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Preface

Chemical protection against radiation damage is essentially
a pharmacologic or toxicologic problem, and the general prin-
ciples concerned with evaluation of any kind of drug apply
equally to those used for radiation protection. Thus, on the
bases of (a) a continuing interest in the field for the past dozen
years, and (b) experience as a pharmacologist in testing and
evaluating several hundred chemicals for noxious, protective,
or therapeutic properties in chemical warfare, I feel justified
in attempting to write a book on the subject of protection
against the effects of ionizing radiation.

This book was originally intended to be a collaborative ef-
fort with Dr. Jack Schubert, formerly of Argonne National
Laboratory, who was to discuss the mechanisms of protection
against damage produced by internally administered radioiso-
topes and techniques of radioelement removal.. Unfortunately,
for this collaboration, Dr. Schubert was invited to accept a
professorship in South America, and was unable to complete
his part of the book. Under these circumstances, it was con-
sidered advisable to restrict the scope of the book to the prob-
lems of prevention and treatment of damage caused by external
irradiation of mammals.

The limitation of this material to protection in mammals
should not be construed as a denial of the fundamental impor-
tance of many studies on protection of other systems. The
work on viruses, single-celled organisms, plants, insects, etc.,
has contributed significantly to our knowledge of mechanisms
both of radiation damage in living systems and of modification
of this damage. The recent book edited by A. Hollaender,
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‘‘Radiation Protection and Recovery,’’ provides an excellent
survey of protection in other systems.

It seems probable that the overwhelming majority of types
of compounds that might protect against external radiation are
now known; within the past few years there has been a general
falling off of the numbers of papers reporting new protective
agents in animals. Instead, the emphasis is shifting more and
more toward the elucidation of the mechanism by which the -
recognized protective agents act.

Thus this book is intended to be an extensive and critical
review of mammalian protection, a field of radiation biology
which may not be of great fundamental importance, but which -
is certainly of considerable interest. No claim is made for
completeness of coverage in this field; much of the informa-
tion, particularly on chemical protection, is available only in
project reports and has not been published in the open lit-
erature. With one important exception (the reports from the
University of Chicago Air Force Radiation Laboratory) this
source of information has been largely ignored. Much of the
work done in the Iron Curtain countries has been made avail-
able only in the form of reviews, and the opportunities to con-
sult the original papers have been somewhat limited. Thus the"
bibliographies are considered adequate but not exhaustive. It
has not been thought necessary to cite every reference that
merely confirms the work of other authors. Specific documen-
tation for the material presented in Chapters 1 to 3 has been
largely avoided; for the rest of the book, specific references
have generally been cited. When an author has reviewed much
of his own work on a particular compound, the reference to the
review has been used instead of a large number of individual
citations.  The survey of the literature was concluded on No-
vember 1, 1961. ‘

I am greatly indebted to Drs. Harvey M. Patt and Douglas
E. Smith for the time and effort that they have spent in reading
the manuscript, and for calling my attention to a number of
errors of various sorts. Dr. Jack Schubert also offered some
helpful advice on organization of the material and read most
of the manuscript in its early stages.
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Doubtless there are a number of omissions which some
readers may consider important; there may be some errors in
fact or interpretation, despite reasonable dlhgence, for which
I can-only apologize in advance.

JOHN F. THOMSON

Avgonne, Illinois
April, 1962
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1. Introduction

NATURE OF RADIATION

It is beyond the scope of this book to present a detailed ac-
count of the physical and chemical aspects of the effects of ion-
izing radiations. A number of excellent texts are available in
which the problems of fundamental radiobiology are discussed.
Much of the material that constitutes the discipline of radiobi-
ology—which we can define as the study of the interaction of
radiation with biological systems—is not directly relevant to
" the problems of modifying radiation damage in as complex a
system as the mammalian organism. These problems are to a
large extent pharmacological rather than radiobiological; a
large number of compounds that have been shown to protect
animals were tested for no reason, or for the wrong reasons.
One should not infer, however, that the prevention and treat-
ment of radiation-induced injury are wholly on an empirical
basis. A certain amount of radiation physics and chemistry is
thus essential to an understanding of protective mechanisms.

Types of Radiation

Ionizing radiations are conveniently divided into two classes:
electromagnetic, including X~ and y-rays; and corpuscular, in-
cluding B-rays (electrons), a-rays (helium nuclei), protons
(hydrogen nuclei); and neutrons. In radiobiology, X-rays, y-
rays,and neutrons represent the most commonly employed ex-
ternal sources of radiation, whereas a-, 8-, and y-radiations
associated with the decay of radioactive elements are of pri-
mary importance as internal sources.

The energy of X- and y-rays is almost entirely absorbed
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2 Radiation Protection in Mammals

by the ejection of electrons from atoms through which these
radiations pass; the atom having lost an electron is said to be
ionized. The energy of a quantum of these radiations, except
for very soft X-rays, is much greater than that necessary to
ionize an atom, and this excess energy is stored in the ejected
electron,which in turn canproduce ionization in atoms through
which it passes.

Perhaps as much as 75 per cent of the total amount of the
energy is dissipated as heat without producing ionizations. The
temperature rise following doses necessary to kill most mam-
mals is only a few thousandths of a degree.

Depending upon the energy of the radiation, the X- or y-
photons will (a) eject an electron from the innermost shell of
electrons (photoelectric effect); (b) eject an electron from an
outer shell (Compton effect); or (c) produce an electron and a
positron, the latter of which will be annihilated to produce two
more photons (pair production).

These electrons, as well as those ejected by g-emitting ra-
dioactive elements, in turn collide with bound electrons of atoms,
with the result that additional electrons are expelled, some of
which may retain enough energy to produce additional ioniza-
tions. Ultimately, however, the energy level of the electrons
drops below that necessary to produce ionization. A similar
mechanism obtains with a-particles and protons. Each corpus-
cular radiation produces a characteristic track within the me-
dium through which it passes.

Neutrons, whichare uncharged particles of approximately the
same mass as the hydrogen nucleus, do not produce ionization.
Depending upon the energy of the neutron, it can either eject a
proton from an atomic nucleus, or be absorbed by the nucleus
of an atom, which then becomes radioactive and emits B- and
y-rays. The former process is characteristic of ‘‘fast’’ neu-
trons, which have been extensively used in radiobiology; rela-
tively little use has been made of ‘‘slow’’ neutrons in radio-
biological research. '

The exient to whichradiation can alter the properties of the
medium through which it passes thus depends both on the nature
of the particles and on the kinetic energy of each particle. The
kinetic energy is usually defined in terms of electron volts (ev);
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1electronvolt is equivalent to1.6 X 107*2 ergs, or 23,000 calo-
ries per mole. For radiations of biological significance the
energies are usually stated in terms of thousands (kev) or mil-
lions (Mev) of electron volts.

Penetration of Radiation

An important difference among heavy charged particles, elec-
trons, and the electromagnetic radiations is in their ability to
penetrate matter. Protons and a-particles have extremely short
ranges; a 1 Mev proton in tissue will yield all of its energy
within a few microns, an a-particle of the same energy in an
even shorter distance. Electrons dissipate their energies at
lower rates,and thus have greater ranges, although because of
the fact that they may be deflected, the linear distance from
their point of ejection may be somewhat shorter than the total
distance that they travel. In tissue, the range of a 1 Mev elec-
tron will be about 0.4 to 0.5 cm. For X- or y-radiation, inter-
actionoccurs with matter at rather widely separated loci. It is
not practical to speak of ‘‘ranges’’ in connection with X- or y-
radiation; rather, the degree of attenuation of the radiation dose
by the medium through which it passes is employed. Thus, for
1 Mev photons, the half-value layer,i.e., the thickness of tissue
required to reduce the incident X- or y-ray dose by one-half,
is about 10 cm.

Linear Energy Transfer

One of the critical factors in establishing the relative bio-
logical effectiveness of different types of radiation is the rate
at which energy is lost. The older term, “‘specific ionization,”’
which referred to the number of ion pairs produced per unit
length of the track, has been largely supplanted by the expres-
sion ‘“‘linear energy transfer,”’ customarily abbreviated LET,
the rate of energy loss per unit length. The LET of a charged
particle is directly proportional to the square of its charge and
inversely proportional to its velocity; the latter in turn is ap-
proximately inversely proportional to its mass. Thus,the LET
of an a-particle will be much greater than that of an electron
of the same energy, since the former will dissipate its energy
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over avery short distance, while the energy loss from the latter
will be distributed over a track length about a thousand times
longer. :

In terms of specific numbers, the LET for g-rays with mean
energies above 0.4 Mev will be about 0.25 kev/micron track
length. Depending on energies, the LET for X-rays can range
from 0.5 kev/micron to about 15. Fast neutrons, depending
again on their energies, have LET’s between 8 and 43 kev/
micron. For a-particles, the maximum LET is about 260 kev/
micron. A detaileddiscussionof LET and its relation to radio-
biological effectiveness has been presented by Zirkle! The re-
lationship between LET andthe relative biological effectiveness
(RBE) of different qualities of radiation is not predictable a
priori, since different test systems will show difierent types
of responses. In the specific case in which we are primarily
interested, acute toxicity to mammals by total-body irradiation,
the RBE increases with increasing LET;i.e.,fast neutrons are
more effective than 200 kv X-rays, which in turn are more ef-
fective than Co® y-radiation, roughly in the ratio 4:1:0.7. This
ratio may vary somewhat, depending on the age, sex, strain,
and species of animal, the dose rate, and possibly other factors
as well.

UNITS OF RADIATION

The mostcommonly used unit of external radiation (X and )
is the roerntgen, abbreviated ». The roentgen is defined as that
quantity of X- or y-radiation such that the associated corpuscular
emission per 0.001293 g of air produces, in air, ions carrying
one electrostatic unit of quantity of electricity of either sign.

The roentgen can be converted from electrostatic units to
energy units, i.e., equivalent to 83 ergs/g. In order to compare
particulate radiations withelectromagnetic radiations, the ‘‘ro-
entgen equivalent physical’’ or rep was introduced, and defined
as the amount of energy absorbed per unit mass equal to the
energy of one roentgen. Unfortunately there is considerable un-
certainty as tothe energy absorption in fissue; figures ranging
from 83 to 95 ergs/g have been suggested.

To avoid ambiguity,a new unit, the rad, was defined in 1955
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as the amount of radiation producing anabsorption of 100 ergs/g.
The rad has almost completely superseded the rep for a-, g-,
and neutron irradiation, but has not entirely replaced the ro-
entgen for X- or y-radiation. The roentgen continues to be used
for the overwhelming majority of past and present work in pro-
tection against ionizing radiation.

Another unit occasionally used is the vem, or roentgen equiv-
alent mammal. This unit is the rep (or the roentgen) multiplied
by the radiobiological eifectiveness (RBE)for the quality of ra-
diation concerned. There seems to be little justification for the
use of the rem, since no definite value for RBE canbe assigned
to cover all effects of a given type of radiation. It is far better
to report simply the radiation dose in rads or roentgens, and
to indicate if known the RBE. :

MECHANISM OF ACTION

There are two possible explanations for the effect of radia-
tion on living tissue. One of these is the direct inactivation of
some essential component of the cell by ionization; i.e., a di-
rect hit; and the other is the indirect inactivation by an inter-
mediate which is produced by radiation and which then reacts
withthe critical compound. Simply on the basis of relative fre-
quency of different molecular species in biological systems,
the indirect action has been favored, with water molecules as
the obvious choice for energy ahsorption.

It has been estimated that within 107!? seconds after the
passage of a particle or photon-induced electron through an
aqueous medium, the free radicals H* and OH- are formed. In
less than a microsecond,these radicals have either (a) recom-
bined to form water, (b) combined with identical radicals to
yield molecular hydrogen and hydrogen peroxide, or (c) reacted
with solutes present inthe system. A high concentration of so-'
lutes decreases the probability of reactions (a) and (b) taking
place.

In the presence of oxygen, the hydroperoxyl radical, HO,,
is formed by interaction between H- and molecular oxygen. Thus
the production of oxidizing agents, the free radicals OH- and
HO,* and the compound H,0,, is favored over the formation of
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the reducing free radical H-. These concepts have been used as
a working hypothesis to explain the ‘‘oxygen effect’’ in radio-
biology, i.e., the increased sensitivity of mosttest objects when
exposed to X-rays in the presence of oxygen.

The free radicals formed by radiolysis of water are highly
unstable, withvery short half-lives. How they disturb the phys-
iology of the cell is not fully understood. It has been estimated
thatfree radicals formed in water by radiation can migrate only
20 to 40 A before reacting. It is still largely a matter of con-
jecture whether these radicals react directly with vulnerable
cellular components to initiate the chain of events leading to
manifest radiation injury, or whether they oxidize some inter-
mediate compound, not in itself irreplaceable (e.g., an unsatu-
rated fatty acid) to form a peroxide which is less reactive but
more stable,and hence can diffuse farther away from the ioni-
zation track to produce the initial biochemical lesion.

For several reasons, the latter possibility is favored, al-
though the former cannot be excluded. Changes occurring after
irradiation of solutions of unsaturated fatty acids, nucleic acids,
and proteolytic enzymes have been described; unlike the initial
photochemical reaction, these changes are influenced by tem-
perature and oxygen tension. Although these observations indi-
cate a possibility of interrupting the sequence of post-irradiation
cvents by prompt introduction of some substance which could
compete successfully for the damaging agents, it is probable
that irremediable damage is produced within a very short time
after ionization occurs.

Evidence has recently been presented which casts doubt on
the explanationof the oxygen effect in terms of formation of the
hydroperoxylradical. Work carried out on microorganisms and
onhuman cells in tissue culture has shown that nitric oxide can
simulate oxygen inincreasing the sensitivity to radiation. Fur-
ther work must be carried out to explain the augmentative ef-
fect of nitric oxide; the situation is complicated by the fact that
under certain conditions, e.g., in dry bacterial spores, nitric
oxide may decrease radiation sensitivity. It may be pointed out,
however, that regardless of the mechanism involved, it is suf-
ficient to state simply that in mammalian radiobiology the oxy-
gen effect does exist.
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Another mechanism has been suggested by Alper? in which
direct action plays a predominant part. According to this hy-
pothesis, the energy of the radiation is absorbed by a cellular
component; the fate of this ionized compound is then determined
by its environment. Thus the activated compound could combine
with molecular oxygen and become irreversibly altered; this
secondary reaction has been termed ‘‘metionic’’. Conversely,
if oxygen were removed, or if the target were modified by ex-
traneous protective compounds, the metionic reaction would not
occur, and the restoration of the ionized cellular compound to
its ‘‘native’’ state would be favored. Whether this hypothesis is
correct or not in all of its details is uncertain; its importance
lies in the fact that it provides a plausible explanation for both
the oxygen effect and the possibility of chemical protection in
terms of the direct action of ionizing radiation.

Evocation of Cellular Dysfunction

The intermediate steps between the initial absorption of en-
ergy and the appearance of recognizable changes in living tissues
still remain obscure. It is certain that some molecules of the
cell must be more susceptible than most to inactivation, either
through direct ionization or throughdestruction by free radicals.
Itisalso certain that many molecular species which are altered
by radiation arereadily replaceable, so that inactivation of one
enzyme in a single cytoplasmic particulate would have negli-
gible influerce on the economy of the cell.

Hence it is generally presumed that irreparable damage to
the cell canoccur only if a unique or irreplaceable molecule is
altered. Most probably suchan event would occur in the nucleus
of the cell, rather thaninthe cytoplasm; experimental evidence
of several types bears out this supposition. It is probable that
radiation injures equally both the nucleus and cytoplasm. How-
ever, although cytoplasmic damage may augment the injury to
the nucleus, the former would seem to be of less importance
per se for the cell and hence for the organism; cytoplasmic
darnage is more readily reparable, or at least the cell can com-
pensate for an appreciable impairment of cytoplasmic function.
Furthermore, damage to the cytoplasm probably is not trans-
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mitted in cell division; this is in contrast to nuclear damage,
which may result in permanent genetic change.

Opportunities for Protection and Reversal. Alexander® has
presented a simplified general scheme of the sequence of events
after irradiation, which is presented below with slight modi-
fication:

Energy absorption
(a)

Molecules chemically changed
(Initial chemical lesion)

(b)

Biochemical lesion

(c)

Physiological and anatomical lesion
(d)

Death of the organism

Protection can be provided by intervention at many of these
steps. Shielding, of course, is the only way to prevent energy ab-
sorption. However, the presence of appropriate chemical com-.
pounds may affect steps (a) and (b), either by diverting the ab-
sorbed energy to the destruction of an extraneous molecule (the
protective agent), by providing a means of repair of the initial
chemical lesion before a biochemically critical molecule can
be altered, or by altering the biochemical target so that it is
less readxly damaged.

There may be some question as to whether a biochemical
lesion canbe repaired; itis probable thatthe anatomical lesions
cannot be repaired. However, it is possible under some condi-
tions to veplace damaged cells and prevent the death of the
organism. It is also possible to modify step (d) in such a way
that the impact of dysfunction of individual organs on the whole
animal is lessened.
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2. Physiological Effects of
Total Body Irradiation

There are a large number of effects produced in biological
systems by ionizing radiation, the modification of almost any of
which could be used as a criterion of protective action. The
most convenient one to use in mammals is survival, since death
of the animal provides an unmistakable end point. Thus a brief
discussion of the radiation-induced physiological and anatomi-
cal changes associatedwith the lethal process may be valuable.

For comparison of the lethal effects of different qualities of
photon irradiation in different species of animals, the 30-day
LD,,is commonly used. This term designates the dose that will
kill 50 per cent of the animals within 30 days after exposure.
Although the LD, varies considerably depending upon the wave
length of the radiation and the rate at which it is delivered, for
200 kv X-rays given at rates above 40 r/minute the LD,,’s
(measured in air) are rather close for most adult mammalian
species, ranging from about 200 r for some strains of guinea
pigs toabout 800 r for rabbits. Onthe basis of limited evidence,
the 30-day LD,, for man has been estimated to be 400 to 500 r.

In addition to the physical factors of wave length and dose
rate mentioned previously, there are physiological factors in-
fluencing the LD,, of X-radiation. In different strains of mice,
the LD,,’s may vary from 400 to 700 r. Young animals (wean-
lings) are almost twice as susceptible as young adults, and old
animals are also somewhat more susceptible. Generally, fe-
males are more sensitive than males, although the effect is
small. Diet also has a slight effect on radiosensitivity; some
of the results obtained are contradicting, and the influence of



