cysteine and the time constants for development 
of irreversible injury may differ in the isolated cells and in the intact animal. 

I t  is significant that pretreatment with cystine or methionine does not alter 
radiation toxicity in animals ( 2 j 9 ) .  Although the amount of cystine that can be 
given in solution is limited by its relative insolubility, comparable dosages of cysteine 
afford definite protection (256,  303). It may be noted also that all sulfhydryl-con- 
taining substances and reducing agents do not modify sensitivity. In  contrast to the 
results with bacteria described previously, neither mercaptosuccinate, mercapto- 
pyruvate, nor hydrosulfite are effective protectors to irradiated mice (254) .  Ascorbic 
acid ( 2 j 9 )  and borotetrahydride (252)  are also ineffectual. These differences may be 
a consequence of the temporal and spatial distribution and biological life of the vari- 
ous substances. Hydrosulfite and borotetrahydride, for example, are oxidized almost 
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instantaneously upon intravenous injection. On the other hand, protection has been 
seen with thiourea (222, 238)  and dithiophosphonate ( 2 3 8 ) ;  the degree of protection 
by these substances is rather small, however. 

Cysteinamine (mercaptoethylamine produced by decarboxylation of cysteine) is 
highly effective in protecting mice, and, in fact, has been shown by Bacq and Herve 
( 2 3 )  to have greater effectiveness than cysteine in comparable dosage. It is somewhat 
more toxic, however, and as a consequence a greater radiation dose reduction may be 
achieved with cysteine (252) .  In  view of the negative action of cystine, it is interest- 
ing to note that cystinamine also enhances the survival of mice when it is adminis- 
tered before irradiation ( 2 3 ) .  This can be attributed to the rapid formation of his- 
tamine after cystinamine injection. Large doses of histamine and of other amines 
have also been shown to protect mice ( 2 2 ,  23), possibly because of the decreased 
tissue oxygen tension resulting from vasodilatation and hypotension. Cysteinamine, 
on the other hand, does not liberate histamine. A more fundamental action of this 
compound is indicated also by the fact that it protects pea roots against the growth 
reduction induced by x rays; this is not the case with cystinamine (23). 

In  addition to lethality, a number of more specific radiation sequelae are dimin- 
ished by prior injection of cysteine. These include lymphopenia, granulocytopenia, 
and anemia in mice and rats (256,  258, 278) ,  splenic atrophy in mice (256) ,  epilation 
in guinea pigs (124) ,  greying of hair in mice (204), and lenticular opacities in rabbits 
(350, 351).  Cysteine has also been shown to protect implants of the Walker 256 
mammary carcinoma in rats against growth reduction following total-body x-irradia- 
tion (322) .  I t  would appear, therefore, that cysteine may raise the threshold for 
x-ray effects generally with the probable exception of those attributable to direct 
ionization or excitation. The action of cysteine and related compounds against re- 
peated low dose irradiation has not been evaluated; protection against the more 
chronic sequelae of irradiation is also largely undetermined. 

It may be remarked that cysteinamine is reported by Herve (169) to ameliorate 
clinical radiation sickness, which brings to mind an earlier observation (300) that 
several injections of glutathione can relieve the discomfort sometimes seen after 
therapeutic irradiation. Evaluation of the many prophylactic and therapeutic agents 
that have been recommended for the clinical syndrome, which represents only a 
part of the total radiation picture, does not fall within the scope of this review. 
TVe may inquire, however, about the advisability of employing agents that manifest 
a more or less universal action against radiation effects to prevent clinical radiation 
sickness. Cnless selective protection can be accomplished, the purpose of the therapy 
may be defeated in that the area to be treated may also show an increased radio- 
resistance. 

The degree of protection by cystine or glutathione is dependent upon the dose 
that is injected (79, 256, 303). The gradual decrease in effectiveness with increase 
in the time between administration and irradiation is doubtless related to the rapid 
clearance and metabolism of these sulfhydryl compounds. There is a rather uniform 
distribution of cysteine throughout the body during the first few minutes after its 
injection intravenously (260). With time after injection, both cysteine and gluta- 
thione tend to concentrate in the kidneys, liver, spleen and intestine (SI, 260). 
There is no obvious relationship between the difference in concentration in the vari- 
ous tissues and the time course of the protection (260);  it will be recalled that in- 
jection immediately before irradiation is optimum. I t  is of interest that cysteine 
protection against acute lethality is more efficient in abdomen-shielded than in 
abdomen-irradiated rats (329) ; the reason for this is not apparent. 

I t  has been suggested that sulfhydryl substances, specifically glutathione, may 
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protect animals by promoting regenerative mechanisms rather than by preventing 
initial cellular destruction (79, 80). Data upon which this supposition is based do 
not, however, constitute proof of the failure to prevent injury. Histological changes. 
in general, reflect the amount of radiation and not the lethal or morbid effect on the 
animal (39, 93). Furthermore, the threshold point of maximal or near maximal 
change for a number of radiation effects is below that required for acute lethality. 
It is also generally recognized that quantitation of hematological and organ weight 
changes is exceedingly difficult in the narrow lethal dose range. By way of illustration, 
the difference in splenic and thymic involution between 600 and 800 r is only about 
j per cent (65). These considerations can explain the failure to observe a protective 
effect of glutathione, which in the concentration used results in a dose reduction of 
about 2 5  per cent, on the early changes in organ weights, blood and tissues (79, 

.is contrasted with the above view, there is a body of evidence, which has al- 
ready been alluded to, indicating that sulfhydryl compounds can diminish cellular 
destruction incident to x-ray exposure. It has been observed, moreover, that cys- 
teine affords a fairly uniform protection over a wide range of radiation doses against 
lethality, splenic atrophy, leucopenia, lymphopenia and granulocytopenia (256) .  
Uniformity of the protection by cysteine against a number of radiation sequelae 
in the intact animal points to a true dose reduction in the sense that it alters a 
common pathway. This suggests that the decisive action occurs a t  an early stage in 
the chain of events but does not necessarily imply protection against all radiation 
changes insofar as different primary mechanisms may be involved in their develop- 
ment. 

The cysteine effect is manifest by a change in the slope of the radiation dose- 
response curve for all of the effects that have been studied, or, in other words, the 
dose reduction consists of the deletion of a proportional amount of the radiation 
effect (256) .  The magnitude of the change depends upon the cysteine dose; sensitivity 
is decreased by a factor of about z with the maximally tolerated cysteine dose. Sim- 
ilar proportionalities have been seen with bacteria (60) and-thymic cells (251) .  

Pat t  el al. (256) have observed that the biological additivity of two briefly spaced 
x-ray doses in mice is a direct function of the cysteine dose preceding each exposure. 
A similar additivity has been observed for the oxygen effect on broad bean roots 

In  general, the observations on animals are consistent with the assumption that 
sulfhydryl substances serve as absorbing material for the oxidants presumably formed 
in intracellular water. Competition for the decomposition products of water may be 
indirect in that cysteine may act by diminishing the availability of oxygen and hence 
the yield of certain of the oxidants, e.g. HOz. Protection by cysteine is enhanced 
significantly when mice are allowed to breathe IO per cent oxygen during irradiation 
or are injected with dinitrophenol prior to the exposure (252) .  Neither IO per cent 
oxygen nor dinitrophenol alone is protective; however, when animals receive both 
treatments radiation lethality is diminished. If cysteine protection is indeed related 
to decreased availability of oxygen, we should perhaps anticipate differences in its 
effectiveness against radiations differing in ionization density. There are no available 
data concerning this point. 

With regard to a more specific effect of the sulfhydryl substances, e.g. in terms 
of protection or reactivation of sulfhydryl enzymes, there is no direct evidence, and 
little reason to assume, that the -SH group represents the sensitive spot from the 
standpoint of radiotoxicity. While sulfhydryl enzymes may be inhibited by ionizing 
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radiations under certain conditions, evidence for their selective inhibition in zliz~o 
is equivocal (28, 95, 99, 218, 308). As to reactivation of these enzymes, it is well to 
point out that -SH enzymes can be reactivated irz uifro only after low dosages of 
x rays (31).  Enzyme inactivation after dosages comparable with those required 
for lethality in animals has been attributed to protein denaturation (31); there is, 
however, no evidence for the latter with dosages of this magnitude, e.g. 500 r. 

I t  is of interest that x-irradiation has no immediate effect on sulfhydryl levels 
in a number of tissues(122, 1 2 7 ,  2 5 7 ,  260, 295, 332). This is consistent with theoreti- 
cal considerations; the available sulfhydryl in tissue exceeds by several orders of mag- 
nitude the amount that could be oxidized directly by lethal dosages of irradiation 
even in the absence of the naturally occurring protective substances. More delayed 
changes in sulfhydryl concentration have been observed in irradiated tissues, but 
these appear to be a consequence rather than a cause of the injury (295, 332, 366). 
Similar effects have been reported for a variety of conditions and are apparently 
nonspecific (296). Although some of the cellular effects of sulfhydryl reagents, e.g. 
heavy metals, and of x rays are similar (29), sulfhydryl poisons in general do not 
reproduce the radiation syndrome. Radiation toxicity is not affected when p-chloro- 
mercuribenzoate, a sulfhydryl complexing agent, is administered to mice either 
before or after whole-body x-irradiation (255). Postirradiation cysteine can reverse 
the effect of a toxic dose of mercuribenzoate given prior to exposure, but radiation 
toxicity is unaltered under these conditions. I n  evaluating these results, it must be 
remembered that a sulfhydryl reagent almost certainly does not attain the uniform 
distribution of penetrating radiation. 

The toxicity resulting from nitrogen mustards (52, 357) or alloxan (212, 213) 
in rats and rabbits is also prevented by the simultaneous administration of cysteine. 
As with x rays, treatment after injection of these toxic agents is generally ineffectual; 
a slight protective effect does occur when cysteine is injected within I minute after 
alloxan injection. The protective effect against nitrogen mustard poisoning is re- 
ported to be specific for cysteine (sz), whereas glutathione, thioglycollic acid and 
BAL are also protective against alloxan (212, 213). Alloxan toxicity may perhaps be 
attributed to the selective inactivation of -SH groups in the islet cells of the pan- 
creas (212, 213). Although nitrogen mustards may form alkylated compounds with 
thiols, a variety of atomic groupings react with the nitrogen mustards, and inter- 
pretation of the protective effect of cysteine is not readily apparent ( 5 2 ) .  

I n  concluding, it should be emphasized that as in the case of the oxygen effect 
we cannot dismiss readily the idea that several modes of action may prevail in the 
protection of the various systems by sulfhydryl substances. The possibility remains 
that these substances may protect by altering the nature of the biological targets or 
the biochemical pathways as well as by modifying the reactions of activated water. 
Information relating to the relative effectiveness of these protective substances for 
the different qualities of radiation should aid materially in the elucidation of their 
mechanisms of action. 

Metabolites. A number of metabolites are reported to afford protection against 
x-ray effects. It is generally believed that such substances are effective because they 
serve as oxygen acceptors. The inactivation by x rays of strychnine in dilute aqueous 
solution is diminished by glucose as well as by other oxygen acceptors including 
sodium nitrite, ferrous sulfate and stannous chloride (208). Solutes that do not ac- 
cept oxygen, e.g. sucrose, sodium chloride, sodium nitrate, ferric sulfate and stannic 
chloride, are not protective. I t  is of interest that massive amounts of glucose given 
prior to X-irradiation diminish cutaneous effects in rabbits (19) and mortality in rats 
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in the rabbit, presumably because of hypoglycemia (346). Some degree of protec- P' 
tion has been achieved in mice by the injection of large amounts of ethanol (249) co 
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terial cells from the lethal action of hydrogen peroxide, presumably because of the fll 
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vate has been interpreted as further evidence that hydrogen peroxide is not the P' 
mutagenic agent in this biological system. Protection of E. coli B, r against the lethal rr. 
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pyruvate, serine or ethanol to the bacterial suspension prior to irradiation (317). 

latter experiments, the effect has been shown to depend upon a period of incubation. 
Definite protection occurs only when the metabolites are incubated (37.C.) with the 
bacterial cells for 30 minutes; incubation a t  2'C. results in a negligible effect (317). 

bacterial suspensions are also temperature independent. 
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( 2 2 6 ) .  Conversely, pretreatment with insulin augments cutaneous radiosensitivity 

and of glycols (284). These protective effects may also be related to relative oxygen 

The lethal and mutagenic effects of both ultraviolet and x-radiations are re- 
duced when pyruvate is added to bacteria suspended in broth (338). Protection en- 

rapid reaction between these two substances. The absence of an after-effect of pyru- 

effects of x rays has also been achieved by the addition, of either formate, succinate, 

Unlike the previously cited experiments where the presumption is that preliminary 
incubation of bacterial cells with pyruvate is not necessary for protection, in the 
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A notable exception is the finding that large quantities of ethanol protect E. coli 
without preliminary incubation. The actions of cysteine, BAL and hydrosulfite on 
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1 These findings suggest some metabolic intervention in the protection by for 
mate, succinate, serine, ethanol in small quantities, and perhaps pyruvate. It may be 
noted that p-alanine, which is only slightly utilized as an oxidative substrate by 
E. coli, is not effective, whereas a-alanine, which is oxidized reportedly a t  a rapid 
rate, affords good protection (317). The effectiveness of some of these metabolites is 
greatly diminished in the presence of either cyanide or iodoacetate (317). Seither 
cyanide nor iodoacetate alone exerts an appreciable influence on the radiosensitivity 
of E. coli. The generalization has been made that loss of protection is related to respira- 
tory inhibition and, therefore, that oxygen removal from the bacterial cells or their 
immediate environment is the primary mode of action by these metabolites (317). 
Inspection of the data, however, reveals inconsistencies in the computed percentage 
loss of protection by cyanide and iodoacetate and in the relationship of respiratory 
inhibition to loss of protection. One may inquire about the probability of achieving 
an effective diminution of cellular oxygen as a consequence of metabolism in a system 
of this sort, since the oxygen gradient between the small bacterial cells and the 
suspending medium is probably relatively slight. Protection by pyruvate has been 
shown to occur in a bacterial suspension that is aerated continually during the 
period of irradiation (338). 

Latarjet (208) has expressed the view that some of the oxygen acceptors, e.g. 
glucose, may protect not by removal of oxygen but rather because they serve as 
hydrogen donors. The hydrogen is presumed to combine with certain free radicals, 
e.g. HO?, to form hydrogen peroxide, which is considered to be a subsidiary detoxi- 
fication product. I t  is interesting to note that cysteine, ascorbic acid and aldehydes 
are also reported to increase the yield of hydrogen peroxide in water exposed to x 
rays (225). The idea that an increase in hydrogen peroxide may signify a decrease in 
the yield of a biological reaction stands in sharp contrast to the importance that 
has been attached to this substance as a primary radiotoxin. 

Enzyme Inhibitors. Cyanide exerts some protective action against x rays in the 
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mouse (20, 21, 23, 24). Survival is enhanced significantly only when it is injected 
prior to exposure. Cyanide does not appear to be as effective as the sulfhydryl- 
containing substances in terms of radiation dose-reduction. In  contrast to the pro- 
tective action in mice, a cyanide effect has not been observed in rats (98) and frogs 
(262). Bacq et al. (20, 23, 24) have suggested that cyanide may protect the mouse by 
inhibiting the formation of peroxides by x rays and perhaps by forming a loose 
bond with sulfhydryl groups to prevent their oxidation. Nitrides have also been 
shown to afford a small degree of protection to mice (21); the heavy metals, fluorides, 
fluoroacetate, malonate and mercuribenzoate are ineffectual, however (20, 254, 255). 
Simultaneous administration of cyanide and cysteine to rats does not modify the 
protective action of the latter (302). The possibility that the cyanide effect in the 
mouse may be a consequence of anoxia cannot be dismissed readily; species specificity 
to cyanide may be related to its actions on pulmonary and tissue respiration which 
work in opposite directions. 

Cyanide has, in fact, been shown to potentiate radiation effects in Vicia faba 
roots (241) and in tumor cells (78). Iodoacetate and sodium fluoride, which like 
cyanide and oxygen deficiency inhibit aerobic glycolysis, do not affect the sensitivity 
of tumor cells (78). Potentiation of tissue sensitivity by previous treatment with 
cyanide may be due to an increase in cellular oxygen tension as a consequence of 
inhibition of the cytochrome system or to inactivation of catalase. The former seems 
more likely, Hall (157) has observed that cyanide does not alter the radiosensitivity 
of tumor fragments in the absence of oxygen and, moreover, that the cyanide effect 
is related directly to depression of oxidative metabolism in tumor slices. In  further 
support of this, the sensitivity of tumor fragments in air is an inverse function of their 
size, the implication being that the more centrally located cells are relatively anoxic 
and that the anoxic area varies directly with the size of the tumor fragments (157). 
We may recall that cyanide does not influence appreciably the sensitivity of bacterial 
suspensions. In this instance it may be assumed that there is a very small oxygen 
gradient from the medium to the individual cells. 

PH Effects. In  contrast to the large body of information on the effects of oxygen 
and related chemicals, there are few data concerning the influence of PH on tissue 
radiosensitivity. The frequency of chromosome aberrations in plant cells is reduced 
when dilute solutions of ammonium hydroxide are applied prior to x-ray exposure 
(233). This may perhaps be related to the decreased yield of hydrogen peroxide at 
alkaline PH (49). Germinating fern spores, Drosophila eggs and Paramecia have been 
exposed to x rays in the presence of different concentrations of carbon dioxide and 
ammonia (369,'371, 372). Radiosensitivity increases to a maximum and then declines 
as acidity is increased by carbon dioxide. With increase in PH, sensitivity first de- 
clines to a minimum value and then increases. Zirkle (369, 371, 372) has compared 
this behavior with the effect of irradiation on proteins where maximal flocculation 
is observed at  a PH near the isoelectric point. He considers the effects of PH to be con- 
sistent with the belief that total sensitivity is due to the added effects of several 
reactions having maximum yields at  different hydrogen ion concentrations. Further 
experimentation is needed in this rather neglected area. In  addition to PH effects on 
radiochemical reactions (29, 49, 91), changes in hydrogen ion concentration per se 
may contribute to radiation injury. 

Temperature and Relaled Phenomena 
The influence of temperature on radiosensitivity has received considerable at-  

tention. Temperature studies are especially prominent in the early radiobiological 
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literature. Many of the reports are conflicting and virtually every conceivable effect 
has been described. From a physical point of view, there is no reason to believe that 
the primary energy transfer resulting in ionization is dependent on temperature. For 
example, the splitting of hemocyanin molecules by irradiation is temperature-inde- 
pendent (328). Reactions of injury and of recovery must follow rapidly, however, 
and these may appear in some degree even before irradiation is terminated. I t  is 
perhaps not surprising that many types of temperature responses have been de- 
scribed, since the time course and temperature coefficients of the secondary reactions 
must vary for different effects and different biological systems. Although it is not 
possible to review here the voluminous literature on this subject, it is appropriate 
to attempt some interpretation of the temperature effects in the light of our present 
understanding of the mechanisms of radiation action. 

For reasons that are already apparent, it is necessary to distinguish the events 
occurring during irradiation from those taking place after the exposure. Sensitivity 
of Ascaris eggs (183) and Drosophila eggs (246) and of infant mice and rats (108, 
110, 165, 205) is increased by elevation of temperature during irradiation. Yet tem- 
perature is without influence on E.  coli (214), eggs of Nereis, frog, and hen (13, 100, 
274), wheat seedlings (168), thymic cells (290), tadpoles ( 5 ,  6) and frogs (262). 
Moreover, a cold environment is reported to increase sensitivity of broad bean roots 
(241) and of tumor tissue (78) to the growth-retarding effects of irradiation and also 
to increase the number of dominant lethal mutations in Drosophila ( 2 5 ) .  

Certain temperature responses during irradiation, e.g. on Ascaris and Drosophila 
eggs, may be attributed to concomitant changes in cell division (183, 246). Other 
effects appear to be a consequence mainly of changes in blood flow or in oxygen ten- 
sion. For example, the beneficial effects of chilling the skin (66, 108, 110) can be 
ascribed to changes in the vascular bed. The early observation (240) in which cooling 
increased the sensitivity of rat tail epithelium is consistent with this explanation, 
since irradiation took place during the hyperemic reaction to  cooling. Decreased 
lethality of the chilled newborn mammal (165, 205) may, likewise, be due to lowered 
oxygen tension resulting from the relatively greater depression of breathing than of 
tissue respiration in the cold. A definite temperature effect has not been observed in 
infant animals breathing low oxygen mixtures (164). In contrast, the increase in 
dominant lethal mutations in DrosophiEa ( 2 5 )  and the enhanced sensitivity of plant 
and tumor tissue (78, 241) when irradiation is performed in the cold can be related 
to an increase in cellular oxygen tension. The in Vitro sensitivity of tumor tissue is 
not affected by low temperatures in the absence of oxygen (157). 

Other effects of temperature during x-ray exposure have been attributed to an 
influence on recovery processes. Fewer chromosome aberrations appear in Tradescan- 
tia pollen irradiated at  normal or above normal temperatures than at  temperatures 
around o°C. (112, 286, 287). It is believed that there is little influence of moderate 
temperature change on the production of chromosome breaks, but that reconstitu- 
tion of the broken ends is temperature dependent. We may recall that there is essen- 
tially no difference in the yield of hydrogen peroxide with x-rays between oo and 
zo°C. (48). On the other hand, hydrogen peroxide production declines abruptly a t  
temperatures below o°C. and can no longer be detected at  about -12oOc. It is of 
interest that the number of chromosome breaks induced by x rays in Tradescantia 
pollen& diminished below o°C. and then declines gradually as temperature is de- 
creased further (I 13). Chromosome aberrations are still observed, however, at  
- 192°C. IYhether the relationship between the yield of hydrogen peroxide and the 
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number of observations suggest that injury and recovery arc, to some extent, 

dependent upon an interaction between irradiated and nonirradiated areas. The 
many effects produced a t  sites distant from an irradiated area are obvious departures 
from a purely local action. As might be anticipated some physiological interplay is 
evident between irradiated and adjacent nonirradiated areas and, in fact, the latter 
may play an important role in recovery processes. The severity of cutaneous ery- 
thema, for example, is related to the size of the irradiated field and two fields a dis- 
tance apart show less injury than areas that are closer together (IF, 191, 193). A 
protective effect of nonirradiated tissue is also apparent in corneal epithelium when 
areas of different size are exposed to x rays (325).  When tumors are irradiated in 
:.iz’o and then transplanted into nonirradiated animals, the percentage of successful 
transplants varies inversely with the time the tumors remain in the original host 
after exposure (326). Experiences with irradiation of tumors through various sized 
grids indicate that fractionation of the dose in space as well as in time influences 
tumor destruction (192). Nutritional studies are also revealing; a low protein diet 
enhances the initial inhibition of tumor growth by x rays, while a high protein diet 
facilitates reconstitution of the irradiated region (103). Development of ovarian 
tumors in mice requires irradiation of both ovaries (219) and induction of lymphoma 
in the same species also requires irradiation of a large part of the susceptible tissue 

Injury to specific regions, e.g. a lymph node or a tumor, is generally more 
severe after a total-body exposure than after local irradiation. This may be attributed 
to the liberation of nonspecific toxic materials from irradiated tissue and/or to a 
sparing action of nonirradiated tissue. While some evidence for circulating factors 
has been obtained, their significance is not fully appreciated. It is significant, how- 
ever, that parabiosis, cross-circulation, and early blood transfusion have been shown 
to diminish radiation toxicity (27, 53, 285, 330, 345); earlyin vivo dialysisappears to 
be ineffectual a t  least in the dog (211). Potentiation of local radiation effects by total- 
body exposure may be contrasted with the protection afforded against the latter by 
shielding small volumes of tissue. Shielding of the spleen, liver, head, extremities, 
or other relatively small areas will decrease mortality from an otherwise complete 
irradiation (2 ,  8, 137, 185, 187). Recovery of hematopoietic tissue and of the anti- 
body response is also more rapid after subtotal irradiation (45, 185, 188, 275). It 
may be noted that a radioisotope with osseous distribution and one with reticulo- 
endothelial distribution are synergistic with respect to lethality (131). 

The role of the shielded spleen has been investigated most intensively, especially 
by Jacobson and his collaborators (185). These studies have been conducted chiefly 
with mice, for it is in this species that the most striking effects of spleen shielding 
have been observed, possibly because of the spleen’s primitive role with regard to 
hematopoiesis. Spleen shielding offers relatively little protection to the rat and rabbit 
against radiation lethality, although qualitatively similar protective effects are 
observed with regard to the blood-forming tissues (185). Likewise, spleen homoge- 
nates and transplants are highly effective in the mouse when given during the first 
hours after exposure (73, 185, 189); whereashomogenates exert onlya slight influence 
in the rat (73). 

Even in the mouse there are revealing age and strain differences. Spleen shield- 
ing is relatively ineffective in the puberal mouse (185), a fact that cannot be at- 
tributed simply to the increase in radiosensitivity during this stage in development. 

. 
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Transplantation of spleens from mice of the same age level may or may not reduce 
the mortality of irradiated adult mice (185, 319). The effectiveness of spleen shielding 
also depends upon the animal strain; there is a relatively small effect in adult C-57 
black mice as compared with adult strain A mice (198). Strain specificity is also 
apparent when splenic transplants are made in X-irradiated mice. It has been re- 
ported that adult spleens are effective only when the donor belongs to the same 
inbred strain as the recipient (319). Specificity is lost, however, when the donor 
mice are less than IO to 15 days old. This suggests that the age effect noted above 
may be a consequence of some intrinsic difference in the spleens themselves; in 
view of the conflicting evidence   IS^), this point must be regarded as unsettled. 

It has been shown recently that intravenous or intraperitoneal injection of 
homologous bone marrow immediately after x-irradiation improves survival in the 
mouse and guinea pig and, in fact, that heterologous marrow also has considerable 
effectiveness (228, 229). Heterologous spleen transplants are also reported to facili- 
tate recovery of hematopoietic tissues (185), but a protective influence has not been 
seen against lethality (319). Positive effects with heterologous tissues do not neces- 
sarily implicate a humoral factor, since it is known that normal tissue can survive 
and proliferate in an X-irradiated heterologous host (341). Moreover, strain and 
species differences are also in evidence here; homologous transplants of bone marrow 
do not influence recovery appreciably in certain mouse strains (319)~ dogs (275) 
and rats (333). 

I t  has been suggested that shielded tissues and transplants elaborate recovery 
principles, and that such activity may occur in situ or after preliminary colonization 
of other areas by living cells (185). The postulation of a humoral recovery mecha- 
nism is challenged, however, by species and strain differences already alluded to and 
by the conflicting evidence with regard to the efficacy of heterologous transplants. 
hloreover, cell-free spleen extracts have shown no activity under the conditions in 
which they have been used (185). It is also of interest that marrow suspended in 
distilled water is not effective in contrast to the effectiveness of an isotonic saline 
suspension (323). Under the circumstances, colonization of injured sites by non- 
irradiated cells, or a more transient functional existence of these cells either in situ, 
in the blood, or in the reticulo-endothelial system must also be regarded as possible 
mechanisms. 

It is worthy of emphasis that the modifying factors discussed in this section are 
apparently concerned with events responsible for injury to specific physiological 
systems or to recovery from such injury. The protection afforded to animals by pre- 
treatment with large doses of estrogens (261, 342), foreign protein (148, 163) and 
terramycin (153) are other examples of rather specific procedures. Such protective de- 
vices may be contrasted with other agents or situations, e.g. oxygen and certain 
chemicals, which exert a more universal and presumably primary influence against 
the biological actions of ionizing radiations. 

GEXERAL IMPLICATIONS OF PROTECTIVE PHENOMENA 
Interpretation of the various protective phenomena is necessarily incomplete, 

when we reflect that there is no direct evidence concerning the early physical and 
chemical events in irradiated tissue. It is possible, however, to make some general- 
izations about the mechanisms of radiation effects on the basis of present under- 
standing of the modifying factors. The more important implications may be re- 
stated in concluding. 



I t  is recognized that ionizing radiations may act in several ways depending upon 
the biological object, its environment, and the conditions of irradiation. Much atten- 
tion has been focused on reactions in irradiated water, and the tenuous extrapolation 
from water to protoplasm has been fruitful. The existence of free radical mechanisms 
in vivo as well as in vdro is suggested by the rather parallel influence of oxygen and of 
protective substances on the behavior of simple aqueous systems and of living sys- 
tems to x rays. This is not to say that all of the protective effects are necessarily 
related to modification of the pathways of energy dissipation in water nor that all 
biological systems are influenced in the same manner. There is, in fact, evidence that 
cannot be interpreted solely in terms of immediate oxidative reactions by activated 
water, and it is necessary to think of other actions of the modifying agents. We 
recall that radiosensitivity may be affected profoundly by molecular configuration 
and distribution and by the quality of the metabolic pathways. The ultimate ex- 
pression of injury and of recovery is also related to the physiological state of affairs. 
The rapidity with which biological processes take place after the primary injury is 
inflicted may be of decisive importance in certain instances. 

It is worthwhile also to reiterate a few of the basic problems and questions that 
remain unanswered or deserve attention. Foremost among these is the determination 
of the relative effectiveness of the various protective factors for the different qualities 
of radiation. The complementary parameter of dose rate should be included in such 
comparisons. Although many of the protective factors probably act intracellularly, 
the site of action is not easily resolved. Differentiation in cell suspensions would 
perhaps be facilitated if sufficient protein were present to neutralize indirect effects 
from the medium. This type of medium has the further advantage of being more 
nearly comparable to extracellular fluid in viza. The effects of enzyme inhibitors, 
chemical analogues and temperature can provide further information along these 
lines. The desirability of evaluating the more impressive protective agents in terms 
of the totality of radiation effects in a given organism rather than of a single radiation 
effect is also clear. Further understanding in these areas should contribute materially 
to the elucidation of the various protective mechanisms. 

The writer wishes to express his gratitude to Drs. Douglas E. Smith and Howard Ducoif for 
their helpful comments during the preparation of this review. 
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