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August 1968

ABSTRACT
This paper discusses the formation of aberrations in the chromo-
somes of plant and aﬁimal cells. following irradiation by neutrons.
While the neutron is the focus of attention, a discussion of its
effects is embedded in a general study of chromosome aberrations
produced by all types of radiation, including'gamma-, alpha-, and
Xfrays; protons and electrons..

The paper is the result of a literature search. It examines the

s . ) ' e )
following topics:  chromosome structure, causes of 'breaks, chromosome

repair, formetion of aberrations, linear energy transfer and relative
biological effect cbnsiderations, aberration kinetics,'and oxygen

considerations.
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INTRODUCTION

The following paper is a discussion of the production of chromo-
some aberrations by all forms of radiation, neutrons in particular.
It is the result of an extensive literéture search and it briqgs to-
gethef important ideas in the field of aberration production. It is
of interest to the researcher as it confines all the literature and
experimental work into a few pages. It presents many problems needing -

further study and gives enough of a background to seriously consider

~experimental work in this area. The ideas presented herein can also

be employed in areas outside of chromosome aberrétiOn production. For
ekamplé,'Studies involving cell aging and cell death are very closely'
related to chromosome'aberraﬁion studies. The discussioﬁ of aberrations
élso sheds much light on dhrbmosome structure during mitosis‘and meiosis,
DNA synthesis, radiation'biochemistry, chromosdmevrepair, just‘tb‘men-
tion a few topics. | | |

The paper is divided into eight sections, each dealing with a par-

ticular aspecﬁ:of the total problem. The first section is concerned

‘with & discussion of chromosome structure. It shows that while it is .

difficult or ﬁearly impossible to determine the structure of the chromo-
some»completely with present techniques such as the light and electron
microscopes, there is enough evidence to warrant the pbstulatiOn of two

general models. One idea suggests that the chfomosome is composed of

‘a single strand or single strands linked together end-to-end. This

'sihgle‘nuCléohistone strand is then looped, folded, and coiled to fprm

thé observed chrOmosome. The alternative model suggests that the
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chromosome is composed of many'of these strands running along side one
another. This second model also allows for loops, folds, and coils.
This section cites evidence for both these ideas and discusses the
implications of both. » 0
The second section discusses the biochemical aspests,of radiation
damage to chfomosomes, indirect and direct. The former effect is a
result of the diffusing radiolysis products of water, and the latter
effect is due to ionizations within or very near tQ the chromosome
itself. While this section shows that the chromosome can be attacked
at any structural level, the bases of the nucleotides seem to be the
most sensitive to radiation damage .
The third sectioﬁ is concerned with chromosome repaii. Cells can
SOmetiﬁes repair chromosome damage, although it is not known how long
Jthis takes nor the mechanism involved. It is shownvhoﬁ the repair |
'_ ability varies with the dosé and type of radiation involved, as well as
‘the stage of‘the cell cycle. | |
Thé fourth section diScﬁsses the actual mechanisms of aberration
" formation, after radiation daﬁage to the chromosome. Two generai models
'fsr the mechanism are presented and compared: the breakage-and-éxchange
model and the exchange model. A comparison of the aberration type with
the stage of the céli'cyéle.is considered,'as_ﬁeli as a discussion of
gaps in chromosomes. i i . = , o -
" The fifth section is concerned with the linear energy transfer (IET)
sf the particular radiation type and how this factor may influsncévthe

type and frequency of aberrations. The IET, or the nﬁmber of energy loss
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events per unit length of the ionizing particle track, is found to be

a useful indication of radiation quality.
: )

The sixth section discusses the relative biological efficiency

8

M(RBE) of the various radiation types. The RBE provides a method for
.comparing the amount of damage inflicted on the cell or chromosome by
different-forms of radiations. It is shown that the RBE is dependent
on the IET and dose of the fadiation particle, as well as on the stage
in the cell cycle, the’t&pe of tissue involved, and the chromosome
volume in the cell.

The seventh section is concerned with aberration kinetics. Two’
general mathematical formilations for the rate of aberration formation
are.pfesented and cbmpared; One model 1nvolves the determlnatlon of
the aberration yield only as a functlon of dose. The second method
involves a statistical derivation of aberration yieid as a function of
ﬁhe characteristics of the:chromdsome and of the'particular radiation
type. . o

The eighth.and‘laet eection.is concerned with the effects of'oxygen
conditions dﬁring e#perimentation. It is shown that the amount of effect
produced on the aberratlon yield by the OXygen environment is dependent
upon the form of radistion 1nvolved. The effect of_oxygen condltions is
also quantltatlvely derlved. |

'n It is hoped ‘that the- reader recognlzes ‘the loglc of the topic
,‘erder; Before-one,cen discuss the mode_of aberration productlon, for
example, one must underenand'the.structure ef tne chrbmoSome‘as well
as now the chromosome can be both damaged and repeired. Once fne problem

is well defined in this manner, the comparative and quantitative aspects

can be better appreciated.



I
I. CHROMOSOME STRUCTURE

One of the problems involved wifh.the study of chromosome aber-
rations is that investigators still do not know the structure of'the
chfomosomes themselves in great detail. This first section of the b
paper discusses the problem of chromosome structure. vSevefal models
have been proposed within the last several years, but, as will be
shown, none of the models adequately accoﬁnt for all the experiméntal
oObservations that have been obtaihed. Thus some models-fi£ séme
results , other models fit other results , but the correlat_ion of ex-
periment and fheory is far from complete. As a result, the ultimate .
shaﬁe and dimensions of chromon_emata,l or in other words, the packing
prattern of the nucleoprotein in the chromosomes, is still relaﬁively
unknown.

The difficuities.involved in defining the structure of chromosomes

is considered first. - Tﬁis includes a discussion of'praétical experi-
‘mental problems as well as the problem of blending experiﬁental andb»
theoretical considerations. Two models for chromosome strucfure are
introduced. vThese include the single strand and the multistrand
hypotheses. The packing of the chromosomes is included in the dis-
cussion of the two models. =

The.fesolﬁtion‘of the structure of thomosémes.is not a trivial
_problem; ‘especially with the techniques now available to the investiga-
"' tor. 'Sfudies are difficult beééusé the structural details ére generally

below-the level of resolution of the light microscope yet above the

il
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size level at which the thin sections required for resolution in electron
microscopy cen give a complete pic.*:,ure.2 Aiso, the complexity of the
structure of the chromosome has lessened its amenability to electron
microscope studies. The problem is straightforward. Since the chromo-
some is thought to consist of a very complex structure that is built of
coil; upon cqils, any section cutting across the‘superstructure will

show only a granular appearance.3 Thus the sorting out of the structure

. components is difficult. For example, Bloom and leider describe the

components of chromosomes from .cells, fixed in neutral formalin in

Tyrodes's'solution and stained with phosphotungstic'acid and viewed

"with the electron microscope, in the following manner:

« « « parts of the chromosome consist of (a) a homogeneous
or finely fibrillar material (compdnent A) filiing the meshes
of (b) an irregular"network with bars 40 to 300 A in 'diémeter,
some of which continue into a similar inter-chromosomal network.
bNA-steretic portions 6f the chromosomes (the parts affected by
'radiation) consist mainly of this network and oniy small amounts
L

‘of component A, which presumably contains the DNA.

Other difficulties arise from the nature of the chromosomes them~

selves. For one, thetertiary5 or three-dimensional structure in the

nucleoprotein components of chromosomes has been found to be highly

unstable‘ In addition, the ¢hromosomes present a changing structure

. relative to the ¢ell division cycle. Even during interphése, when some
B qu the most important and significant changes are occurring, the'chrOmo-_

- somes present little structure amenable to analysis with either the light



or electron microscope.

.There are also theoretical groblems associated with the resolution
of the structure of the chromosome. For example, in the festing nucleus,
where the chrOmatin7 is not condensed, structure detected at the 100-A ' [CA
level must encompass sevefal tenets of genetics which include informa-
tional linearity and the mechanism for transferring information into
m-RNA. In addition, one must éxpect eventually to see the orderly
evidence of the process of precise, semi-conservative self-duplication
of DNA occurring at this stage.8 The structure must also account for
the fact that at this time the chromosomes change from acting as single
uhité in the formation of aberrations to the state in which they react
as two unitsf9

To this da%e, most Qf'ﬁhe conceptual pictures presented by inves-
tigatofs have been'encompassed'by three possible arrangements of the
. chromosome. These include the_following:‘ (1) one long continuous DNA

double.helix with itsasS?Qiated,proteiﬁ folded and coiled to form the
visible chrbmonemalo of a‘typical chroﬁosome; (2) a regular arrangement
- of molecules of DNA or nucleoprotein particles linked together in.
tandem with non-DNA linkers, or, alternatively, attached by their ends
to a shorter central axis; and (3) a multisfranded complex of DNA,
:protein; and perhaps other cbnstituentéiﬁith:mannyNA doﬁble’heiiées

forming the'axis'of the chromonema‘.ll

‘?)

~ Recent investigation has been guided by the hope for a simple
, structure. The chromosomes of bacteria and viruses have'been found to

. be composed of a single nucléohistone strand or linear segmepts of



 suggests that the chrometid has a diameter of 150 to 200 A.
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nucleochistone joined by segments of protein into a single strand.
Genetic considerations based on the overwhelming evidence for linear

genetic information residing in & linear DNA molecule has lead. to the

| hope that the chromosomes of higher plants and animals might be struc-

‘tured similarly. If this were true, the chromatidl® of classical.

cytogenetics,jWhich arises by self-duplication of the chromosome, would
also be single stranded.: All complexity seen in electron microgré%hs
above the 40-A éf possibly 100-A level would be the result of coiling
or packing of thevsingie sfrand.l3 | | |
. The folded, coiled énd léoped model of the chromosome has been
interpreted by some to occur in some lower organisms. The lampbrush

15

chromosomes of Triturus Viridescenslh in the diplotene stage of meiosis

 was found to be paired although joined by chiasmatal6 at a few points.

Each chromosome is thought to possess an axis along wh_ich»chromomeres17

are located.  Paired loops project from the chromomeres. Stretching

_experiments have found the lampbrush chromosome to be composed of two

continuous strands. The dimensions of these strands are found to be
relatively enormous. In fact, the length of the intact siructure may
reach 1 mm and that of a‘fully extendéd chromatid approaches 5 cm. In

1958, Gall reported that the chromomeric axis of the lampbrush chromo-

some has a diameter of 200 to 40O A in electron micrographs. This

18 Similarly,

in the oocyte of amphibians,'a very much elongatéd chromosome is_thoughf

to exist. This chromosome then feverts to a regular mitdtic_type at the

' followingjdivisibn. 'Oocyte=chromosomés are found to be 500 to 800
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microns long in diplotene and 15 to 20 microns in length at later
stages. Along the axis numerous loops are observed which are retracted
"into the main body of the chromosome. When extended, these loops would

19

give the chromosome a contour length of several centimeters. However,
the study of éhfomosome structure does not end with thése'results..
While these experiments indicate the existence of single-stranded
chromosomes in thesé twoiinstances, it does not mean that all chromo-
somes are single-stranded; |

'~ Most investigators envision a doubleness nature in the strand or
chromatid. This doubleness idea‘foliows from ﬁhe fact that the chromatid
must function-as tﬁo subunité during replicétion at all levels of organi-
zation and stage of the celi cycle. There is considerable experimental
evidence fof this doubleness nature. In fa?orable preparations of
anaphase chfomosomés, the rﬁdlike structures have been interpreted to
be | helically coiled chrompnemata. Usually they appear to have a
- single chromonema. ih'some fixed preparationsf hoﬁever, the chromatids
appear double. In these preparations there may be two helicaliy cdiléd
chromonemata (half—chromatids) which are uéually very poorly separated
as if the coils were interlocked. Perhaps the axes weré 'othérwise
_bonded togethé:. These results may be the result of treatment with
acid‘fiiative. Eixatian in hot water, However, also reveals the double-
ness; but in vivo a doubleness has nevef been demonstrated. in the
-living state, anaphasevchromatids appear to be solidzcylinders;zo
A‘Around 1959, Ris showed that two‘hO;A strands compose the appropriétély

extracted preparatidns of isolated calf thymus chromatin.‘ Ris used

b
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saline-versene in his treatment on the chromatin in order to remove

the nonhistone protein. Likewise, Zubay and Doty found subunits of
2

30 A in strands of purified calf thymus nucleohistone. 1

There has been a considerable amount of experimental evidence for

. half chromatids. The evidence so far has fallen into five catagories

consisting of (1) the types of aberrations induced in late prophase or
metaphase by radiation, (2) the types of aberrations induced by radia-

tionvat the end of G 22

. before the chromosomes have replicated, (3) ex-

periments in which the chromosome structure has been unraveled by

treatment with .enzymes or other agents, (4) the distribution of labeled

" DNA among the chromosomes at mitosis subsequent to labeling, and

(5) experiments in which the effects of incorporated isotopes were

23

expressed in succeeding generations. ~” For example, there is evidence

that the chromatid functions as two subunits. This occurs in nonrecip-

) 2 N
rocal recombination 4 and in the induction and segregation of mutants

25

induced.by base analogs. However, in chemically and radiation-induced

‘breakage and exchange as well as. in reciprocal recombination and sister

chromatid exchanges the chromatid acts as a single unit except during
prophase. On the other hand, the pattern and frequency of sister

chromatid exchanges, as willnbe seen later'in the paper, indicate that

each chromatid is composed of two unlike subunits. This occurs even

thoﬁghﬁ the exéhanges are.ohly betweenfwhole chromatids.

The discussion now turns to the question of whether the chromosome

::is single .or multi-stranded. In interphase nuclei, fibriis about 100 A

“in diameter are seen in cells of many species. Often these 100-A fibrils -
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are paired, indicating a multi-stranded structure. Nevertheless, the
100-A fibrils which appear in spermatids before the chfomosomes have
been. reproduced may still contain two DNA QOuble helices since these
fibrils havé been reported to change to 4O-A fibrils in most sperm .

"nuclei. According to the approPriate'model, this change in diameter
has-been postulated to come about in several ways. One idea suggests
the decrease in diameter results from a multi-stranded chromosome
coming apart. Another idea suggests that the diameter change results
from a change in the protein'with consequent variations in the pitch of
a super helix of the DNA &ouble hel:i.x.27

The single-strand theofy asserts that the unit structure of a
éhrompsome is a strand 100 A in diameter, composed of two fibrils 35 to

4o A'invdiamefer. Theée strands are thought to consist of nucleohistone.

Relatively enormous lengths of such strands must be packed into thev

Qolume of é’nucleus or metaphase.chromésome_of ordinary size. Such

- packing might require the folding, looping, and/or coiling at size |

levels. varying from tens of angstrom uhits to a few microns.

The'coiling of the chromosome is though@ to be a function of a

' molecular levei relatioﬁship between the DNA and the histone and pérhaps
_:dther protéins or even lipids; One investigator has‘speculated,that
 hi$tone.may not only be wrapped around DﬁA buf may also Fform cross
| liﬁks between the gyres’of:DNA coiled at the next level above the

‘Watson?Crick,helix.QB Cations are thought to have an impdftant functioﬁ
in the coiling of chromosomes. Somers has shown that metaphasé chromo-.

some of cultured Chinese hamster cells may be uncoiled'by removing Mg



electron microscope.

- extended nucleohistone fiber diameter of 30 A,
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and Ca from the suspending mediuﬁ. The importence of Ca has been
confirmed by Chorazy and associates for the maintainance of structure
of mammalian metaphase chromosomes which are isolated and unfixed.
In addition, Chorazy et al. report that urea and deoxycholate will
disperse condensed chromosomes. The enzymes trypsin or DNAase also
cause rapid (10 to 20 minutes) and complete disintegratién. These
experiments suggest that condensed chromosomes owe their structure’
almost exclusively to a cémplex of DNA and basic protein. The cations
would then affect the tertiary structure of nucleohistones;29
The degree of coiling is said to change throughout the cell cycle.
At the end of anaphase, there may be a further condensation of the
éhromosomes from the metaphase stage. Following this phase, the chromo-

somes expand'sbmewhat in telophase and chromonemata become -less tightly

coiled. The.chromosomes then appear to fuse andbneafly-fill»the reformed

interphase nucleus. As the nuclei grow, the chromosomes may not con-
‘tinue to fill the nucleus. This is particularly true in cells that are

' not to. divide again. Their disposition in most interphase nuclei is

difficult to follow either by the use of the light microscope or the
30 . ,

The coiled chromosome model does not, however, explain some evidence
concérning the diameter and length. of the chromosome when extended. With
régard to diameter; from a study'of structures such as prophase and
anaphase-chromosomes, the chromonema is found to be on the,ordervof 0.1
to 0.5 microns. This is several orders of magnitude largef than the
' 31 ..

With regard to length,

’
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the DNA of phage T4 is more than 50 microns long when fully extended.

The chromosome of E. Coli is thought to be perhaps 50 times this length

k4

.(more than 2.5 mm). Similarly, some of the largest chromosomes might
be more then a meter in length.. Even if these chromosomes were com- )
posed of several strands of DNA, they would still be several centimeters
in‘length.32 Two additional models attempt to account for the seemingly
large diameter and length. These models postulate loops as a part of
- the chromatid axis and linkers connecting DNA chains together.
‘In lampbrush chromosomes, the DNA strand is believed to run con- .
tinuouély along the chromonema, take part in some complex coiling in the
chromomere, extend Outvihto each side loop and réturn-to Jjoin £he chromo-~
mere before continuing in the chromonema.33 The evidence for these
-loops is as follows. A few years ago, Callan’and'MacGregor éhowed that
DNAse could rapidly sever the loops of the isolated lampbrush_chrowo-

3k

éomes. Althdugh.some cytologists had maintained that loops were part
‘of the chromatid aiis, this was the:first demonstrationvthat the DNA was
contihuous through the loops. In addition to the DNA in‘the'loops,vthe
chromomeres,along the gxis were found to be Fuelgen positive and thére-
fore to contain mich of the DNA.? |

In'this model, the chromomeres consist of two closely associated
chromatids. While it is found that a great'amount of RNA'and protein is

attached to the loops, neither RNAse nor proteases will sever the loops.

 When this- protein and RNA coating is dissolved with concentrated KC1

O

solution, a fine fibril is reported to be reVealed. This fine fibril is

presumably DNA. Electron micrographs of this fibril reveal its diameter
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to be sometimes as small as 40 to 50 A, In studies on the rates at
which the loops of the lampbrush chromosomes are broken by DNAse, Gall»
(1962) has been»able to obtain evidence that the structural axis is
composed of a single DNA double helix.  However, other researcheré have
done enzyme kineiic experiments on the loops and have found that the
loops exhibit multi-stranded kinetics. Nevertheless, if Gall's work

is taken as correct, two ideas have been evidenced: the loops are part
of the axis of single chromatids, and the loops are found to be perhaps
composed of a single fibril or more. The jdining of thesé ideas suggest

that these elongated structures have a single DNA double helix as their

- linear component. DNAse also produced breaks between the chromomeres

along the axis of the paired chromatids. The breakage follows the

- kinetics in some experiment$ for structure held together'by a pair of

DNA double helices.36 However, here again, more recent experiments

'have.indicated kinetics corresponding to a multi~stranded structure.

In this discussion, it shouid be remembered that this evidence for a

single-strandéd.strﬁcturé holds only so far fcr the lampbrush chromosomes

and not necessarily for other chromosomes. | |
AnOtherLuseful model in the single-stfénd hypothesis is to visualize

the employment -of linkers in the folding and unwinding of a long piece

'of'DNA, The essential feature of this model is a DNA double helix with

‘a regulérvsequenCe'Of linkers alternating in fhe two unfolding chains.

37

The evidence for this‘hypothesis comes from several sources. In 1960,.

Anderson and Fisher studied viscosity changes in rat-thymus nuclei



o nucleotide chains. The regular 3' liﬁkers are thought to consist of two
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suspended in 1M NaCl induced by DNAse, changes in pH and X-rays.

Their results agree with the idea that DNA molecules are strongly

linked end-to-end by protein and more weakly crosslinked laterally by

protein; In 1960, Dounce and Sarkar also concluded that DNA molecules [

are held together end-to-end by covalently linked nonhistone protein.

In 1963; on-the basis of x-ray diffraction patterns and eleétron micro-

graphs, Zubay proposed that oriented nucleohistone gels are composed of

longitudinal DNA molecules with lateral histone bridges lying at 60

 degrees to the DNA molecules in the large groove. He extended this

model to chromatin by suggesting that supercoils of DNA are stabilized

laterally by similarly oriented histone bridges.38
- More specifically, the model suggests several types of linkages.

The flrst type of linker needed is one to join 5' OH or S° phosphate

groups at the ends ofvtwo polynucleotide chains. This results in a

révérsal in polariﬁy. This is called a 5°? liﬁker. Their complemen-

‘téry:chains are assumed to be joinéd‘by a 3! linkér, that is, at the 3!

OH group. The chromatid is then assumed to consist of a series of

tandemly linked segments (replication units) of DNA with a 3' OH group -

linked to a 3' OH group and a 5' end linked to another 5° end at each

_'operator_site.39 The 5' linker is thought to be formed by covalent bonds.

. . _ Lo P
These would be as stable as the phosphodiester linkages along the poly-

L o
--.. phosphoserine residues 1 coupled to the terminal nucleos1de of DNA chalns
by an ester linkage. This is the same way that amino ac1ds are c0upled

to transfer RNA. A diphosphate bridge could then couple two chains with
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- the H linkers are assumed to consist of polypeptides.

removed. ' However, proteases and RNAse do not break up the loops. Thus
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a reversal in polarity. This hypotpesis is supported by evidence that
sperm DNA contains about one phosphoserine residue per thousand nucleo-
tides.

A third type of linker is called an H linker. According to this
model, its function is to stabilize the cﬁromatid by holding it in a |
folded ladder-1ike arrangement. The H linker is thought to be a type
of polymer joining alternative 51 linkerS‘along two axes. These would
represent the half-chromatids. During the following replication, these
would form part of the linear axis of the two sister chromatids. A new
set would Dbe formed on each chromatid at prophase when it became double,
i.e., when half-chromatid bri&gee can be induced. In rapidly dividing
cells these linkers might be closed most of the time. In cells where
the chromosome acts as a single unit in breakage and reunion, these

linkers would have to be assumed to be open or rather labile. Since

. protein synthesis appears to play a role in the reunion of chromosomes,

h3

However,

- stability tests and kinetics of shear breakage seem to indicate no

preferential weak points along the molecule. Thus, one might view T2
and T4 phage DNA as a single linear duplex and postulate the existence

of spec1al nonnucleotide residues which unite distinct polynucleotlde

tchalns. Yet one mst realize that if nonnucleotide llnkages exist, they

‘must be at least as strong as the- 1nternucleot1de llnkages themselves.)+

A remalnlng problem is that of puttlng the 00111ng and looplng

ideas together w1th the llnkage idea. If these models are to both applj;

_.then the loops should open up when the proteln or polypeptldes are ‘
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long stretches of peptides or RNA which might serve as linking material

appear unlikely.h5

However, this type of experiment would certainly
depend upon the stage in the cell cycle.

While all the evidence and models presented thus far support the
proposition. that the structure of the chromosome is single-stranded,
there is still much debate on the subject.' Wolff claims that the prepon-
derance of the cytological evidence indicates that most chromosomes are
not single-stranded. For example? recent studies using a technique
whereby chromosomes are dispersed on %he clean air;water inferphase of
a Ilangmuir trough show that chromosomes consist sometimes of fibers
.with diameters in the 200 to 250 A range as well as in the 500 A range.
Moreover, phetographs of thiﬁ-sectioned, isolated end shadowed chromo-
somes were interpreted to indicate that a single chromosome consists of
many parallel strands. The multiplicity bf threads combined with the
-series of sizes ranging frem LO A to 500 A suggested to Kaufmann and
De in 1956 that the early prophase chromosomes of Tradescantia afe com=
posed of "as many as 64 identifisble subsidiary strands, assumedly
arranged as intertwined pairs to form a hierarchy of pairs of pairs.'

- This hypothesis is tagged the rope hypothesis.

| Wolff claims that most of ﬁhe evidence obtained by light microscopy
and by both observational and experimental’evidence\haverindicated that
chromoeomes can be multi-stranded structures. . Furthermofe,»a eomparisoni'
_'of'the amount of DNA in closely related species with the genome of.these; v

by

species has indicated that changes in polyteny ' might very well have

occurred. Also, in view of the recent studies on Chironomus indicating
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redundancy of genetic information at certain loci, it seems that a

(

mulbi-stranded structure is very possible.’C As Wolff pute it,
"L . it no@ seems that models of single-stranded chromosomes suffer
from the same conceptual difficulties that multi-stranded models do."
In order to complete the understanding of the structure of the
chfomosome, room must be made for the postulation of protein synthesis.
There is good evidence that RNA is concentrated at certain areas of
the chromosome. Ih Lampbrush chromosomes, it has been found. that RNA
exists in some of the side loops. In giant chromosomes, RNA is par-
ticularly associated with structures called Balbiani rings of.puffs

which'appear to be expanded chromosomes. These are thought to repre-

sent functional aress of the chromosome.u9 Experiments by Huang and

vBonner showed that certain histone fractions, when carefully complexed

with DNA, suppress the capacity of DNA to support RNA synthesis in in
yn 2

vivo systems while native nucleohistone does support RNA synthesis to

'some extent. ;Extrapolation.of these findings to chromosomes Suggests

that avchrdmosome region which is supporting RNA synthesis may not be
occupied by a histone. Such might be the case in an intensely aétive

RNA‘syntheticvsystem such as the Lampbrush chromosome. Izéwa,'Allfrey

and Mirsky in 1963 showedvthat'the loops of isolated ILampbrush chromo-
' somes can.bé made tQ retracttin-thé'presence'of substances (éctinomycin

'D and certain histone fractions) which are known to complex with DNA

and to suppress the synthesis of RNA¢50 Chromosomes are &lso known to
contain large amounts of acidic proteins, sometimes called chromos omin .

The'épatial arrangement and functional significance of these is at
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present relatively unknowh, although they may be present in amounts
equivalent to histones.51

In summary, the elementary chromosome fibril of 100 A probably
consists of two 30 to 4O A DNA-histone molecules arranged side by side
and possibly cross-linked through histones or other proteins, and
possibly linked end-to-end in some species; These fibrils may be
replicated many times in each chromatid. The individual fibrils are
probably randomly coiled, the whole mass of the chromatid coiled again
and the whole structure coiled once more on top of this. Some>struc~
tures may resemble the lLampbrush chromosomes where it is thought that
the DNA strand runs continuously along the chromonems, takes part in
some complex‘coiling and retufns to join the chromomere before continu-
ing in the chromonema. The basic proteins, usually histones, seem to
5e associated with the nucleic acids throughout the entire length of
the'chromosom.e.52 |

‘A model of this sort should be taken into consideration in thé
lattér'sections of this paper, éspecially in the seqtions on the type -
of "breaks " and the kinetics of chromosome damage.' One of the problemé
with muéh of the mathemaﬁical theory is that it assumes a single-
sfranded modél‘rather than a ﬁulti-étranded model for the structure of
‘the chromosome. While these types of theories may lead to a cleaner
description and better curves, they.may also lead aberration studies

1 down the. wrong path.
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~

"macromolecule and»describes the extensive_coiling or folding compressing

the chain into & globular form. Thé‘quatefhary structure définés the
degfee of polymerization,of the macromolecule unit.
6. J. H. 'I'a'}ylox_', bp. cit., p. 67.
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- 10, Chromonema is singular for chromonemata. See footnote 1.
11. J. H. Taylor, op. cit., pp. 66-77.
12. The chromaﬁids are the two daughter strands éf a- duplicated
chromosome which are still joined by a single centromere.
13. B. B. Hyde, op. cit., p. 13k4.
lﬁ.. Triturus Viridescens is one form of a newt. The term
'ﬁampbrush chromosomes " is descriptive of the numerous looplike exten-
sions which come off froﬁ the central core of the chromosomal filament.
15; Prophase I of thénfirst meiotic division in cells is divided
up into several stages. .The diplotene stage is the stage in which the .
chiasmata or the cross-shaped figures representing the exchange of
- chromosomal material‘first becomes evident.
16. 'See‘nbte 15. |
.;17.  The"éhromomerés are bead-like areaéfbf incfeésed density along
the chromdnemata. | |
18. B. B. Hyde, loc. c1t
19. J. H. Taylor, op. cit., p. 69.
20. Ibid., p.‘67.
21. B. B. Hyde, op. cit., p. 132.
22. The interphase stage of the mitotic cycle, or the sta_ée in which
the nucleus outwardly seems to be '%éstiné," is dividéd intovthree sec-
- tions, gap 1, S forIDNA,synthesis,'and gap 2. G l:stands for gap 1,

where there seems to be little activity in the nucleus. -
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23. 8. Wolff, op. cit., p. 6.

2k, Recombinations are new combinations of linked genes.

25. Base anglogs are purines and pyrimidines which differ slightly_
in structure ffom the normal nitrogenous bases. Some analogs may be
incorporated into nucleic acids in place of the normal éonstituent.

26. J. H. Taylor, op. cit., p. 97.
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35. J. H.:Ta&lor, 02.'cit., p. 69.

36. Ipid.
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38. B. B. Hyde, op. cit., p. 1h41.

39. J. H. Taylor, loc. cit.

Lo, A fﬁosphodiester,iihkage is one where twb nucleosides are
.‘jQined together by a phosphate in an.ester-type linkage.

| 41. A.phosPhoéeriﬁe resiﬁue is é.serine molecule attached to.the

nucléotid_e thi'Ough a phosphage linkage.

k2. J. H. Taylor, op. cit., p. 108.
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43. Tbid., p. 101.
LY. Charles A. Thomas, Jr., "The Organization of DNA in Bacterio-
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51. John Paul, loc. cit.

52. Ibid.



RN

-23-
II. RADIATION DAMAGE TO CHROMOSQMES

One of the problems.in the study of chromosomal aberrations pro-
duced byvneutrons and other forms of radiation is that theibiochemical
details of interaction are not known in detail. Although some chemical
hypotheses have been presenteo in the literature, many of the ideas
regarding the causes of aberrations arevbased solely upon the agreement
of experimental curves with mathematically derived curves. This assumes
a.particular type of interaction between radiation and the chromosome.
Some of these models will be presented later in this section. The

problem is compounded when it is realized that the structure of the

' chromosome is itself much in doubt, as has been seen in the first sec- .

 tion of this paper. Nevertheless, in an effort to provide a clue to

the mode of aberration formation resulting from.irradiation, the subject
has been divided into two categories, the direct and indirect effects of
ionizing radiation.

Ion1z1ng radiation is thought to .produce damage in DNA by a direct

.effect, produced_by ionizations occurring_within the molecule.. Danage

is also produced by indirect action resulting from an attack on the"

-vchromosome by dlfquing radiolys1s products of water. It should be

noted that not all 1nvestigators believe that the primary damage to

the chromosome is the formation of a break. Some investigators feel
thatﬁthe radiation creates a weak spot in the chromosome where, at some .

time later, aberrations may be formed. In any case, for‘the sake of

convenience, in this paper the damage to the chromosome w1ll be called

a break whether or not a break actually exists. After irradiation in
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dilute aqueous solutions, damage is thought to be primarily produced
by indirect effects. At the high concentrations of DNA within the

cell, direct and indirect effects are believed to be of approximately

equal importance.l This section will first discuss the»indirect effects

of radiation on the chromosome and then the direct effects. In each
éase, the discussion will focﬁs on damage to the various levéis of
'struéﬁure,’ranging from thé nucleoprotein level to the individual sugar,
bése; or phosphate level.

It isvimpoftént t0 realize before continuing,yhowever,“that radia-
tion is not the only aberration-inducing.agent. R. Haynés héé pointed
out fhat both ionizing radiation and ultra?iolet light, as well as other
mufégenic éOmp0undé Suchrasbthe alk&latiﬁg agents, possess the common
property of pfoduéing chemical and physical changes in the DNAf ‘To a
iargefextent,'the damage produced by these different'agents'ig additive
in“térms of biological effeéts.2

" 'Abe.r_ravtion formation eicperiment’s are performed bbth in vivo and }2
vitro. This is important to note siﬁce distinctiéns are not-élways made
betweeﬁ the two experimental cohditions. In order tovsmooth over this
difficulty, Gooch has shown with in 2ixg and-ig'gizgg studies with the
Chinese haméter, with the South American spider monkey, and,wiﬁh man
' that‘fgdiatipn-inducedAéhrpmosdme breékége.rates are virtually the same
fér‘différent mamﬁa1ién species;'as well:as for differentrtissues within
,ffthe'sémé-épecies. His;exﬁériménfs has'léd him to the beiief that in
vitro eiperiments providé aécuraﬁe estimates of radiation-induééd aber-

ration rates in human cells in vivo. Information from tests on

Yy
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accidentally irradiated men has further substantiated this finding.3

As stated before, the indirect effect of radiation on chromosomal
aberrations is thought to be due to the diffusing radiolysis products

of water. The radiolysis reaction is thought to proceed as follows:
+ -

H20 -»HQO +.e

HO' »E' + om

e + H20 —»HQO -C0H + H*

20H° -->H20.2

H® + H. 59H2v.

In 1948, J. Weiss proposed that the irradiation of water resulted

‘in the production of H and OH radicals as shown above;u In the presence
of air, H radicals interact with oxygeh'giving rise to HO2 and H202.

Hydrogen atoms are also thought to be formed by the process:

N | H2-O + H30 - H + 2H20 .
Some evidence indicatesvthat_sméli quantities of hydrogen_atoms may
. be directl& produced from water. This is possibly a result of the dis-
'_'sb¢iatiOn“of excited water molecules in the following manner:

. " :
H20 —H+ OH .

These hydrogen atoms can then dehydrogenate, creatihg molécular

hydrogen by the following general'feaction:
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RH + H-—»R* 'i'H'2 .

At the same time, HEQ- céﬁ react, as will be‘éeen later, with the »
unsaturated bonds of the purines ana pyfimidines of the DNA or with
carbonyl compounds produéed during the radiolysis.5 The yields of‘the
radical products (H,OH) to molecular products (He, H202) has been found
to depend on the linear energy transfer (IET) of the radiation used,
decreasing with increasing IET.Y The molecular products (HE’ H202)
arise from recombination of the free radicals (or their precursors) as
they diffuse from the tracks of the ionizing particles; hence the
dependence on IET.6 | |

Around the year 1948, a correlation was found between hydrogen
peroxide formstion aﬁd the production pf chromosomal aberrations. This
very éiose parallel befween hydrogen peroxide formation in_irradiated
wafer and ﬁhe produgtion of chromésoﬁe ébeffations ledvtq-the‘suggestion
by Thoday and Read that‘HEO2 was a prime factor résponsible fof
ﬁhe production of'aberrations.7_ o

~ The extent to which DNA is démaged by rediation in vivo and in g}gﬁg
can be profoundly effected by the absenée of oxygen, as well as bj the
presence of sénsitiziﬁg or ?rotecting chemica'ls.8 The existence of a
»so-called oxygén effect, theﬂexperimental and mathematical details of
which ﬁill‘be discussed later.invfhe paper, is further substantiated'by
the fact that the yield of_hydrogén peroxide in X-irradiated water is
known to be dependent on ﬁhe presénce of oxygen. HoWevef, this effect v

-:plays'a'smaller role in the formation of aberrations by neutrons- and

“alpha particles since, in theSe cases, H202 is produced ihdependently
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of the presence of oxygen. That is, with a densely ionizing radiation
the close spacing of OH radicals favors their interaction to give H262
whether free oxygen is available or not.9v |
Since it is known that the passage of ionizing radiation through

the cell induces radical formation, the next step is to understand the
effects of the nevly created radicals. Several studies have attempted
to observe the sites of radical action on the chromosome. Scholes has
outlined a generalized schematic repreaentation of the possible modes of
radiation-induced damage to nucleotides im aqueous systems. This scheme
‘describes one mode of aberration formation ae well. In the following

dlagram, B, S P, B* and S%* represent base, sugar, phosphate, chemically

”changed base, and chemlcally changed sugar respectlvely.lo

' hydrolysis
B¥-S5-P ~————————— B#.S-P - S*¥--P 3 S% + P
B—S P"”? - hydrolysis _ ///,/”;?»
- \B-S*-P ——————— B + S%-P~  hydrolysis

BB
The bases of the DNA are perhaps ‘the main targets for radical action

_in the chromosome. Chemical studies of the changes produced in pyrlml-
'rvdinesvhave'éhowm that at neutral pH in the presence of oxygen, the h-S

double bond ia the main site of attack. The primary product is hydrOXy
phydroperoxide.- The h-S bond‘in pyrlmldines has an ethylenlc character ; :

and it is for thls reason that it is attacked. Attack byvthe radlatlon-

[

produced radicals also leads to a 1oss of the chromOphorlc characterll of

' the pyrlmldlne ring. Furthermore, since‘the nurber of double bonds des-

v troyed (ae measured by reaction with bromine) corresponds.to the number

of molecules destroyed, saturation of the 445 double bond is thought to
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2
be the only process taking place.l Scholes offers the following scheme

for the over-all initial processes occurring in irradiated pyrimidine

solutions:
. . ‘ /
Py + OH - Py(OCH)
By(OH)* + 0, —->Py(OH)O2'
O, +H=HO, 50, +H
2 a-Tadhe
Py(OH)Og’ + 02_'—9Py(OH)02H (Hydroxy hydroperoxide)
2Py(CH)O,* - products + H,0,
2H02 —>H202 + 0, (acid conditions) .
The products of the reactions are unspecified.13 In the case of thymine,
the proposed structure of the hydroperoxide is given by either of the
_following two structures:l
0 0
| ]
CH
| O o8
O: . H H
< OH 0= .
N . 0. H
H 2
H
The hydroperoxide of thymine is more stable than that of cytosine. *
At pH T the cytosine derivative is rapidiy'cbnverted to the glycolzl

The glycol then gives 5-hydroxycytosine by loss of water or uracil glycol

by deamination. In fact, in neutral aQueOus nedia, the stability of the
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pyrimidine hydropefoxides follows this order: Thymine h > uracil h >

dimethyl-uracil > cytosine h.>”

2l

S5=hydroxycytosine “uracil glycol

Several authors:- have shown that purines in aqueous systems are more
resistant to fadiation-inaﬁced degradation than the pyrimidines. This
v fact is evident in a comparison study of the dec0mpositién of the free
Bases, as wsll as in the‘relative destruction of bases when combined
as nucleosides or nucleotides.;6 | |
The sitesof radical attack on the purises has beén'prqused té'be
~the central 4-5 bond of the molecule. This idea has developed frsm éqn—
'siderations_of the known behavior of uric acid and certain other purises
' to ox1d121ng sgents. Radicallattack leads.to rihg arrangéments snd.ringj
opsnlng. In the case of oxygensated adenlne solutions, this process leads
- to fhe production of an organic peroxy radical. Further reactions result:

in degradation;IT

. g —_—
e = -

\ N/\g . I\N

Hydroperoxides, if formed,'must be very unstable since such coumpounds
have not been detected. However, the existence of these as unstable

:intermediates could lead to ring arrangements.l8 Since ring-opening of
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9

the imidazole ringl occurs only under oxygen-free conditionms, thisr-
process most likely results from a reaction of the reducing species,

as well as QH.radicals with a purine moiety. Production of formamido-
pyrimidines requires the net addition of one H and one OH to the
_imidazole‘ring. In this way, it is related to the production of dihydfo
hydroxy compounds from pyrimidines in vacuo. Henée a compafable reac-

tion scheme to that described earlier could be considered. The result-

ing purine hydro-hydroxy compound then breaks up in the following

manner:

N ' '
o OH N
A
| 7
R R

Other centers of the molecule havé also been found subject to
attack. Hems found thaﬁ irradiation'df adenine reSultéd in the rupture
of ﬁhe 8-9 bond.21 ' Irradiation of solutions of guanosine, guanylic acid,
xanthosine; inosine, adenosine and adenoéine-Sf:phoSphate leads to the
- opening of the imidazole»ring to fofm the corresponding 4-amino-5-
 formadido pyrimiaine riboside or ribotide: |
N;¢5~\;\//}NHCHO

3 |

YRQ/\\- R,
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The following table indicates the parent nucleoside and nucleotides and

the formamido pyrimidine riboside and ribotide formed:

Parent Nucleoside ‘ Formamido pyrimidine riboside (R3 = ribose)
Guanosipe , | Rl = CH R2 = NH2
Xanthos ine R, = CH R, = OH
Adgno§ine : Rl = NH2 R2 = H
Inosine Rl = OH R2 =H
Parent Nucleotide22 Formamido pyrimidine ribotide
3 s . —-— — \
Guanyllc acid - Rl = QH. R2 —_NHE
. . — -
Adenylic acid (5') - R, = NH, R, = H

: Similar;y; Weiss has,feported the formation of 8-oxypurines.23 Deaminé-
ﬁion of adenine,and the pfoductidn of'ammoﬁia'has élso Been demonstrated.
The above results have.dealt with siﬁgle nucleotide sbiutions. Whenv
‘the nucleotides are placed together into.solutibn; one finds differences
between the”pufines and the pyrimidines in‘the extént of fhéir deétruc-
- tion. This is,a1so true for the:béses when combined as nucleosides aév
well as deoXyribonucleotides.. Accordiﬁg to McCargo, upon irradiation
-_with 200 Kv X-rays of oxygenated solutions (pH 7) contalnlng equlmolar
quantities (5 X 10 -2 M) of the 5 '-deoxynucleotides of adenine, guanlne,!.
: cytos1ne ‘and thymlne, the follcw1ng molecules/lOO ev (the so-called G-
j,values) were obtained' G(adenine) = 0.2h; G(guanine) = 0.20% G(cytos1ne)-

= 0. 3& and G(thymlne) 0. h? 2h. These results show that even in



-32-

admixture, the extent of destruction of the pyrimidines is nearly twice
that of the purines.

The release of free bases, probably‘as a result of'attack on the
sugar méiety, occurs at about oné-quarter of the frequency at which the
bases are destroyed.25 As a result of the chemical changés.in the bases,
the glycosidic linkages can undergo hydrolytic fission. However, the
actual rates of these hydrolyses are uhknown.‘ There is evidence to
indicate that the formation of the hydroperoxide on the pyrimidine
moiety may not necessarily lead to an immediate break.26 The free
bases arising from the oxidation of the sugar moieties of ﬁucleosides ,
and nucleotides are probably a result of the decomposition of iﬁter-'
mediates of the type BS* and BS*P mentioned earlier in this section.
However, the stabilities of these types of compounds are unknown. Also -
unsettled is the site (or sites) of éttack by radiation—produced_radi-'
éals which eventually leads to liberation of free bases. In order to do
this, one must consider the reactions of OH radicals which eventually
leads to. liberation of free bases. In order to dd this, one must conslder
lthe reactions of OH radicals at &arioué positioné in the sugar molecule.

. In solutions irradiated in the absence of oxygen, one must consider some
reactlon of the redu01ng spe01es.27

0x1dat10n of the sugar m01ety of the nucleotlde may also lead to the
‘lébilization of the phosphate groups. In thls case, formation of carbonyl
ngroups at carbon atom C(3'). (which in the nucleoside-5 -phosphate leads B
to a slow release of inorganic phosphate) may cause further fragmentatlon

~of the polynucleotide chain. This would simply increase the number of
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‘c0mponeﬁts of the cell. Components, such'as”the sulphydryl groups,

cipitate is formed.

33

. 8ingly-bound phosphate groups. Manifestation of labile phosphate by

slovw fission to inorganic phosphate can only be expected to occur in

the case of ettack on a terminal group. This fact has been born out

by evidence that very low yields of inorganic phosphate are found.. .

Also, such post-irradiation release of inorganic phosphate has been
observed in irradiated solutions of commercial RNA where the number of
28 o

end groups is large.

It should be noted, however, that the effect of radical action

'prbduced'by iohizing radiation is lessened due to naturally'occurring

29
30

intermediate by reacting with the radicals. Upon irradiétipn'of

_ Synthetic mixtures of DNA and histone, degradation of the DNA component,

is less than in solutions of pure'DNA, Thus, in the synthetic mixtureé,

the protein acts as a partial protector of the DNA through competition

for the available radicals. This realization is important when consider-
ing the effects of radiation on nucleOproteihQ This particular role of -

the protein moiety has not been firmly_established by both physico-

'chemical'and chemical studies. The protection is not complete however.

- At doses above 1;3_xv105 rad in 0.02% solutions, base destruction starts

to be evident, rhosphate can be reieaSed on heating, and a viéible pfe-

31
As the concentration of DNA is increased, the probability of direct

radiation effects become importanﬁ. :Electronvspin resonance studies.have

shown that»there-isvin géneral a'high>yield of free radicals when DNA or

its constituents are irradiated ih the dry state. For a given ddse, more
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radicals are produced in deoxycytosine monophosphate and deoxyguanine

monophosphate than in deoxyadenine monophosphate and thymine monophos-

vphate.32

#

The direct effect of ionizing radiation is damage resulting from (]
the passage of ionizing particles through the'chromoéome.‘ In the 1940's,
work by Lea, Catcheside, and associates showed that “breaks" induced by
radiation were the result of ionizations occurring in or near the chromo-
some thread. It was believed that breakage was localized to the>near

33 Iea and Catcheside further found

vicinity of the particle tracks.
‘that for a given absorbed dose, fast neutfons were more efficient than
X-rays. This suggested that single ionizations were insufficient to
broduce breakdge. From a compérison of neutroﬁ-X-ray efficiencies, lea
_'and Catcheside concluded»that a ﬁinimum of fifteen to twent& ionizations
were required for the probability of breaking a chromatid thread 0.1
micron in diemeter to_apprOach unity. They found that with thévtype of
_ hard X;rays_that aré'ﬁormally used:invchromosomevexperiﬁents,.breakage'
primarily results from eneréy.dissipated in the densely ionizing "tail"
regions of the electron tracks.SA

More recéntly; Neary, Savage; and Evens have taken exception to the
results and interpretation of lea and Catcheside.i Their experiments
.indicate:an alternate vie§§§int is mOre.feasiblé. NEary proposes tﬁat
in the cell, just-as in simpler cheﬁical and bioldgical uﬁits, prima;y -
damége.to ﬁaérdmolécular targets 1is produced chiefly by a single énergy-
loés évent. Neary also proposes the following model for the productvio.n.

of chromosome aberrations:
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(1) Tne integrity of any short region of the interphase
chromosome (or chfomatid) depends on the continuity of a single
-maéromolecule with a diameter of a few millimicrons, presumably
‘a basic double helix of DNA with associated protein.

ﬂ2) VThe primary lesion occurs in such a macromolecule and is
normally éaused by a single energy-loss event in the macromolecule.

(3) An aberration is formed by ‘the interaction of two
chromosome regions each having a primary lesioh; interaction is
unlikely betﬁeen lesions caused by energy-loss events more than
some critical distance-apart,.which has been estimated.as about
0.2 micron. Hére the question of wheﬁherAthe primary lesion is
‘an actﬁal_break or not makes 1ittle difference to the formalv
analysis.35

It should be noted that Neary and associates accept the Taylor
modél‘for thé structure of-the'chrombsome. As has Been indicated in a
ﬁrevioﬁs section;.the Taylor model of the chromosome has notvbe gener-
ally accepted as th¢v00riect model. Thus this model’has yet to be.
accepted by alibinvesiigators; Tt will be shown_in a iater éection how
Neafy and his<a§socia£es have'attempted to verify their model.' The
_various'mode;é for the formation of aberrations from "breaks" in the
"chromosdmé will aléo be diécusséd,in the iater-sectioh. :

‘Another effect of radiaiion impinging upon thevchfémosbme is the
vbreakage.éf_hjdrogenfbondSs Cox et gl; showead byvtitrétion studies éndb’
‘also by 'ultraviolet'abs'orption measurements that hydfogén-bond rupture .

is .an important cénsequence of the chemical action of ionizing radiations
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on DNA in aqueous solutions. It was concluded that from the asymmetri-
cal displacement of the titration curves at ZSOC that the hydrogen bonds
linking the adenine and thymine bases in the double helix were broken
more readily during irradiation than those linking guanine and cytosine.3

Hydrogen-bond loss is thought to be the result of breakage of the
internucleotide bonds. One explanation of the phenomena is that if,
following the chain break, water molecules can somehow "unzip" the
double helix of the DNA to some extent, a relatively large numbef of
hydrogen-bond pairs can be broken per single break of the internucleo-
tide bonds. In this way, hydrogen bonding.between individual base pairs
will be replaced to some extent by.interéction between the‘baSés énd the
surrounding medium (water). This "unzipping"” of the polynucleotide N
strands should be a limited process; Temperely has calculated, from
7'entropy considerations, that in DNA the untwisted length may be of thé
order of 15 t0 20 links.>|

Before moving on to the topic ofvthe creation ofvéberrations from
"oreaks, " a more macroscopic dbservation is in order. According to H.
J. Evans, it has long been known that irradiatibn of cells which are in
thé early stages of mitosis frequently results in a clumping of the
chromosome . The appearance‘of.thése clumpedichfomosomes sﬁgéests that '
  the Outer‘surfacé or matrix of fhelchrombsdme has become sticky and, as
in.miﬁotically aéynchronous,cell popuiations, such stickinéss is‘the
~ first visual manifestation of an irradiation effect upon the chrombéomés.
This effect has been named £he "primary" or “physiological” effec£,38

This section has dealt primarily with the biochemical details of the

- C= N i S
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interaction between radiation and ﬁhe chromosome. It has been pointed

out that an indirect effect occurs resulting from the interaction of the

radiolysis préhucts of water and the chromosome. It was seen how these

products affected the nucleoprotein as a wholé as well as the individual

bases. It was also shown that a direct effect exists due to ionizations

of the radiation particle occurring within or very near to the chromosome.

Although early experiments indicated that many idnizations were.neéded

to create a "break” in the chromosome, more recent experiments have

shoﬁn that only one ionization is needed to create damage in the macro-

molecule which can then lead to an aberration site. Ionizing,radiation

was also found tb break the hydrogen bonds of the chfdmosome. One.of‘

the visible signs of irradiation has been the clumping of the chromosomes.
This éection has dealt with the damage to the chromosome produced

by ionizing radiation. The next section will continue the story by des-

'cribing how the cell can sometimes repair these points of damage in the

~chromosome. -
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III. CHROMOSOME REPAIR

The classical postulate in the theory of chromosome aberration for-
mation is that radiation induoes a large number of breaks or damage
points in the chromosomes. The majority of these restitute. Of the
remaining breaks, a minority are thought to be involred invenchange and
the rest appear as breaks.later in the cell cycle at metaphsse. With
this assumption, chromosome breaks, chronstid breaks, and isochromatid

breaks are interpreted as the surviving examples of the primary biologi?

cal effect which is thought by s0mevto be:the breakage (or at least

. weskening damage) of a continuous interphase chromosome thread.l ‘The

purpose of this section is to gain an understanding of the various proposed

" repair mechanisms, how'they are thought to affect the number of  chromosome

,1aberrations produced, and to compare the repair abilitynof'cells when

bombarded with different forms of radiation. The questlon of how long

"reaks " remain open will be dlscussed as well as how repalr eff1c1ency

'changes throughout the cell cycle.

An understandlng of repalr is 1mportant as ‘it may bring new light on

0ld calculations such as Ieal's in 1955. It is stlll thought that the

'vmaJorlty of primary breaks formed after certain forms of 1rrad1atlon

undergo restitution. Bhny of the older calculatlons emplOyed in the
estimation of the frequency of restitutlon, however, were found to depend

on the observed frequencies of chromosome breaks. There are two thlngs__

:wrong w1th thls type of assumptlon. Flrst the true frequency of observed

frequenc1es may well be lower than that found by-earller experiments.

Second, it assumes that the chromosomes can repair damage from any
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form of radiation, and this, as will be shown in this section, is
>Subject to doubtf

One of the problems with earlier experiments involving observation
of the number of chromosome breaks was that it was notvknown how many
breéks were caﬁsed by radiation damagé. In 1964, for example, Davison,
_Freifelder, and Holloway reported that their preliminary studies of the
size of single DNA chains'produced by denaturation of whole bacteriophage
molecules showed that few of the DNA molecules existed without breaks ih

3

the single.chains. _ The very large single chains are broken extremely
easily'by shearing forcesvduring processing.v This has been evidenced:v
more recently in work by Dafrison and Freifelder in 1966 which indicated
that even if careful techniques are émplOyed, at least TOh of T2 DNA
mpleculeé contain no breaks in the single s*c.ra.nds.i‘L

7 The Senéitivity of bacteria can be altered bj changes“in incubation
cbnditions duringbthé posteirradiétion period. Further studiés have
shown that‘vafiaiions in'sensifivity‘to éeli killing, mutation rate,
frequency of chromosome abérrations and effects on metabolic reactions |
Qccur within thé cell cycle. These observatiOns-havé léa to the.hypotﬁesis
.that cells are ablevtd repéir radiation damage.s' Howéver; as wéll be
discussed later in this'seétion; theldegree of radiatioﬁ repair is fbund.
to be very depeﬁdenﬁ on the type of radiation, the effeC£ obéérved, éﬁd
the organism being rédiated. | | . \ ~

The élement of time is én important considefation in £he diécuSsion

of the relationship between “breakage" and the formation of an aberra-

tion. In order to produce an exchange aberration, the‘coexisténce of
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two "breaks " in both spacé and time is thought to be necessary. If
this is true, the yieldfof two-hit aberrations decreases with.én
increase in exposure time. The rate of decrease is a function of the
duration for which "breaks" remain availsble for rejoining. Also, with
a constant dose given at different intensities, the longest radiation
time. over which no decrease in the two-hit aberration yield occurs is
a measure of the time that "breaks" stay open. Siﬁilarly,‘the longest
interval between fractionated doses which does not result. in a reduction
in the aberration yield also gives a measure of the duration for which
"vreaks " can interact.6 For example, it was shown in one experiment
that the yield of exchanges produced by a given dose of X-rays diminished
with increased duration of the exposure.l At low intensity;vmany of the
"oreaks " restitute before their potential interaction breaks are pro-
duced. There is élso a limitation oﬁ reunion due to the spatial factor.
 This fact points to the conclusion that many of the induced bfeqks do
not result in the production of abefrations. Earlier calculations devél-
oped by lea and Catcheside and others indicated that the fractions of
breaks whiéh restitute, in Tradescantia, for X-rays, fast neutrohs, and
alpha particles were, respectively, 0.9, 0.9, and 0.5; there being a
‘mmch higher proportion of incomplete aberrations with alpha-particle
radiation.7 .Theée calculations} however, are no longer used. |
There is still some'questioﬁ as to ho& long breaks remain open.
Earlier studies 1ed to a_defihite disagreement regarding thé‘rapidity
of break repéir. In one experiment by Sax-on‘Tradescantia, it.was

esﬁimated that the breaks remain open for 20 to 60 minuteé. 'However,‘
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other experiments by lea and Catcheside on Tradescantia indicated that
the breaks remain open for only 4 minutes. In the leter experiments of
Catcheside and others with irradiation times of over 30 minutes, it was
found that their results did not agree with their theoretical expecta-
tions, that is, there were too many interchanges at the low intensities.
This discrepancy was not attributed to a high proportion of one-hit
interchanges. Instead, it led to the.suggestion that two components
were involved in chromosome rejoining in Tradescantia: a short-term
one measured in miﬁutes and a.long-term one measured in hburs.B' later
experiments by Wolff and Iuippold in 1956 on Vicia and by N. S. Cohn
in 1956 on Allium roots also 1nd1cated that there were two sets of
breaks. -In one group, rejoining took place within about a minute after
1rrad1at10n. The second group had considerably longer rejoining times.
- In the VlCla experiments,_lt was shown. that at a fixed dose, prolong-
vlng the radlatlon exposure from 30 seconds to 1 minute resulted in
reducing the exchange aberrations by aboﬁt 30%, irregardless of oxygen
conditions;g ‘In ;942, Newcombe sﬁggested that the amount of rejoining
decreased with increasing dose and dose'rate. The experiments 5y Wolff
and Luippold in 195h involving fractionation of doses on Vicia roots
eshowed that the time for which breaks remained available fer’rejoining
- was doseAdependent and increased with increasing dose. ‘quever, the
’emouht,or poteﬁtiality.for rejoiningewas not'dose-dependent.lo

| Before dlscu551ng the ablllty of the cell to repair damage pro-
‘educed by . different forms of radiation and the variation of repalrablllty‘

with the stage in the cell-cycle, the proposed mechanisms of repair
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should be briefly discussed. Bacterial cells were used in many of the
early experiments studying repair. For these studies, the formation of
thymine dimersll in DNA by exposure to ultraviolet irradiation in vivo
and in vitro provided the model system for studying_in detail the nature
and kinetics of the repair reactions. It is now thought tbat repair or
:eactivation of ultraviolet-irradiated bacterial cells can be achieved
in twg ways: b& exposure to visible or infrared light (photoreactiva-
tion) or by incubation in the dark (dark repair). Both of these
processes are thought to be enzymatic in nature and both involve a
feduction in the number of thymine dimers present in the DNA. However,
the mechanisms involved are thought to be quite different. The term

Photoreactivation used when referring to cells should not be confused

with repair or reactivation of isolated DNA. The latter involves irradi-

ation at a shorter wavelength following the initial exposure. This is
thought to be a distinct procéss which involves photosplitfing of the
thymine dimer;.12

Two modelé'are postulated for dark repair of the chroﬁésome: the
'but—aﬁd#patch"and the “"patch-and-cut"” models. The cut-and-patch |

model suggests that an enzyme excises a short, single strand of the

" damaged DNA. This gap is'enlarged by a nuclease.attacking the nucleo-

. tides in order. Next the missing bases are replaced by repair replica-yd

tiph according to the proper base-pairing schéme of the adjécent strand.

The patch-and-cut model, on the oﬁher hand, postulates thattthe‘proper .

" enzyme cuts the strand of DNA near the defective bases. The repair

replication begins at this point and new bases are inserted as the .
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defective strand is peeled back.
Although the evidence fer these two theories is very interesting,
the details will not be discussed in this paper. There are three bits
of‘information'which should be noted before continuing. First, it
was suggested in one of the models that the repair system in the E.;
Coli bacteria (strain hcr+) involves at least two enzymes. One enzyme
breaks the DNA chain at a thymine dimer or at a damaged base. This
forms a starting point from which a second enzyme excises a sectioﬁ of
the chain. Ionizing radiation, in'cbntrast to uv irradiation, produces
single—sﬁrand breaks in the DNA chains. Thus, p01nts would be available
for attack by the excising enzyme, and repalr w0uld not requlre the
presence of the chain breaking enzyme. To further confirm this hypo-
thesis, Bridges and Munsen.showed that their her strain couid nof*
repair damage produeed by a bifuthional mustard but could repair damage
'follow1ng treatment by methyl methane sulphonate. Although.both agénts"
are thought to alkylate bases in DNA, the latter agent, in contrest to
the mustard, produces breaks in the s1ngle cha:.ns.14 J. H. Taylof
claims that the basis for the model hypothesis is somewhat.weakened by
subsequent studies of reunion of radiatien-induced BreakageQ- Chrbmstid
. exchanges are thought to occﬁr in the presence of the block by fiuoro—-
deoxyuridiﬁe.‘ This suggests‘meny of;the breaks do not involve DIA and‘

another component, probably protein, is able to bring about e‘reunion.

15

. Some evidence‘teﬁds to confirm the idea that the ability te repeiri

‘damage is dependent upon the dose. It has been found that energy-rich

phosphate is probably necessary for rejoining lesions by the growth of
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two antiparallel DNA chains. Also, it was shown by Allfrey, Mirsky

and Osawa and others that the oxidative generation of energy-rich
phosphate occurs within ﬁhe nucleus. At one time, this process was
found only in mitochondr:'.a.l'6 Moreover, Creasey and Stocken have shown
that in certain cells of the mouse, nuclear phosphorylation is very
.sensitive to radiation. InhiBition of the formation of intranuclear
labile phosphates is observed after doses of as low as 25 r. These
observations suggest a link with the findings that the chromosome
rejoining system is itself radiosensitive and requires energy-rich
phosphate for its 0perétion.l7

The next,qﬁestion is whether these repair mechanismé can be applied

to cells other than bacteria. One case has been sited in fhe previous
paragraph in reference to mouse cells. In fact, Shooter claims that -
there is a considerable body of evidence indicating repalr mechanisms
are operative in mammalian cells. In most cases, DNA synthesis, cell
' killing, chromosome damage and mutétion are found to be most affected.
invthé'S‘(s&nthesis) phase>of the cell cycle. Irradiation in Gl and

G2 is thought to be associated with an increased resistance. Vériations
in éénsitivity within the cell cycle may, in part, be attiibutable to
changes in tbe extent of damage'pfodﬁced in DNA. This dependsvupon the -
" degree of condensation of DNA molecules in the chromosomes or to:varia-
“tion of the volume of thvevnucleus.:,L8 These possibilities aié discussed ,
'elseﬁhere,in-the papéf. The efficiency of repair in mammﬁlian cells‘is
'fdund to vary within the cell cycle. ‘The evidence sﬁggests that repair

is mbre'efficient the longer the elapsed time beforé DNA replication
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begins. In Hela S3 cells, for example, there is a progressive increase
in sensitivity through the first part of G2. Also, it has been found
that Hela cells irradiated early in Gl enter the S phase and show no
detectable differences in the rate or duration of DNA synthesis. fhis
apparently normal behavior does not mean that all radiation damagevhas
béen repaired. During the second cycle of DNA synthesis following
division, there is found to be a marked inhibition of the rate of entry.
. of cells into S and of the réte of DNA synthesis when it beings.l9
| The synthesis of the major components.of chromosomes is‘tﬁus res-
tricﬁed,to one;half or less of the cell_éycle:in many cellsvof higher
organisms. Yet, the repair or feunion of broken chromosomes can occur
at other stages of the cell cycle. Taylor_cites as an‘example the -
breakage of chromosomes in the pfoPhase stages in Lilium after a |
demonstratién that DNA feplication is no longer possible. Theée breaks
are found to produce chrometid bridges in abundance, whiéh indiéates
fhat strands have been rejoined, Other examples are the production
'ofvchromatid exchanges in pollen tubeé_and in the late interphase iﬁ
in roots.'vBreaks that are produced before DNA replicatién in the Gl
stage also 'undergo‘reunion or exchange before replicatiOns.Eo

The ﬁext question ié whether or not the fepair mechanism.is
applicable to damage prdduced.by ionizing'radiétion‘of highef IET; such
as neutrons. Here the énswer is not so positiye; Following é single.
dose of X-rays, therevié found to be a slow return of damagéd livep"
cells of micevtoward nor@al‘levels. Fdf neutrons, ﬁhe damage seems to

persist almost indefinitely. Cells that have Been_irrédiated by gamma -
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rays also seem to return to normel given time. It is therefore thought
for. neutrons there is no chromosomal recovery following any dose of
radiation. There is chromosomal recovéry after gamma irradiation, the
magnitude of which depends‘on the dose. The reason for this almost
certainly lies in the differences in lineér energy transfer between the
two radiations. As is seeﬁ in another section of this paper, gamma rays
are found to produce very sparse ionizations. Thus, for gamma rays,
jonization events occurring within individual chromosomes.will be
widely separated in space and time. As mentioned before, it takes two
or more such events withiﬁ a certain region and within a certaih time

to'produce a lasting chromosome aberration. .Otherwise the singlé event

- can be healed and no permanent damage results. From this it follows

| _‘that permanent damage resultihg from gamma irradiation will follow a

multi-hit curve. This is just what is found. On the other hand, the

~ionization density along a neutron track is so high that if a chromosome

is hit at all, two or more closely spaced ionizations will be produced
leading-to'a permanent chromosome aberration. This explains the,single-_
hit curVe_usually found for neutrons and the lack of chromosome healing.z;

There are problems in cell division as a result of the lack of

‘repair‘of the chromosomes. According to Curtis, it would seem entirely

reasonable to suppose that a cell containing severe chromosome damage
w0u1d~diyide perhaps.only once. The daughter cells would be expected

to either die or their chromosbmé damage become invisible. HoWever, in -

his;studies,.this appeared to not be the case. One way to explain the

siow recovery to normal fdllcwing gamma irradiation oh the basi$ that{a
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cell contaihing‘severe damage would divide only once and then the daugh-
ter cells would either die or their chromosome damage become invisible
because there is a low normal cell division in mouse liver. But the
neutron-treated mice in Curtis's experiments appeared to show no
recovery, which they shouid if the above explanation is correct. The
other. explanation for this observation is the possibility that chromo-
some healing may be continuing in mice even several months after a
single dose of gamma rays, whereas there is no healing follqwing neutron
irradiation.22

One of the problems in comparing the ability of cells to recover
from.radiation is that the results depend on which type ofveffect is being
observéd. For example, cell death or chromosome aberrations may give
different results. The ability of yeast to recover‘is a case in point.
In an experiment by J. T. Lymaniand R. H. Haynes, it was shown that

23

after heavy-ion irradiation (high IET) of diploid™ yeast, recovery
occurs to the same extent as is‘observed after X irradiation. On the
surface, this fact would seem to cohtradict the ideas presented earlier
claiming that the cell is ﬁnable to repair the ch;bmosome after high IET
irradiation. The recovefy-of these cells is thought to oceur despite
-the chromosomal damage; that is, the ability of the diploid'yeast to
recover suggests that the macromolecular damage is bypassed rather than

bginé directly repaired. Thus the recovery of the yeast is thoughtlfo
”'bé indeﬁendent of the chemical nature of the radiation-inducéd lesions.gu
' A£ present, therefore, evidence indicatés that it is most likely that

" the cell cannot repair chromosome damage produced by highly ionizing

radiation such as neutrons. If repair after such extensive damage does
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take pléce, there is very little idea of the mechanism involved. .-

There is one other interesting point in reference to the effects of
post-irradiation hahdling of the chromosome. Following & single dose of
radiation, and especially following neutron irradiation, the percentage
of aberrations may increase for some days or weeks. This is a comsistent
finding; the explanation for it is thought to lie in the fact that cell
division is delayed following irradiation. Since the only cells which.
can be scoreé are oneé which undergo division, a higher percentage of:
normal cells will undergo division following stimulation by partial

hepatéctomy25

and thus the percentage abnormalities will be scored too
low.  As the damaged cells reéover, if they do, they can be forced into
division and thus the percentage of abndrmalities will rise;26 However,
for a'general figure, it was fOundrby A.'Marshak that regardless of
'”'species or dose, the maximum‘number of abnormalities detected and séored
in the anaphase stage of the mitotic cycle was féund at 3 hours after
, radiation.zjl.. |
| The.main iaéa présented in this sectionris fhat the Cellvhas been
_founa to bé éapable of repairing damage to the chromosomé‘féllowing
exposure to gamma and X-rays. However, there seems to be a lagk gf
" chromosome ﬁealiné after exposure to neutrons and other densely ioﬁ;zing
‘particles. Although the mechanism for repair is nbt known, two modelé
were discussed in this section: the cut-and-patch model and the fatch-
and-cut’model5 It is not knownbhow long breaks or damége points remain
open. 1Somé investigators hayevfound'that the time.fof whidh_breaks_remain

open is dose-dependent . In some cells, it was found that repair isvmore . .
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efficient the longer the elapsed time before DNA replication begins.
The next question’to be answered is what happens to those chromosomes

which experience damage but are not repaired.
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Relative Efficiency of Neutrons and X-rays in Producing Chromosome
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Abnormalities, " in Biological Effects of Neutron and Proton Irradia-

tions, pp. 250-251.
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IV. FORMATION OF ABERRATIONS

The previous three sections have laid the foundation for a con-
sideration of the formation of eberrations. The first section discussed
the prevalent ideas concerning the actual construction of the chromosome
and tried to describe the target or particle or molecule being damaged
by the radiation. The second section discussed the effects, mostly
chemical and physical, that radiation seems to have on the chromosomes .
The third section then discussed the possible mechanisms by which some
of the chromosome damage can be repaired by the cell and the likelihood
of such happening. The next question to be asked is what happens to
those parts of the chromosome which are effected by radiation, either
indirectly or directly, and are not repaired or recombined with the
neighboring section of the chromosome. _The purpose of this section is

to describe what happens.td these weakenéd or broken areas and the types
~of aberrations which may result.

Although iﬁ'is not known éxactlvahat happens to these weak or
bfdkén areas of thé chromosomé, several postulations do exist. This
section‘will first present fhe classical idea of aberrationrformation,'
that of breakagé and reunion. It will Vdiscuss the reasons forv Suc‘h a
hypothesig and will categorize the-abérrations types and fheir modes of
pfoduétioﬁ. Several probieﬁs Qith-the firsf hypothesié will be dis-

' cuésed-énd then an alternate theory of aberration formation will be
pfésented, in thié case, the. Revell model of exchange. Experimenfal’
‘evidence supporting this alternative hypoﬁhesié will be incluaed.

Iastly; a discussion of the briginal area of conflict will take place;
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that of the natgre of gaps observed in chromosomes which have been
irradiated.

Early works in the research of aberration formation seem to have
followed one of two models. One of the models postulated that aberra-
tions resulted from single X-ray hits on chromosome parts which were in
contact or close association. This was called the 'boﬁtact-first"
hypothesis. The "breakage-first" hypothesis disagreed with this model.
It postulated that radiation produces breaks in the chromatin threads
which are independent of one another. Some of fhe breaks were thought
.to remain unjoined and would appear as simple deletiOns; The majority
of breaks would restitute giving rise to the original configuration or
to the formation of a visible aberration, sometimes called illegitimate
fusion. The frequeﬁcy of breaks were thought to be directiy.prOportional
to-the radiation dose. _Aberrations were divided into two categories:
(a) those one-~hit aberrations which were thought to be unaffected by
either altering the dose rate or by splitting the radiafion-treatment
into two doses. separated by time intervals; and (b) those two-hit aber-
rations which were thought to be intensity-dependent. The latter were
thought to incrgase in pro?ortion to the square of.the dose.l .The
classical model of breakage and reunion grew out of the second model
of aﬁerration formation.

' The classical idea became more established as research continued.
' Manyvdetails intrinsic to this .idea were investigated.' One‘of the prob-
lems conéideredeas an inVestigation of the three factors thaf vere

thought to be involved in producing an observéd chromosomal aberration.
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These factors were: (a) traversals of a chromosome by an ionizing par-
ticles; (b) the probability of causing a break, given a traversal; and
(¢) given a break, the probability of an observable aberration's being
produced rather than restitution of the break.2 As discussed in an
earlier section, a break was originally thought to be a result of
several ionizations. Iater it was shown that a radiation-induced
primary chromosome:lesion is normally produced by a single energy-loss
event in a structure with a diameter of the order of a millimicron.

This lesion can then interact with a similar lesion in the formation of
a chromoéome aberration.3 If the break is to participate in an aberra-
tion, it must remain open. This idea led researchers into two further
areas of inquiry. Firstly, there have been many studies in#olving the
question of how long the break remains open, and, secondlj, several
quantitative methods have been developed for determiniﬁg the distance
over which breaks can rejoin. Although héither of these parameters have
been determined positively, several approximations have been made. These
are discussed‘in'both.the'section on repair and the section'onvabérration
kinetics. The restitution diétance was once calculated to range around
an average distance of 1 micrOn in Tradescantia. It isvnow shown using
data on two-breék-gberrations obtained following fast neutron éna X-
~irradiation of Vicié that this restitution distance is of the order:of
tenths ofbé miéron.u It wés also thought that close spatial association
is ‘a neceséary requirement in  order for exchange to take pléce. This
‘idea led to the postulate that intraéhange types of aberrations are

favored over interchange typés.5 Theoretical ratios have been developed

e
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concerning these types; however, this sﬁbject will not be discussed at
this time. Nevertheless, the main idea for the breakage theory remains
the same: the coexistence of two breaks in both space and time is
necessary for the production of an exchange aberration; breaks that do
not combine with other breaks nor restitute tO‘the‘original form of the
chromosome are seen as gaps or deletions.

According to the breakage and exchange theory, the break could occur
almost anywhere on the chromosome at any stage of its development. Aé_a
résult, many different combinations of exchanges are observed at meta-
‘phase. The particular type of aberration is postulated in this model to
depend both on where the breaks occur and at what stage in the cell cycle
- the radiation acts on the chromosome or chromatid. In general, however,
the types of aoerfations induced following irradiation are thought to be
of three types. They are classified according to the unit of breakage -
or gxchange which is involved. Chromosome-type aberrations involﬁe-both
: chromatids of a chromosome at identical loci.6 This is in contrast to-
~ those aberrations in which the unit of aberration is the chromatid. The
ﬁhird‘category of aberrations is called the sub-chromatid aberrations;
however, these have not shed much light -on the mechanism of aberration
production. . Two kinds_of structural changes are thought to occur witﬁin
‘or. betveen Chromosomes and chromatids: the exchénge, whichois thoughtv
to be a néw rearrangement following the joining of independent bréak
ends; andbthe simple‘deletion, which. is thought to be. the reoult of a
single oreak within the chromosomé Orbchromatid. The exchange of parts

are-thOught‘to occur either within the chromosome (intrachange) or
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between chromosomes (interchange). There may be a complete exchange in
which all of the breakage ends are involved, or there may be an incom-
plete exchange in which two of the four breakage ends remained unjoined.7
In Fig. 1, chromosome-type exchanges occurring within chromosome
arms, between chromosome arms, and between chromosomes are shown. A
complete exchange within a chromosome arm may result in an aberration
that is undetected (an intercalary deficiency). An incomplete intra-
'change may give rise to what appears to be a simple deletion with or
without an accompaeying acentric riné.8 'The_intercalary deficiencies
are eometimes called dot of isodiametric deletioﬁs. The interarm intra-
ehange types have been divided into»ﬁwo types according to whether the
fusion occurs between ‘Imoximal-to-proximal or distal-to-distal breakage
ends (the U-type) or between proximal and distal ends (the X-type). As
can be seen in the figure, the U-type exchanges may result in centric
riﬁgs and fragments. They are called asymmetrical exchanges. The X-type
exchangee.ma& result in either a symmetrical configﬁration which may'net‘
be detected (a complete exchange) or a deletion. In Fig. 1, taken‘from
Evane? Cand I refer to compiete and incomplete exchange, and‘Ip and Id
to proximal and distal incompleteness..
| - In Fig. 2, interarm intrachange-and simple interchange aberretions
,afe shown. The interarm chromatid exchanges are classified in a similar
mannér to interafm-intrachanges presented in‘the last figure. Since the
strﬁcture of'the'exchange‘remains until the metaphase stage (due te“the
'pairiﬁg of sister chromatidS),the chromatid exchenges which are symmetri-

cal are easier to identify. Twelve groups of interchanges are observed
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at metaphase and are classifiod accofding to the mode of exchange (U ori
X), completeness, and the polarity of the chromosomes involved.(poiorized;“.f,
P, or nonpolarized, N). The polarity of thevchromoéomes is thought to be
a consequence of the.mitotic anaphase movement of‘the chromosomes to the |
spindle poles. The rest of the Symbols in Fig. 2 are the same as in ‘
Fig. 1. |
More complex aberrations may occur when more thao one exchange takes .
place at either the chromosome or chromatid level. One of these types is
the‘triradial, which may involve exchange between an isochromatid-type
configuration and a éimple chromatid break. More complex interchanges
may involve the participation of more than two 'chromosomes.;L0
Some types of aberrations seem to need only one break and others
seem to need more than ome oreak. One would thus expect different dose
relationships with differeht types of aberrations. For eXémple, some
. aberrations--chromatid deletions and chromosome terminal deletions--afe
thought to be méchanistically the product of single breaks. 'i‘hey demon-
strate this by increﬁsing linearly with dose for all types of radiation.
"The oﬁher aberrations-fchromosome and chromatid exchanges, chromosome
 inters£itial_delotions, and isochromatid deletions--aré thought, iﬁ ﬁhis
‘model, tobbé'the result.of two breaks combining to give:the single.aber-
ration concefned.ll_ This area of research is discussed'further in the-
‘section on aberration kineti_cé. Two predictions made on the assumption
k'._ thét.every.break iﬁ»a4chroﬁooome establishes an exChangé site, are as .
. _;” S follows:»vfirstly, the-prooéoility that a;chromoéome will be involved

- in a dicentric is'directly pioportional to its length in the interphase
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nucleus; secondly, the number of dicentrics and centric rings per cell
will be limited primarily By the number of centromeres. “According to
‘Norman and Sasaki, both predictions are confirmed by their data on
chromosome-exchange aberrations produced by X;rays in human 1ymphocytes.12

Aberrations are classified in other schemes than that described
above. For practical convenience, Neary, Savage, Evans, and Whittle
vhave assigned chromosome aberrations to one of five classes. These
are: (1) breaks (terminal deletions); (2) double minutes; (3) single
minutes; (4) interchanges ('dicentrics"); (5) intrachanges (‘'centric
rings"). . Acentric rings are included in the class of double minutes.
They found that a large proportion of these minutes were in fact small
acentric rings. The single minutes were,hot cytologically resolvable
as double structures, and double and single minutes comprised all the
aberrations sometimes termed "interstitial deletions.™

The chromosome is'sensitive to aberraﬁion production at all Stages
of the cell cycle. Irradiation of the cells at any stage in the mitotic
cycle results in aberrations apparent in the first metaphase stage foi-
lowing irradiation. However; some of the cells do not reach the meta-
phése stage. For example, X-rays have been found to inhibit the onset
.6f the division statés , i.e., the prophase, metaphase and anaphase stages
werebreduced in frequency. The minimum frequency of anaphases were
‘feached af 3 hours after irrédiatibn. This time coincided with the time
'fbgnd for the minimum frequency of celis remaining normal with resﬁect.
to chromosome abnormalities. From this coincidence,. it was deduced that

irradiation blocked the mitotic sequences at the end of the resting stage
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and that this was the stage at which the chromosomes were most suscep-
tible to damage by X-rays.llL One reason that the érowth of the cell is
stopped is that damaged sites on the single strands of DNA can slow down
the process of replication. Numerous studies have been made on the
immediate effects of radiation on DNA synthesis.. In practically every
system studied, it was found that comparatively low doses reduce the
uptake of precursor into DNA shortly after irradiation to 40 to 60% of
the control level. Further reduction in incorporation requires doses
one or two ordérs of magnitude greater.15 .

Metaphase is not the only stage at which aberrations can be detected.
In recent years, a method has boen developed for estimating the amount
‘of chromosomal damage present in the somatic cells of mice. It Consists
of scoring the chromosome aberrations at anaphase in regenerating liver
cells. Sinco liver cells in the normal mouse rafely divide, the method
conStitutes a wa&'of unmasking the chromosome damage existing in the
cell. These aperrations seem to increase steadily with age.

A relationship seems to exist between the aberration structure and
the mitotic and meiotic cycles. The breakage mechanism is‘the same for
.all aberration types,_bnt the aberration type is differentiated by the
unit of breakage or of exchange. The unit:of breakage varies as the cell
cycie progreéses;, In'one,set of studies, uniformity in response was
found to be the case at the end of interphase in both mitotic and meiotic
.chromosomés, 'In.Vicia Faba, the meiotic chromosomes in pachytene gave
the oame survival curve slopeé as those of the mitotic chromosomes at

the end of interphase both with X-rays and neutrons. This suggests a
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similarity of the chromosome structure at these stages. A common condi-
tion to both of these stages which suggested itself was the close prox-
imity of -pairs of chromonematic surfaces in the synapsed chromosomes at
pachytene, and in the newly synthesized chromosome strands which had
Jjust separated at the end of the mitotic interphase. The E.Iimilarity
led the studies into further considerations. If the effective agent
producing the chromosome alterations were the electron of the ion pair,
closely approximated surfaces if negatively charged would be little
affected, while‘those with a net positivevcharge would be sensitive.
- Both chemical considerations and the size of the sensitive volume
diameter suggestéd that the surfaces in question were‘composed.of his- N
tones. If this were the‘caSe, éltering the intranuclear milieu so that
the histones would be ﬁear their isoeléctric point or on the alkaline
sidé, it should lower the sensitivity of the chromosomes to ionizing
radiatién. Expéniments\conducted with’V.VFaba and A Cepa root tips
immersed in dilute.solutions of ammonia showed that this was indeed ﬁhé
case.,17

It ié not known whether the blockage of miﬁosis and the production
of aberfations are a result of the same phenomenon. . For X-rays, the
stage 6f maximuﬁ sensitivity is'the same both for'bloéking miﬁééis and
inducing chromosome abhofmalifiés._ HoWever, the manner‘qf reéponée to
the radiation is different. Inhibition of mitosis is independent of
chrbmatic length and inversely proportional to fhe number of ChromOSOmés
per ;ell. On,the,other hand, the frequency of induced éhromosome-abnér-

malities is directly proportional to the total chromonematic length. of
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the chromOSOme'complem.ent.18

It is éometimes hard to tell at which stage the cell was irrgdiated
since it has been shown in some species that DNA duplication does not
proceed synchronously between all the chromosomes or chromosome regions
in a nuecleus. Certain of these chromosomes duplicate at much earlier
timeé in the S phase than others. The two diagrams in Fig. 3 (by Evans)
indicate the relationship beﬁweén the type.of aberration induced by
ionizing radiations as a function of the phase in the mitotic (a) and
meiotic (b) cycles.l9

Early research indicated that treatment at early interphase resulted
in only chromosomal-type aberrations, i.e., those produced before the
creation of two chromatids. At later staées of interphase, siﬁgle chroma-
tids of a pair could be broken. It was cohtended, howevef, that the
degree‘of subdivision of a chromosome could not be revealed'by irradia-
»tion because the passage Of an ionizing particle could sever several
subunits at once. The restitution time ié'also a factor invtﬁis analysis,
~ for another possibility is thaﬁ.a chromosome broken before reproduction
may remain open and react with other bquen ends after repréduction.eo
Half-chromatid.exchénges are induced by radiation only in mitotic pro-
phasé and in the stages aftei pachytene in meiosis. Althoﬁgh the new
'connectipns’are thought to'be strong enough to lead to breakage.of.
chromatids'és they stretch in anaphase, the bridges do n&t péfsist
:throﬁgh the éuﬁsequent interphase‘and usually doinot become chromatid
éberrations at the next division. After énaphase, the chromatids revert

to a state in which ‘they act as if composed of single axial elements in
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breakage and reunion. In the previous prophase, they acted as double
axialvelements. However, according to Taylor; there is some evidence
that they c an become double to radiation breakage before DNA synthesis
begins-.21

The breakage-and-reunion postulate flourished until conflicting
experimental results began to appear. When the relative frequencies of
simple breaks scored by different researchers were compared, considér-
able differences between scorérs were found. This was true even though
the same matefials and similar radiation conditions were empiOyed;
Early work scored an unusually high frequency of breaks. This was due
to the inclusion in this class of a group of aberrations called achroma-
tic lesions or gaps. These gaps are thought to be not complete breaks
but unstéined Fuelgen negative regions in the chromatid. They super-
ficially resemble breaks but are in fact not true diécontinuities# This
_ is thought to be true since the continuous nature of a chromafid which
COntains 6né or more gaps is evident at anaphase, for gaps‘do not.yield
.acéntric frégments.zg Gaps will be discussed in more detail at the end
of this sectionm. . .

The classical breakage-and?reunion idea failed to explain another
‘experimental result: The ratio of intrachanges to single breaks was
independeﬁt of iET. This fact could perhaps be reconciled with thé-

' ciassical hypothesié by-ép ad hoc inérease éf“thé iﬁgompieteness faéfpr'
- with an increaselof‘LET. This assumeS'that-thé empirical incompleﬁeness7 

factor observed in sberrations is also a measure of the probability of

.the failure fo'restitute a primary break (which is postulated to lead to
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an observable break). If this were true, however, the incompleteness
factor would have to increase continuously with LET; the empirical factor
observed did not increase within the range of IET up to 33-kev/micron.23
Thus two problems existed with the classical breakage-and-reunion
idea. First, the experimehtal results differed with prediction.
. Secondly, more complicated aberrations could not be explained adequately.
Researchers turngd to the idea that the primary event on the chromosome
_or chromatid may not be a complete break after all, but a weakening of
the chromosome thread or a sensitization of the chromosome for aberra-
tion. .This hypothesis was formulated inté‘an exchange model by Revell
and'presentéd in 1959. This alternative hypéthesis assumes that a
priﬁary event of a tempofary nature is instantly produced by the ioniz-
~ ing particle when it crosses the chromatid. Each such event decays
uhless another is available within a short time and distance ﬁb react
with it. Such a réacﬁion will, according to.this_theory, stabilize a
h_pair of primary events in a secondary stage of associated change called
exchahge initiation. - Such secondéry sites afé predisposed to actual
exchange but have not yet-reaghed it. Thus, With this hypothesis,.the
transient property of each primary point of damaée to enter into an :
exchange initiation does not comsist in 2 break staying open; it is
,~simply a tendency to forﬁ‘36me sort'df'association with another point
-bf damage.gh It.ié fhought,by_Revell‘that all‘chromatidvaberrations are
the result'of exchange. .Thus chromatid bfeaks and isobhromafid breaks
are bélievéd to resu;t from interchange. Exchange is thought to occur

between chromatid regions which are lineafly separated but are brought
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into close proximity due to coiling or looping of the chromatids. It
is also thought that a lorge proportion of the intrachanges involve
exchange within loops ﬁhich are small enough to.be unraveleé during
chromosome contraction at mitosis. This looped relation would not be.
evident at metaphase. in some of the isocﬁromatid aberrations which
show sister reunion; the achromatic 1esions (indicative of points of
exchange)vare thought to be sometimes ecoentrically placeo.- This results
from an exchange within é loop; the larger the loop, the greater is the
- relative displacement. In this theory, then, the so-called simple
chromatid breaks aré really thought to be incomplete intrachanges. In
fhis way, the true chromatid break frequency would be as much\as ten to
twenty.times less than was previously thought.25 The small intrachanges
would unravel and disappear during chromosome contraction to metaphase.
: Thevexchange mechanism is most easily seen in Fig. 4 (by Revell).
" The aberrationS‘seen'at‘metaphase are associated with a chromatid rear-
'raﬁgement, either within a chromosome or between chromosomes. The
'compleﬁe forms of exohange are shown on the left and the incomplete forms
on the right. Thebfour types of intrachange in the lower part are shown
in their earliér states (with chromatids completely paired) and as they
appear a£ metaphase (after the chromatids have contracted and so lost
. their péired.relationshio-within the intrachange).26
The support for this hypothesié has come from many corners. Most |
 of the suppor£ has'resﬁlted from accuraﬁe predictions of'abefrétﬁah-type
ratiosvaocording to the exchange hypothesis. One test of the hypothesis

 was based on two assumptions: (1) that the four types of intrachange
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Fig. 4. Diagram illustrating Revell's exchange hypothesis for chromatid
aberrations. The complete forms of exchange are shown on the left
and the incomplete forms on the right. The four types of intra-

'~ change in the lower part are shown in their earlier states (with
chromatids completely paired) and as they appear at metaphase (after
the chromatids have contracted and so lost their paired relationship
within the intrachange. o ' ‘
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are induced with equal frequency; and (2) that the likelihood of incom-
pleteness is the same fof'all exchanges (both inter- and intra-). Thus
the eight incomplete forms of the four intrachanges would be expected

to occur with the samé frequency. With these assumptions, the pPropor-
tipn of chromatid interchanges which are incomplete shouldveQual the
proportion of isochromatid discontinuities which shéw either proximal

or distal sister nonunion. These assumptions also predict that the
frequency of single chromatid discontinuities should be 6nly 2.5 times
the frequency of sister nonunibns of isochromatid discontinuities. This
is true since single chromatid discontinuifies include all the incomplete
intrachanges of types 1 and 3 plus'half thbse of type 2 (the other half
being open ring minutes)--thus 5 types--and the sister nonunions'are of
type 4. Although there is still some‘doubt as to the precise validity
of the two assumptions, Athese predictions have been pretty much &erified
by Reve1127’25 and.by Savage, Preston, and Neary.29 It‘is also fre;
dicted u31ng these assumptions that the ratlo of the total number of
»mlnute rings . (2 + 2a + 2b) to the sum of the total number of 1ncomplete
(sister nonunion) isochromatid breaks (ka + L4v) and the total number of
complete iéochromatid breaks (4) should be less than one. This was also.
‘found to be true for most cases by Savage, Preston, and>NEary.3o

o A significant part of the whole discussion lies in a comparisoh of
the dose administered with the rate og abefratioﬁ formation. If single-
: -ionizations:cause chromosomé.breaks in the élasgical manner, the original
lesions.wbuld increase only lihearly with dose; .Even then, according to

ﬁhe'classical breakage theory, many of these breaks would restitute or
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férm aberfations. However, it is found that the oﬁserved poiﬁﬁsvfor
single breaks fall close to the curve for intrachanges and do not fit .
the curve-éxpeéted for primary 1esioné,3l In Reveli's experiments, it
is found that the true chromatid discontinuities increase to the 1.7 ‘
po&er of thg dose. Itbis then hard tb see how tﬁése;chromatid discon-
tinuifies are the survivors of avlargekr nu.mber of chfomatid breaks
increasiné oniy lineafly.with‘dosé.32 This IET dependence suggests
that breaks are not residual nrlmary lesions but s1mply a type of
intrachange as prOposed in the exchange hypothe51s.

The verlflcatlon of_the exchange theory 1is, however, not yet.coﬁ-
plete. There-are-some problems with radiétions of higher IET. Tt has
been found that fhe ratio of single breaks plus incomplete‘intfachanges
(excluding incomplete minuteArings) to incompléte iséchrOmatid abérfa-
tions (expected to equal 2.5 on the exchange hypothesis) is lower for
alphé particles than for protbns, aitﬁOughvit did not ?ary systematically
with dose or gas.céndition. uSimilafly, the ratio of intrachanges of type
2 (including isolated minutes) to isochromatid aberrations, expected to

"be not greater than l, varled llttle with any factor other than IET.33

" or too

It is not known yet whether this w0uld mean too few’ 'breaxs
many 1ncompleue 1sochronat1d aberratlons, or too many "minutes 'orvtoo
few 1sochr0Lat1d aberratlons are belng scored. It is thouoht, however,-
that the dlsplacemen of this data for alﬁna partlcles is attrlbutab]e
to an excéss of incomplete 1sochromat1d aberratlons. This . leuds to a

low value for the first ratio. Nevertheless, this data cannot be

accounted for by Revell's hypbthesis as it now stands with its preéent




assumptidﬁé.3u

In view of the experiments which have tended to verify the exchange
hypothesis, it should bé noted that several ideas that are included in
the éxchange hypothesis that are precluded by the breakage-and-reunion
theory. First, there is no theoretical imposition to identify all
forms of recovery with chromosome restitution. Instead of the breaks
restituting before the end of the recovery time, various forms of
recovery might occur at any stage up to that at which the exchange
itself becomes structurally established.' There is no reason in this
%heory to assume that eichange initiations musﬁ be irreversibly des-
tined for exchange realization. ©Second, according to the exchange
theory, the ionizing partiéle need. not always break the chromatid; the
particle need only affect the chromatid in some manner such that the
chromosomes in.the nuclear environment may perform the laﬁer work of
exchange. ' The radiation only minutely predisposed them to do so. Third,
the two processes of decay of the primary event and the association of
pairs of sﬁch events in an exchange initiation may, iﬁ this theory, be
of different-chemiéai natures. Thus one of these processes may be |
- affected by radiatibn while the other is not. The breakage-and-
, vreunioﬁ idea, however, supposes that the two procésses are of the same‘_
chemical nétufe since decay of the primary event is thought to be a -
-rejoiniﬁé‘of‘the éhromatidvségments; and exchange is_thOught to be a
“jdiﬁing of different chromatid segments. Thus thefexghahge theory
jéiimihéﬁesrthe notion of legitimate and iilegitimate reunionf35

.1"Earlier in this section, it was mentioned that one of the
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contradictions that led Revell to the exchange hypothesis involved the
nature of gaps seen in the chromosome. 1In earlier sﬁudies, gaps were
included in the scoring of chromatid breaks. ILater, however, it was
found that these gaps were not really true breaks. They were, instead,
unstained Fuelgen negative regions in the chromatid. However, it has
been found that there are several types of gaps that are seen in differf
ent ways. OSometimes gaps are found £0 bebthin, nonstaining zones, which
stretch across the complete diameter of the chromatid thread, sometimes
in éssociation with exchange. Theyvappear to mark the points at which
exchange took place. Obther gaps are wedged shaped and do not traverse
the whole diameter. Sometimes the gaps look like secondary constrictions
which are normally associated with the nucleoli. Some of the gaps occur
in pairs at'identical loci on sister chromatids. Sometimes gaps in
jnqnhOmogeheOué_chromatids may be paired:and appear in close association
at mgtaphaéé. In céntrast to true chromaﬁid aberrations,'these gaps can
be induced in prophase nucléi but are most frequent in those cells which
'are irradiated at the ehdkbf interphase. Although it is not known'
exactly what produces these gaps, there'are several explanations for
their occurrence. First, the gaps seem to represent single-hit effects
on the ghromosomes, as they seem to follow the 1.07 power of the dose.‘o’.6
The gaps are also found to be transient. Recovery occurs for few gapé
are seen in the sécond and_succéeding mitosés following itrédiation.
The gaps might be the result of-localized despiraliéétion of the chroma-
tids%ﬁorvthéy.may represent los§ or.depolymerization,of\the-DNA. It

should be noted that the despiralization idea would fit very well with
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the repair mechanism proposed by,Hénawalt and Haynes (see the section
on repair). On the other hand, the depolymerlzatlon idea would seem to
fit the ev1dence of Bloom and leider where they observed DNA-steresis
or paling of the irradiated site.37 The gaps could possibly represent

38

points of damage at which exchange was not realized. This conjecture

is supported by the observation that the presence of oxygeﬁ during gamma
irradiatién enhances the frequencies of gaps 5y about the same amount as
for chromatid structural changes.39 4

In summary, two hypotheses for the mechanism of aberration forma-
tion have been presented in this section. The breakage-and?reunion model
proposes that radiation acts to break the.chromosome strands. The loose
"~ ends then, if they are not restituted, may link to other loose ends which
are created in the same period of time in the same region of space . The
exchange model proposes that radiation éreates wéak points in the_chromo-
- some which may interact with other-néarby weak pointé. Although recenﬁ
' evidenée;ﬁenas to support the latter ﬁodel, neither hypotheéis has been
verified ig-totalé to date.

Thé‘question now.arises which mechanism for aberration formation to .
utilize for'the remainder of ﬁhe»papef, the breakage-aﬁdareunion model or
the'exchange model.> Hdwever, 51nce thls conflict is only appareﬁt when
the actual numbers of aberratlons of various sorts are llsted, the prob-
lem is‘SOmewhat hidden._ Therefore, for the sake of gonvenience, the term
- ‘_"'bréa_k" is used throughout the paper, bﬁt it should be réalizeg that this
could refer inétead to a primary event in the chromatid that %ﬁay not.

result in an actual break, but in a site for possible exchange. With

N
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this in mind, the paper continues with a consideration of the effect of

the linear energy transfer of the radiation particle.
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V. LINEAR ENERGY TRANSFER CONSIDERATIONS -

Most of the paper, so far,’has_concentrated primarily on the
biological aspects of the problem. Chromosome structure has beenldis-
cussed, as well as the breekage, repair, end eberratiOn formation of
the chromosomes. The purpose of this section is fo introduce‘a quantity
which wiil relate more to the radiation %orms. vThis quantity,‘the
linear energy transfer of nhe radiation farticle or particles,‘will
allow a comparison to be made between the radiation particle and the
damage it creates. ThlS section will first define the linear energy
transfer eoefficient and then discuss how its magnitude is determined.

: The.implications of a high IEvaill be discussed as will experimental trends
tnet have'been'observed. | ‘

The iineer:energy transfer coefficient is nseful in the consideration
.ofvthereffects of radiation beceuse it indicates the duality of tne radia-
’ 'tiOngperticle. In order to predict the probable damage to the cell as
the particle traferses‘itsvvolume, it is necessary to know how much
'energy is deposited along the particle track. At the molecular ievel,
'.the basic index of radiationﬁquaiity is the number of energy;loss e?ents
per unlt length of the track of an 1onlzlng partlcle, usually expressed
in units of kev/mlcron. This is the linear energy transfer.

The average ‘energy expended per prlmary ionization in a.gas 1s
thought to be between lOO and 110 ev. In a condensed medlum, where a
.clear distinction between exc1tat10n and 1on1zat10n processes is not
.’pessible,fthe average energy iest by the primery particie in.en dnelas-

tic collision is appreximately 60 ev. Whatever the precise value nay
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be in a given case, the average energy lost per collision is large when
compared with tﬁe energy of chemical bonds. The energy-loss events are
believed to occur independently of each other. As a result, the average
size of the event is independent of the number per unit length. There-
fore the mean rate of energy loss per‘unit.length_of_a track; the LET,
is proportional to the mean number'of events per unit length.l The'IET
of a particle is also dependent upon its charge (if any) and its velo-
city or energy. | |

There are two ﬁays to deﬁermine the average IET of radiation in a
medium._‘In.some‘cases, the two methode give different values. IOne
method is to plo£ the IET along the particle's total track leegth, from
‘ beginning to end; the average IET for this plot is the track average.
The energy average IET is derived from a plot of IET against the energy
_of the particle, from its initial energy to its final (zero)‘energy.
The‘everages for the tissue as & whole would then be determined by
summing énd‘averagihg,-according to theif_eontribution to the total
track length or to totel energy, the track everage er energy everage
'LET!s'from eil’perticles of ali energies. One problemfwith these |
‘methods with ﬁeuﬁrons is that the_track_a;eragevand the energy everage
'YLET's'frem'the D,T‘neutrqns Wi;l be quite different. This is due_to »
_ the_lafge-energy but small track 1ength contribution made by'the densely
ionizing heavyeperticle compon'ent.2 | '

Often the-everage IET's for the varioue fadiations are employed inv
a comperison Qith the reiative,biologicel effectiveness (which is dealt

with in a later section). The difference in REE's may be a result of the
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is neutrons réther than X- or gamma-rays. Rather, it is the more fﬁn-
damental physicél concept of IET, which is in turn related to neutron
energy.5 The range of average IET's obtaiﬁéd from fast neutron beams
employed so far in biological experiments is from 8 kév/micron to 48
kev/micron in fissue, or higher. This difference in average IET within
the fast heu@ron range, and hence the expectedvdifference in sensitivity,
is equal to or even greater than the differenqe between X-rays and.ener-
getic fast neutrons.

For an idea of theirahgé bf 1IET's for several radiations, consider
Table I.

There have been some attempts>to(find the distribution of doses due
to the actions of neutrons in biological Systems. One*éubh'case is that
ofslh'Mev neutrons ihteracting with Tradescantia tissue. The ioﬁization
géher;téd by these D,Tvneutrons is thought to consist of two different
xIET compbﬁents; Of the total dosé,i70% is thought to be due to hydrogen
vrecoii'protons with low average IET (8.5 kev/micron, track; 16 kev/mi¢ron
energy); Thirty percent of the total dose is thought to come from elastic
and.inélastic reactions with carbon, nitrogen, ahd oxygen yielding heavy
.particles of highiaverage IET (142 kev/micrén, track;v222.kev/ﬁicron,
energy).7 ;: | A | |

‘Several trends are néted with increaéing or decreasing IET. These
trendévare bften used in testing the VariOﬁs hypotheses for fﬁe moaé of
creation of an aberration. As a resuit, the information in the following
'paragraphs should take intq‘gonsideration the section on the mechanical

creation of aberrations. :



Table'Iﬁ ‘Tféqk a&erage and energy average LET's (kev/micron) Ih Tradescantla wet tissue ekposed to

 garma-rays, X-rays and neutrons.

y-rays = - X-rays : o '~ Fast neutrons
'D,T (14.1 Mev monoenergetic) DD  Cyclotron
) 60 S + _ ' ' : : '
“Average (Co”~ 1.17, 250 Kvp, Hul, From p From heavy From all 2.5 Mev Av ~ 1.3 Mev

1.33 Mev) 1.45 mm Cu separately'l particles particles
: g ' separately = combined

 Track . 0.270 2.6 8.5 142 1.8 3.2 275

Energy ‘_ 0.326  ~2.6 | 6 222 5.1 b2 51,0

-98_
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One observed trend with IET is the aberration perucfion‘per unit
dose increases with the track average IET.9 It should be recalled here
thaf there are two eXplanétions for gaps found in chromosomes: (1) some
gaps are due tola_lesion in one.strahd of the chromosome which may lead
tb an aberration through an exchange process with another lesion; or
(2) other gaps result from paired lesions, one in each strand of the DNA
moleculé._ The ratio of aberrations to gaps is found to increase with
incfeasing 1ET, though incompleteness in aberrations is greater at the top
end of the IET range normally eXamined. These facts indicate that on the
Qlassical-breakage-reunion hypothesis, gaps are even less‘likely candidates
'than the true breaks (terminal deletions) for the role of residuai primary
bréaks.lo Fﬁrthef resﬁlts give new insights into the role of géps.

- When the yield of gaps i)ér unit dose in air is plotted against LET
. on an arlthmetlc axis, the plot lies on a curve with a finite intercept on
 the ordlnate axis. The curve rises at first in nearly llnear proportion to
‘IET. At higher IET, the curve falls progressively below the linear féla~
) ﬁionQ " Thus the yield of gaps mayAbe thought to consist of two compoﬁehts.
‘TheAfirst isfevidenced-by the finite value of total yield per unit'dosé at
gero IET. If it is present as a nearly constant background at all values
of IET,‘the remaining componént would then have a éimilar IET'dependencé-
_to that of the true aberrations themselves. This leads.to a possible.
1nterpretation of . the seCOnd component’ This type of gap might be a by-
product of aberrations‘that have failed._ Here the gap would be the
'.fesidual éxPression in a cﬁromdsome of an.unsuccessful attempt at exéhangé

with another region of.damaged chromosome. - A few gaps were also found to
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be observably associated with aberrations. Although not enough were

found to be statistically viable, the yield per unit dose inéreased
approximately in proportion to IET. However, the IET dependence of the
second component could also be explained in another manner if this type

of gap were the résult of two primary lesions close together in the same
chromatid, each lesion being produced by a single energy-logs event along
the same particle track. In either case, in target theory, the shape of
fhe IET dependence of the second component of gaps would be determined by
the size of the formal targets for primary lesions. This woﬁld be irres-
pective of ﬁhether the two targets were in two diffefent chromosomes or
closely adjacent in the sam;e»chromosom.e.:L2 Further sﬁudies into the crea-~
fion of gaps could also shed‘ligﬁt on the argument on chromésomé sﬁructure,
single-stranded or multiple-stranded, since the mode of formation of a gap
would largely depend on the orienﬁation of DNA fibers aldng the chromosome
‘straﬁd; | |

The prinqiple cause of the pronounced‘iET dependence with chromosome

‘aberrations and'possibly élso cell killing is the fact that pairs of macro-
mdlécuiar'targets mst be damaged.l3 .Several studies.with fast neutrbns
and with alpha particles have tended to show‘that all aberrations, includ-
ing those‘which were two-hit with X-rays, increassed linearly with dose and
- were independent of inténsity. These results.indicate that with thése
radiations the two breaks involved in the exchanges are not independently '
" produced. They result from the passage of a single ionizing particle.  The
absehée of any'twé-hit effeéts with the densely ionizing farticles implies

!

there“is no freefeXChange”between breaks. OnLy'thOSe breaks which are
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close together are able to.participate in excha.nge.l)1L Stated in another
way,.of the‘parﬁiqles that traverse one chromatid orvone strand of the
chromatid, a certain proportion, independent of IET but dependent on the
distance chromatids are apart, will traverse the other also; apparently
the pfoportion of these that break both, rather than only one chromatid
or.one strand of the chromatid, incredses with IET. This increases 150

15

- chromatid production at the expense of chromatid-deletion production.
Thus, among those aberfations that are~the result of two breaks--chromo-
Vsome and chromatid exchanges, chromosome interstitial deletiomns, and
-isdchromatidvdeletions-—the proportion made up by the dose-squared term,
the so-called '%wo-hit"abefrations, diminishes with an incfease in IET.
1 Also, thevraﬁio of isochrohatid to chromatid deletions is found to increase
.with.increasing IET.'

This line of thiﬁkingbis bofne out by experiment. Congef et al. in
11958 found that‘chromatid deletions, although present in large numbers,
linear with dose, and accurately measurable, shéwed an interesting compen-
satory relation with isochromatid deletions as IET increased. It was
Observed, as postulated above, that the ratio of isochromatid to chromatid
deietions increased with increasing IET. For their first experiment, the
' isochromatid/cthmatid ratio increased from 0.36/1 for X-rays (at 56 r,
.tﬁe dose that resulted in-50% norﬁal cells) to 0.78/1 for D,T neﬁtronég ﬁo
 "1.02/1 qu D,D neutrons; 'Thevéecond experiment showed that it increased
- from O;h3/l for gamma-rays to 0.55/1 for X-rays.16
As has been discuss;d in the section on the formation of aberra-

tions, exchange between chromatids are also possible. In studies with
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pollen tube mitosis, interchanges are'found t6 be much less frequent
than isochromatid aberrations. The scoring of incompleteness in these "
interchanges is found to be particularly difficult. It is considered,
thérefore, that these gggg}&g agree with the generalization that incom-
pleteness is greater at the high IET values of natural alpha particles
than for the mediﬁm IET rangé of protons.(or fast neutrons) and low IET
range of X-rays and'gamma-rays.17
It can be seen, therefbre, that IET studies have the possibility
of shedding much light on chromosome structuré (distance between strands,
single—stranded versus multi-stranded structures, etc.) as well as on the
relative biological effect of neutrons cémpared to other forms of radia-
tion (this is dealt with in a later section). Part of the problem with
previous studies of the effects of radiatioﬁ on the cell is that only
, ﬁart of the abérration'types wérevséored-in the determination of the
damégé produced:byiradigtioﬁ. The practical result of IET studies in
this case then is that it shows that the sum of chromatid plus isochroma- |
 'tid déletioﬁs, rather than either alone, is théruseful measurement for‘the.

- IET-RBE comparisons}18
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VI. RBE CONSIDERATIONS

The previous sections have reviewed the theoreticai considerations
of radiations in general, and neutronsvin particular. The effects of the
radlatlon as it passes through the biological material has so far been‘
dlscussed in terms of the types of chemical breaks it 1nduces, the types
of aberrations it creates and how the type of radlatlon determines what
kinds of effects will result. This section is added to concretize the
effects by'quantitatively comparing the biological effects of neutrons as
opposed to Other types of radiations. It alsovdiscusses how the energy
of the neutrons affects the hiological damage. The normally'used param-
eter for comparing the biological effects of different radiations is, as
would be expected, denoted the relative bioiogical effectiveness.

The definition of relative hiological effectiveness parameter
attempts to create a fine structure quantity which wili correlate the
effects of different forms of radiation.' The relatire bioiogical effec-
.tiveness;'hereafter called the RBE, is defined normally as the ratio of
the energy 1mparted to a unit mass by therapy X-rays to the energy imparted
to a unit mass by the given type of radlation 1n order to produce the same
effect. For example, suppose for a partlcular effect tne ‘RBE of - neutrons
| to therapy X-rays is h 1. Thls.means that the dose of neutrons is one-
| quarter of that needed to produce the same effects uith kerays;‘dThe dose
‘of radlatlon is in turn defined and measured in several ways. According
.to Alexander, the first well-deflned phys1cal unlt for measuring X-ray _
and gamma-ray dosage was the roentgen--named aftervthe dlscoverer of X-

rays. It is defined as the dose of radiation which produces 2.1 X 107
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ion pairs in a volume of 1 cubic centimeter of air. This quantity can
be converted into an energy unit by knowing that 34 ev of energy are
transferred to theigaslevery time an ion‘pair is formed. Part of this
energy is used to form the ion pair and part to excite other molecules.
Thus, exposure of water or tissue to 1 roentgen results in an.uptake of
almost 100 ergs per gram of water or tissue irradiated.
| | The number of roentgens per minufe given off by an X~ or a gamma-
. ray soﬁrce is usually mgasured in an ionization chamber. Here ions of
| opposite sign are attracted towards two plates chgrged respectively posi-
'tive and negative. The electric current in this chamber is then a direct
measure of>the number of ions produced. The roentgen,‘becausg it is
défined'in termé of an ionization current, cannot, howe#er, be used to
describve thevdose received by exposure to partiéulate radiation such as
élpha or beta rays. Nor aré methods for meésuring dbsé in foentgens
(i.e.,.number of ionizationé in a fixed volume of gas) appliceble to fhe
very high‘voltage X-ray machines now used in modern radiotherapy; As a
result, a new unit has been introduced._'It is called the rad and is
defined‘directly in terms 6f energy and absorption. One rad*is defined
‘a8 the quantity of radiation which will result in the gbsorptioh ‘of 100
'érgs of energy per gram of tﬁe irradiaﬁed material. It ié applicaﬁle to
ail_tjpes of ;onizing'radiatibns. For comparison purposes, the rad is
.very similaf to the roentgen for the exposureuof tissues to X~-rays. In
| the latter case, irradiation of one roentgen leads to energy uptake of
97 efgs per gram.l- With these units in mind, the RBE will be the ratio

of doses requifed to produce the same amount of damage.
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One of the problems in using the RBE parameter is that there is no
éingle value for a particular type of radiation. The purpose of this sec-
tion is to discuss what factors determine the value of the RBE in any
particular experiment on any particular organism. It will be seen that
the RBE of a particular radiation varies from one type of biological
damage to another. The REE is aiso influenced by the condition of
exposure and by the cell_characteristics of the organism involved. For
example, the RBE determined by lethal experiments on cells will be very
much different from the RBE determined by radiation sickness experiments.
In.faéﬁ, the RBE is evéﬁ found to be dependent upon the particular type
of chromoSémal'aberrafion created. Nevertheless, since the RBE for acute
‘effects and chronic effgéts are around the same level as the REBE for

3 chromosomal aberrations, it is thought that these effects can be explained
on the basis of chromosome damage.

Many‘earlyAattempts to determine the REE of &arious radiafions'led
fo the'seéfch for a simple relafionship befween the dose of the_radiétion
ﬁsed and the resulting RBE. Part of the broblem with these types Qf
studies is that it appéars that there can be no single value for the rela-
.tive sensitivity to different radiations for the two-break aberratibns, at
leasﬁ-betweean-rayé and neutrons. Two break aberrations increase quad-
‘fétically with-X-fay dose and linearly with neutron dose.2 Although the

' ‘_; . : aberratiqns seen for 14.1-Mev neutrons are usually qualitatively,thé,same
as.those ihduced for.X-rays, there is evidence that the cﬁrémoéome damage‘
' due td.a single dose of ﬂeutrons.is about twice as great as the same féd

dose of gamma-rays and maybe more for the same rad dose of X-rays. One
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reasonvfor this difference.in effect may be the ability of the chromo-
somes to heal partially following even large doses of X-rays. There is
no known healing following neutron irradiation. This offerS'a general
explanation for the differences in RBE between different radiations and
dosage regimens based entirely on the ability_of the chromosomes to heal
following X- or'gamma-ray irradiation.3 For example, following a single
dose of X-rays, there is a very_rapid rise in sberrations followed by a
very slow return toward normal. In this case, the increase in aberra-
tions is roughly proportional to the X-ray dose. When mice are given a
'single dose of neutrons, there is likewise a spectacular sudden increase
in aberrations; however, the values stay high‘for more than a year. This
' is in marked contrast to the situation with X-rays.h

»vThe fact that repair is taking place after radiation doses must be
taken into consideration &urlng experiments. Several experiments have been
performed comparlng the REE of neutrons as compared to other radlatlons as
a functlon of the dose rate. Neary and Evans utilized low doses or dose
rates in their laboratory. ‘Tney used as their indicator chromosome aber-
rations ianradescantia nicrosporesvinduced by Co ° gamma an& fast neutron
radiation. »In'these experinents, they found RﬁE values for fast neutrons
‘to_ganma_rays:of around 80:1 when:the gamma‘radiation vas given over a
period of ﬁ8 hours. In cOntrasttto this, the"expected relative efficiency
-using exposures of a few minutes to gamma rays would be about '10: l.5
 :Simi1arly, mlce, when exposed to chronic gamma-radiation, develop chromo-’_
some aberratlons faster than the controls. However, these are 25% as

effectlve in shortening the llfe span as. is the same dose applled acutely.
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This indicates that partial healing of chromosomes takes place following
a very small dose of radiation. Little, if any, healing takes,ﬁlace
after large doses.6 The exposure time and dose-rate considerations are
especially important when comparisons are attempted between sparsely. and
densely ionizing radiations. The majority of the aberrations following
sparse ionizing radiatlons‘are dose~-rate dependent,_whereas'with the
densely ionizing radiations, they are dose-rate independent. Thus such
REE compérisons are diffiéult.since there is no unique relative'efficiency
value when the aberration yield curves are of different shapes.7

As mentioned earlier in this section,‘several attempts have been
made to correlate the level of chromoéomeiaberratiOns and the dose given
io the respective tissue.' Similarly, attempts have been made to fit this
into.a simple mﬁthematical répresentation.. One such stﬁdy was made by
~P. C. Gooch, M. A. Bender, and M. L. Randolph at Oak Ridge in l963. ’Théy
found that the aberrations produced byvneﬁfrons_are qualitéti?ely‘the
same aé'those‘indgcedzby’X-rays. Nevertheless, they found that the type
. Of'abefratlog was a function of dose and radiation type. For example,
their curves for deletions:cérresponded_closely with a'least-squaré fit
of the data to the model Y = & + b, where Y is the yield of deletions,
T: D isvthe.dose,'énd-a and b are curve constants. Although. data for ring
and dicentric chﬁomoéomebproduction wgré fOund.not to differ significanfly
:from the.lihear model, the,data,fit most cloéély to the dose-square model
R4 % a + cD2. ‘Both X-rays and neutrons fitted this type of data. However,
_thé coefficients. for the'lk-Mevineﬁtrohs were significantly different

" from the X-rey coefficients. The RBE for deletion production for li-Mev
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neutrons was found to be 2.6 (with a coefficient ratio of 0.23/0.09).
The RBE.for ring and dicentric production was found to be only 1.k
(0.81/0.60).8 At the time of their article, they only had preliminary
results for 2.5-Mev neutrons. Their results were unpredictable as they
»fouhd a ﬁonuniform response. -They felt that the source of the variation
was biological and not in the neutron source or the physical dosimetry.
In spite of the incemplete natufe'of the evidence, several tentative
conclusions were drawn. The kinetics of the dose response for two-hit
aberrations induced by 2.5-Mev neutrons were, superficially at least,
linear in the leukodyte system. The RBE for chromosome deletions was
foﬁnd to lie somewhere between 4 and 5.  Since the kinetics for rings
and dieentrics were‘found to be different fof X-rays and for 2.5-Mev
.neutfons, they felt,that'no RBE could be eaiculated for these types of
aberr&tidns.g |

Neary and'Savage also f0qnd their results were a functidn of the
types of chromosome aberrations obeerved. When incompleteness ratioe
were_ealculated for isochromatid aberrations at different dose-ges con- .
ditions for each radiation quality, no indication.of'éYSystemgtic varia-
tion with dose was observed within the dose-range covered. Incomplete-
E ness was ﬁsually slightly higher in air-then‘in‘nitrogen for the proton
ifradiations. The reverse was true for”the alpha particles. Incomplete-
ness in ieochfomatid'aberrations'was'found to be about twice as high for
alpha particles,es fer protons, but there was liftle difference in intef-
- ehahges.lo

Part of the problem with these types of study is that the usual
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-~ method of assessing RBE is based on comparing the doses»producing match-
ing responses, i.e., equal amounts of effect. At every response level,
both single—action‘and interaction mechanisms contribute to the total
response. However, the contribution of interaction mechanisms increases
with dose and dose rate, the more repidly, the less the IET of radiation.
Therefore; the RBE based on the total response gives values reflecting
the various contributions from theetwo types of mechanisms, and thus
changes with_response level.ll |

Investigators are now beginning to compare the efficiencies of the
various radiations through the use of IET. It is implicit in the target
theory that the different efficiencies of various radiations are not due
te'Qualitative differences between the radiations. Rathef, they are due
‘to differences, in the rates of energy dissipation along the tfecks of the
ionizing particles in the tissues (the IET). A striking demonetration
fthat the specific ionization deﬁsity’or the rate of energy dissipation
aloﬁg a particle track (and not the type of particle) is the importéﬁt
factor"in determining the_RBE for chromosomal breakage was proviaed by

: the work of Giles and Tebiasvin Science in 1954. In these experiﬁenfs;
.as interpretediby H. J. Evans, the chromatid aberration frequencies_induced
in Tradescantia by equal doses of three types of raéiation having similar

- IET vaiues, 30—Mev,aipha particles, 190-Mev deuterons{ and 100-Kv X-rays,

> Were‘eompared with the aberration yield iﬁduced by deuterons having quite
different average IET values. The results showed that radiations having
similar lET gave.similar aberratien yields; radiations having different

IET geve“different aberration frequencies.12



Accb?ding ﬁo Conger, Randolph, Sheppard, and ILuippold, a turnover
of RBE with IET.is to be expected on'thevbasis of target theory, but
hardly as préciﬁitous as is foﬁhd with the energy a&erage IET. Breakage
of a chromosome is thought_to depend on two things: (a) a particle's
passing through or at least vefy close to it (as was discussed in the
section on chromosome breakage), and (b) the probability of a break's
being produced, given the traversal. The numbgr of chromosome traversals
per unit dose, which is difectly related'fo,téfél track length, varies
inversely and smoothly with track average IET. -The probability'of
primary bfeakﬁge is thought to be e#pected to increase with IET. By an
argument involving (1) estimates of traversals, (2) thé'proPortign of
‘primafy'breaksithat fail to festitute and so become obéefvébié aberra-
tions, and (3) aberration yieid per unit dosé,.it caﬁ.be éhﬁwﬁ:that the
prbbability'of primary breakage'actgally increa§es. Séme estimafeS'of
restitutibn frééuency, as isldiscussed in thevrepair Séction,YShow it
réﬁains the same‘fqr gamma-rays, X-réys and neﬁtrons; for‘alpha‘particles
v,restitution.freQQency actually decréases.l3 In support of this; data-
bbﬁaihed from experiments with alpha fays, whi@h have an ion densiﬁy
greater than that of the protons prdduged by fast heutrons; indicated
» that alpha particles were more and ndtvless éfficient than neutrons.

‘These results ﬁere interpreted,to shdw £hat the'probébility'of breakage

' folldwihg the traversal of a chromatid by an aipha particle was approxi-
vj'matelyvunity.iult was~then'concluded}thgt*alphg-particles nheed hot‘AIWajé
'tfévérﬁe é chromatid thread in Qra;r to produée a‘bréak, but that breaks

- may be induced when a pérticle passes in the immediate vicinity of a
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chromosome.l

As predicted, phro@osomal RBE has been found to‘increéée smoothly
with track average IET from gamme-rays to the highesf-IET‘neutrons (1 Mev
average energy from the cyclotron). The smooth and considerable increase
in RBE in the fast-neutron or gamma-ray comparisons is meéningless unless
neutron average ILET is considered, at least for chromosomal aberrations.
Chromosomal RBE apparently peaks at an a&erage IET somewhat above 50
kev/micron, roughly between 50 to 70 kev/micron. This IET can be obtained
with fast neutrons of average energy sohewhat less than 1 Mev. At higher
IET's, RBE falls and appears to change slowly if at all in the LET range
between that of.alpha particles ana heavy'particles from b,T.neutron

15

Attempts have been made to find the optimal IET for maximum RBE.

. At this optimum energy, two of the factors involved in producing a chromo-

~ some loss, namely the number of traversals of the arm of the chromosome by

a particle track and the probability of a traversal causing a break, would

- be maximized. One experiment with maize showed that the RBE was highest

with the_highest energy average IET that they could obtain. This was
72 kev/micron, and the neutron had an energy of 0.43 Mev. It is brobable
that still higher REE's might be obtained at average energy IET's above

72, but ultimately the REE would be expected to decline. This would occur

when an ion density is reached at which the decrease in number of traver-

sals of the chromosome becomes more than is compensated for by the increased

~ probability of a break, given a traversal.l6 The relationship observed

between the RBE and energy of fast neutrons is similar to the results of
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Bafeman, EE al. on mice. They found a minimum RBE at dose average IET of
85. COnger, et al., on chromosomes of the plant Tradescantia, foﬁnd a
maximum RBE at dose average IET of 50 to 70. The highest RBE values
reported for these animal and plant raterials were of the oraer of 10.
The low IET reSponsee were foﬁnd to be cﬁurvi.Zl.:fmear.-17 Similarly, Neary;’
et al., vere led to the conclusion thet neutrons in the energy range of
.about‘075 to 2 Mev are more highly efficient in breaking plant chromo;
somes, relative to X—rays,_than hed‘beeh indicafed previously in experi-
meots vhere the influence of the dosersquared term was miniﬁized. In
another experiment Devies and Batemah foond a maximum RBE value of

about hO for O. 65-Iev neutrons compared to 250-kvp X—rays in- cau51ng
somatic mutatlons in stamen hairs of Tradescantla.l8 So, in general, it
has been found that at low ylelds with small enOugh doses, the linear
term for the low -IET radlatlon w0uld predomlnate over the square tern.
_Tne REE of a hlgh -IET radlatlon relative to a low-luT radlatlon, 1nstead”
of 1ncrea51ng 1ndef1n1tely as the dose.vas, reduced, would tend to a
maximum limiting value.19 | .

Much to the dismay of those who would ‘Like 2 simfle mathematical .

relatlonshlv between the IET and the RBE, other problems arise. 'It heS‘
been found that vhen an allovance is made for delta- rays wh;cn_emanate:
frOm,the‘main particle path, the effectiveness_per rad is notvafsimple'
'anelytic fuﬁcﬁiqh of‘average 1ET; therevis not even a unique relaﬁion r'
between effectiveness:and_lET. For a given IET,.theynature of the
primery oarticie has been found:to have some influenoe.v Thus;the rele-

__tion between the IET for maximum effeotiveness and the thickness of the
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formal target, in the target theory, is not a simple one.20 In their
calculations, part of which are Qonsidered in another section, Neary and
Savage found that the calculated effectiveness per rad continues to |
increase for LET beyond 165 kev/micrén. This was the extrapolated esti-
mate of IET for maeximum effectiveness when delta-rays were not considered
separately. The physical reason for this continued increase in calculated
 effectiveness is that the delta tracks are not randomlyvdistributed in
space; Instead, they are concentrated around the primary track so that
the large local fluences lead to two-track processes between a primary
track and one of its delta-rays, or between two délta-rays‘from the same
primary track.2

Another problem in the search for a universal RBE, given the par-
ticle, its IET, and the dose rate, is that the éffect of the radiation is
found to change with the tissue. Each tissue is found to_display a differ-
ent pattern of variation. Comparisons of the patterns of variation have
revealed that they‘are not characteristic of the species. This might have
- been expectéd froﬁ genetic and morphological‘considerations, i.e., from
the identity of the gene complements and similarity of the chromosome
morphology in v_a'rious tissue cells of the same organism. Instead, there

. has appeared to be a greatér similarity between the patterns obtained for

- chromosomes of similar cell types in different species. Thus, for example, -

the pattern for the rat lymphoma resembles the_mouse'iymphoma-pattern more
~than fhat of the rat carcinoma. One reason for these differences in the-
" relative response of chromosomes is thought to be determined by differ-

ences in the functional states of the chromosome dufing the interphase
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period.22

One way chromosomes can differ in the various functional states is
in the volume they occupy in the nucleus. This was first indicated by
the wbrk of A. Marshak in 1937 when he found that the aberration frequency
(abnormal anaphaseé)'fOllcwing X-ray or fast-neutron treatment of cells of.
mouée sarcoma, Walker carcinoma of the rat, and of root tips of seedlings
of tomatoes, Vicia, Pisum, and Allium, 'varied directly as the total length
of the chromonemata of the somatic chromosomé complement " of these tissues.
The increased effect which'a§c0mpanied the increase in chromosome volume
was interpreted as being due to an increased targét size.23
The volume the chromosomes occupy in the cell is thought to be
B reiated to'the stage of development of the cell. Tt can thus be expected
that the RBE should change with the different stageé of development. In
one study, for éxémple, H. H. Smith found that the differences in REE =
' vaiues among leaves were conspicuousvand cdnéistent. These leaves were
in different stages of'development at the fime of irradiation.» They were
found to uhdergo different numbers of mitoses after irradiétioh to reach
'maturity and to produce chfombsome‘sectors of markedly different sizes.
His studies have néw.led_him to place the mutation_frequenc& on a pef-krad—
per-celivbasis and to assess the factors that contribute to the quantita-
'tive,differenée in‘irradiation response in the different ZLea'ves.m‘L In
another study, Deschner and Sparrow irradgéted Triliium anthers with both
X-rays ana thermal neutrons. Although a siﬁilar rise and fall in sensi-‘
tiviﬁy due to étage iﬁ development was found with both types of radiation,

' an important observation was made: For X-rays, & 20-fold variation was

‘Tound ﬁetweeh ﬁhe most sensitive and least sensitiVe stages; for neutrons,
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only a 4-fold range was observed. Although the amount of detectable
rejoining with thermal neutrons was less than with X-rays, this differ-
ence in rejoining is not enough to account for the differences observed
between the two types of radiation.>” | :
| Another reason for the differences observed in REE's of various
types of cells is‘thOught to be the volume of the cell chromosomes. .As
discussed in the section on IET, "knock-on" protons produced by fast-
neutron irrediation give linear, or near linear, dose-response kinetics.
/They produce dense enough ionizations to have & high probability of
inducing more than one break within a volume where two breaks can inter-
vact. - One explanation for the difference between Tradescantia and Vicia
on the one hand, and tﬁe human cells on the other, might be that the
volume withih which breaks can interatt‘is larger in the humaﬁ'leuko-'
cytes than in-the plant.cells.A If this volume were large enough'to make
it unllkely that one proton track COuld produce more than one break within
‘1t the resultlng dose effect kinetics for two-hit abefratlons would fol-
_.low the dose-square law. It would seem possible then that such a differ-
ence in the volume within which two breaks -can 1nteract might be a con-
'seQuence of the larger number and smaller size of humen chromosomes when
compared‘with'Tradescanfia and Vicia chfomosOmes;26
So, in summary,'this section has ettempted to show that the rela-

':tiVe'biologioal effectiveness of a particuiar radiation is a rather rela-
tive parametef.v The REE has been found to depend on total dosage, dose
rate, tlme until 1nsPection, LET, partlcle type, types of blologlcal

damage observed, stage of cell development,vvolume of the,chromosome,'
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and type of tissue inspected, just to name a few factors. Estimates for
the RBE of neutrons as compared to X-rays have varied from a value around
2 for 14.1-Mev neutrons, to a value of 5 for fission-spectrum neutrons,27
to a value approaching lOO.28 . As one can see, there is no single RBE
value for neutrons. It was seen that the difficulty in determining REE
on the basis of chromosomal exchanges or two-break aberrations\was that
the dose-response curves differed for radiations of different LET and
dose rate. Yet, in general, it was seen that the dose-squared term tehds
to preddminate with radiationé of low IET (such as gamma rays and most

: X—rays) and high doses or dose rates; the linear term domiﬁates with high.

29

IET tracks in general and at low doses or dose rates.
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VII. ABERRATION KINETICS

‘AlthOugh the methods of analysis have changed somewhat, attempts
to quantify damage on bioiegical tissue produced by radiation are not
new. The purpose of this section is to present a couple of prevalent
‘techniques used in the anelysis of radiation data. In geheral, there
are two approaches to the problem of the kinetics.of radiation damage.
Discussed first is the method of curve fitfing. This method attempts
‘to derive a simple qQuadratic equation relating the dose of radiation
and the yield of,aberratiens.‘ The second method discussed involves a
statistical probabilistic ‘_épproac_h° Here the aberration &ield is
expressed in terms of experimental pafameters such.as the dose of
radiation, the LET, and the“nature of the target (the ehfomosome).

The two methods come togethe; to give the same form of quadratic

' eipressiona It should be noted thet_this-Sectien deals.primarily with
chromesome aberration and not necessarily With cell survival, although
:attempts heVe been‘made'te relete the two qﬁantitatively.

Many studies have focussed on a compatison of the chromosome aber-
rations and thevapplied dose of radigtion. Two classes'of mechanisﬁs
are exhibited in the curves representing the experimental data. The
, twoeclaSEesmresult in two types of kiﬁetics. First,,exchenges~appear
to be caused by tﬁe passage of a single_iOnizing-particleQ :Thisjaccounts
for the linedr component of the_dose-response curve. Second, exchanges
appear whieh seem te be a result of the interacfion of the effects of
~ two independepﬁ ionizing partieles.v This is thought to be responsible

for'the_dOSe-squared component of the curve. In its geheral form this
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type of model has been reasonably confirﬁed by time-dose'studies. The
'_section on therlinear energy transfer of the various radiations and
ﬁheir effects predicted several relationships. The differences in
shape of the dose-response curves tend to confirm the predictions:
With densely ionizing radiations, single-particle events dominate thev

- radiation response; with sparéely ionizing radiations, events based on
the interaction of two or more particles seem to play the leading role.
Hence, as is seen in the section on RBE, the relative effectiveness of
differént radiations cannot follow the same kinetics dge to the exis-
“tence of two classes of mechanisms.”

Radiation effects do not correspond strictly to oné or the other.
kinetic forms; rather, most radiation effects can be best described by
.the sum of the dose and the dose-séuared component. In fact, it is
generally accepted that there is a linear component in the dose-response
for low-I1ET radiation for any type of aberration, even for exchanges |
which are coﬁmonly descfibed:aé "“two-hit." The relation between aber-
ration yield (Y) and dose (D) of a low-1ET radiation has.been expresséd
Cas:

Y = K+ aD + pD°,

- where K is the spontaneoas-aberration‘freéuency.',For a high-1ET radia-
» 'tidn, if is usual}y found, although not always, thét the eqﬁation of the:
torm
| Y=XK+a'D
’éﬁplies,.whefe a, B, and o afé constahts;2

A :As.mentibhed éarlier;kdifferént forms of radiationsfgive different
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forms of chromosome aberrations. This is a result both of their differ-
ences in ionization density and types of {nteractions that must take
place in order for a particulaf type of aberration to occur. In general,
the larger_share of the exchanges produced by low-1ET X- or gamma-rays
delivered at high intensity'are taken into aécount by the doseésquared
term; that is, most are produced by two independent breakage events énd
- are called "two-hit" aberrations. The»same is thought to be true for
the chromosome interstitial deletions. The isochromatid éberratidns,
although clearly the resﬁlt of two breaks, are the result of two breaks
very close together and are‘primarily accounted for by the linear terﬁ
even with X~ or.gamma-rays; apparenﬁly most are‘produced.by '%inglé-
hits"or'single-ionizing‘particles.3

Although'it is still true that the aberration rate varies with‘thé
particular type of chrbmoéome'aberratidn being scored, higher IET radia-
tions usually give a linear resul£ based ori ‘one-hit" kinetics. For
.example,'regressions of aﬁerration yield‘per éell on dose for all the
ciasées of aberration at any of the IET values for protons aﬂd alphé
pérticles in the experiments of Neary and Savage appear to be compatible
with a linear relation. However, they found that in their experiment
the aberration yield_increased less rapidly than the firsﬁ power of thé
| dose. This result was not unexpected for gaps and minute intrachangésv
owing to a fall in scoring efficiency at higher levels of damage.LL

With neutrons, all aberration types, including the two-bfeak aber-
rations, are usually found to increase linearly with dose. 'This.has‘

>

‘:been shown in plant studies such as those done by Neary,” by Conger, -
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et 5;.,6 using 1.3-, 2.5-, and 1k.l-Mev neutrons on Tradescantia micro-

7

spores, by Giles' using Be,D neutrons, also on Tradescantia microspores,

and also by Wolff, et gi.,s'for Vicia root tips irradiated with D,T
neutfons.‘ Surprisingly enough, hdwever, Gooch found two-hit aberrations
induced by 1lk.l-Mev neutrons. Although he found that the linear model
could not be rejected on the basis of his experiments, the dose-square
model gave him a much better fit to his data. in fact, Gooch found that
his éxﬁeriments with D,T neutron irradiation of human leukocytes sug-
.gested that in this system the kinetics for two-hit aberration produc- .
tioﬁ are nonlinear; they are very similar to the roughly dose-square

9 Nevertheless, Gooéh found that

kinetics usually observed with X-rays.
hisvexperiments'with 2.5-M¢v D,D neutrons, although inéomplete, suggested
that 1owér energy_protons produced by the neutrons may have a high enough
linéér énergy transfer td pfoduce iinear kinetics for two-hit aberra-
tiohs in ﬁuman leukocytes. Goocﬁ further feéls:thatbif'his other eXperi-
‘-meﬁtS’supﬁort‘the dose-square kinetics for 1k4.l-Mev neutfons, it will be
bpossible to estimate the radius of the_spheré containing the volume with-
“in which breaks can interact in the leukocyte sysfem.lo Although Gooch 's
results were given in 1963, further Substantiafioh has not appeared
. since.

| Eefore moving on to the sfatistical‘approach to chromosome-aberra-
ltion kinetics?‘a féW“sidélights implicated by the abo&e‘reSults are in |
ofdér;v Firsﬁ, it is known that éhromosome exchanges induced following
thermal neutron irradiation increase linearly and not as the squafe of

the dose. Since the neutron usually imparts its energy to some other
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form of radiation as it passes through the biological matter, it can
be implied that the aberrations are induced primarily by particulate
radiation released following neutron capture. Furthermore, as will be
discussed in the section on the relation of damage to oxygen content
of the cell, the effect of such densely ionizing radiation following
neutron captgre'isfalmost independent of the intracellular oxygen con-
tent, whereas the frequency of X-ray-induced aberrations is greatly
influenced by oxygen tension.ll
Secondly, it should be recalled that the aberration rate is not
constant for any particular cell. There have beeﬁ many reports that
the sensitiyity of cells to radiatibn changes throughOut the céll cycle.
BaCteria,ifor example, which have completed'a cyéle of DNA synthesis
during which protein synthesis has been inhibited show an enhanced
' resistance to uv irradiation and to X-irradiation. Although it has
not‘beeh totélly confirmed (see Section I) this suggests that DNA ﬁight
3existvin a”differen£ phySicél state befqre andrdﬁring replication;lg
Thirdly, as is nqted.in the section on reléfive biological effec-
‘tivéﬁess, the comparisoﬁ of the relative sensiti#ity of the cells to the
different.radiétions is compiicated by the existence of two‘kinetic
 forms: a curvilinéar response of the two-break abérrations'with dose
of X- or gamma-rays andva'linear response to dose df neutrons. Two‘
aberration types, chromoSome'déletions and cﬁromosdme términal dele-
o tions; are'fOund to increase linearly withvdose for all radiations.and
VShoﬁld be strictly coﬁparable among all radiations. ' Chromos ome terminél

_deietions, however, are much less common than the other types and are



-115-

moderately difficult to onserve critically. This leads to prepor-
tionally larger errors for their coefficients than for the other aber-
ration types.l3

The fbllowing part‘of.this section on aberration kinetics will deal
" with the statistical approach to chromosome aberrations as proposed by
G. J. Neary aloné with John R. K. Savage. The primary source for this
B part is Neary's paper on bhromosome Aberrations and the Theory of RBE; wlk
_other sources than thls prlmary source will be footnoted whenever employed.
mheweutline for this part is as follows: firSt, the assumptions for the
theory will be presented and discussed briefly; second, the classic form
of Neary's result will be presented; third, approximatiens to the most
general form will be.preSented and.the result's ‘similarities and dissimi-
lafities to"nrevious theories.will be_discuSsea; finally, more recent
attempts at quantificetibn ef the.parametefs Willvbe presented.

"In general, for tne simplest picture, Neary considers a site for
‘aberration formetion to contain'twb ;engths of either the_samevor differ-
ent chromosome. These constitute targets for the production of primary
lesions. With this idea in mind, he‘makes six general assumptions, as
follows:

_(l) The chromosome is assumed to be a cylindrlcal filament, much
along the lines of the Taylor model presented in Section I.

(2) The density of the target material is unity.

" (3) The distribution'of numbers of energy-loss events in a given
track is Poissonian. ° |

‘(4) 'The distribution of numbers of tracks through a target is

Poissonian.
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(5) Enerngloss events from the same track and from different

tracks in.a target act independently.

| (6) Inherent intracellular recovery and repair processes are not
explicitly specified in the model because the analysis presented is
confined to single doses given in a short period of time.

The assumption. dealing with the structure of the chromosome should
be especially noted. It has been shown in Section I that this chromo-
some model is still much iﬂ doubt. Although it is possible that this
aséumption is true for the chromosomes of Tradescantia microspbres on
which most of the later experiments festing this hypothesis have been
nmade, this does not mean thétvit is true.for the chromosomes of all
organisms. Perhaps a fufure resegrch projec£ could concern itsélf with
the applicability of Neary's theory to a multi-stranded chromosome for
longer'dose times where recovery and repair afe taken into éCCOunt. |

_“'With the'above'assuﬁptions as his baéé, Neary has derived thé
 .ex§reséion_for the mean yield_of aberratibné per nucleus, Y, to be.as

follows:
: 2 ) | 2.2 |
Y = NE{1 - exp(-mgk™)[1 - {1 - exp(-mk + mgx“}7]},

' where N is the mean number of sites in a nucleus for a given type of
-zaberrafion; E is the probability for interaction of primary lésions;
m is the mean number of traéks through the'meah.projecﬁed area A of
 ,'the chromosome sggment of iength 1 within a site; g is.thevprbbability |
that a track which has traversed one target chromosome\of_a'site will

- also traverse the other; and k is the probability that paséage of one
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track through a target produces a primary lesion.
When several components of radiation are included each with its

own value of m and k, the corresponding relation is as follows:
2 2y12
Y = NE(1 - exp(Z -mgk“)[1 - (1 - exp(Z -mk + mgk™)}°]} .

By taking the lowest terms of the expansion of the exponentials,
with mk << 1, or in other terms, AD[1 - exp(-pl6Lt)]/16L << 1 (where
D is the dose absorbed in rads and L is the IET of tracks in kev/micron
in unit density‘material, t is the diameter of the chromsome), or more
simply, Adt << 1 (At ~ 1.13 x 1073 microns™3 sssuning unit density and
D << 900 rads for Tradescantia microspores), the following relationship

hoids:
Y = _NE{mgk2 + mek?[(l - gk)2 - g2k2/2]} .

In order_to get this into a more familiaf form, it should be noted
that m, the mean nﬁmber of tracks through area A, is thought to be
relafea to the dose in the following manner: mv; 62.4AD/160L %'AD/16L.
Now the familiar result previously mentioned in the first part of this
seétion can be derived, ‘The yield of'aberratiohs at not tod‘high doses

 can'be seen to be the sum of a one-track term proportional to dose and
a two-track term proportional-tb (dose)g. The two componenfs‘of the
' yield méy then be sépafated and called Yl and Y, respeciively; With

fhis substitution and the approkimétion that pl6Lt <1,

: Yé = NE(pAtD) .



-118-

Here the dose-squared part of the-yield is shown to vary little with IET.

With the same sort of approximation as above,

T = NEg(pAtD) (p161t) .

Hére the linear part of ﬁhe yield is directly proportiocnal tb IET, where
p is the probability that a single energy-loés event in a target chromo-
some produces a primary:lesion. Physically, in the case of linear
dynamics, the proportionality to LET is thought to be the consequence of
the production of two primary lesions by the same track; production Qf a
single primary lesion (or two primary lesions by“independent.tracks) is
approximately independent of ILET. The geheral exéression shows that, as
IET is ihéreased, the inCreaSé in Yl begiﬂs to fall below strict propor-
fionality;la‘maximum is reached at an IET equal to 1.256/pl6t followed
by a decline. For exaﬁple, if p =1 and %, the diameter of fheichromo-v
some, is 2 x 1073 microns, L = 39.2 kev/micron; for smaller values of
p or t, the value of L . Would be higher; These calculations should
.bfing to miné the discussion on the LET’for the_maXimum damage discuésed
in the seétion on the relative biological effect.

The ratio of the yields is Yl/Yéb= g16L/AD. Since g ~.t/ﬂh and A ~
ht, vhere h is the radius of the site, Yi/Y2'= 16L/7°D. This ratio is
an interesting quantity to consider. .Thé expression indicatés the ratio
is’independent 6f the diameter of the ghrbmosome and is determined solely ’
by the IET, the dose and the site radius h. It should also be noticed

that, at sufficiently small doses, the term Y. is greater than Yz, what-

1

ever the value of the IET; but the ratio decreases as the doée is
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increased.‘ It is alsovseeﬁ from the expression that the magnitude of
the dose at which the two.yields are_eQual is greater the higher the
IET. |

The next problem to‘consider aftef the-general formulation of this
aberration-yield expression, is the quantification sf the parameters and
probabilities. It is necessary to see how these parameters may change
from sell to.cell\and under the influence of'modifyihg agents. For
example, the parameter p, the probability that a single energy-lossv
event in . a target chromossme producesia primsry lesion might be tﬁought
- to change due to certain chemical agents or environmental conditions.
Also, E, the probability of interaction of two targets in which piiﬁary
lesions have been formed might vary with the experimental conditisns.
The quantity E in turn could bé influenced byvrecovery'processes such
as repsir and tﬁus woula bé susceptible to post-irradiation modificatish.
The effects of fost-irradiation handling was discussed in Section III.
‘in order for there to be a modificaﬁion of p, the agent’WOuld have to be
f_present at the instant of energy absorptioh. Agents which may modify P
"and E might.be_the oxygen concentration in the cell (discussed in Section
v VIII) and sulphldryl‘compounds which tend to protect the éhromos0me. The
'magnitude‘of parameter changes is nst-known; hoWever, experimentation
vwith regard to oxygen enhancement ratio tells some qf the story. Althsugh
this is discussed elsewhere, it'shsuld be noted here that they‘aré depen-.
' ‘aent upon the LET of the radiation. p and E are‘not the only parameters
which ﬁay be'modified'by'a éhange in the environment or applicatisn of

chemical agents. The target thickness‘t,jor the site radius h, or the
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number of sites, N, might all be changed, say with the stage in the cell
cycle. .However, these modifying mechanisms would not depend intrin-
sically on the ILET of the radiation.

More problems arise when it is realized that secondary particles
are emitﬁed_frdm the capture point of ionization site. These may have
different IET's and the LET may vary appreciably over distance. For
example, experiments with soft X-rays have shown that g (the probability
that a track which has traversed one target chromosome of a site will
also traverse the other) fallé off when the track lengﬁh of.a ldw-énergy
electron is less than the site radius h.  Also, delta-rays cause com-
'plications in the theory because the-IET of a delta-ray changes'consid-
erably over s distance-comparable to the site fadius h. A given delita-
ray which has crossed one target may not reach another. In order to
" meet this problem, Yone-track” muét be.takén to mean that one primary
track is involved but four possibilities must be considered: (1) the
lesions in both targets are due to energy-loss events produéed in them
by the primary track; (2) the lesion in one target'is.due to the primary
- track and the lesion in the other is due to a delta-ray from this brimary;
(3) the two lesions‘are due to two separate delta-rays from the same
primary; and (4) both lesions are prOduced by a single delta-ray;

Another problem exists in\the definition and a quantification of the
" number of éites in the nucleus. In his paper, Neary cbnsiders a site as
a fegion of radius h contéining two separate sections of chromosome
£hread, each of mean lehgth 4h/3. If both sections.are damaged by radia-

tion, an aberration may result. If the two sections belong to different
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chromosomes, this is a site for interchange; if both sections belong

to two sister chromatids; an isochromatid site. The problem with this
type of definition is that different types of interactions may have
different disténces over which the lesions may interact. For example,
it has been found that there seems to be a qualitative difference
between centric ring and dicentric sites; the factor which might
account for the qualitative difference between sites is the existence
of a different rejoining distance. It would be expeéted that the
greater the distance over which exchange can take place, the larger

the number of possible sites within the nucléus.15 According to Savage
in ailater article, on the basis of pure random assortment of chromo-
soﬁe areas; a centric rihg/dicentric ratio of 1:10 would be expected.
 However, at ana-telophase, the six median centromeres of the Trades-
cantia afe found to move to the poles first, with subsequent packing of
the 12 trailing arms parallel to dne another. If this arrangement is
maintained'thrOughoﬁt interphsase, Sévage'expects‘that complete inter-
‘action of breaks in the various arms would be limited by confining the
possibility of exchanges to those arms in the immediate vicinity of one
another. - If it is then assumed that exchénge is equally iikely‘beﬁwéen..
breaks in any arms in fairly close approximity, Saﬁage derives from pos-
‘sible arrangements of ana-teloﬁhase chromosomes a theoretical centric
ring/dicentric ratio of 1:3. The observed ratio is 2.9:1.16.
A problem now arises.in the théory as to which parameter should

take into account this ratio of aberrations.  One possible solution

would be to assume that the availlable number of sites of centric ring
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and dicentric is also in the ratio of their observed aberration raﬁio.
If proximity is the main condition determining the existence of‘a site,
one would postulate that exchange to form a ring can take place over a
larger distance than exchange to form a dicentric. However, this would
mean that the probability of forming a ring is greater than that of 1
forming a dicentric; a conclusion contrary to the aberration ratio found
experimentally.17 One could postulate that the éverage number of sites
for the two aberrations is equal for a given dose. This would mean

that £he prpbability of exchange to form é ring in a ring site is less
than that to form a dicentric in a dicentric site. However, this would
be also contrary to the observed yield ratios. As of recently, the
problem of-aséignment of the ratio factor to either p, h, or n has not
been resolved.

The fact that Néary's theory for aberration yields includes so many
parameters precludes the problem fhat _the parameters are ndt always.
independent. The combination of experimental obéervations and postula-
tion of the value of one parameter may lead to the evaluation of another
parémeter. The result may not éeem realistic. Such a problem involves
the evaluations of h (the rejoining distance) and N (the number ofvsites).
vVarious attempts have_been_made to calculate the maximum distancé over
which rejoining may.ﬁake placé, that is, h.. The original calculatiéns
gave the rejoining distance as 1 micron. More recently, Wolff, Atwood,
Randolph; and Iuippold,calculated the distance to be closer to 0.1 to 0.3
microns. Howevef, if these calculated distances are coupled with the

evidence from exchange formation by very soft X-rays, then it is
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calculated tq be necessary to have hundreds of sites in any one
nucleus,18 This is in coﬁtradiction to calculations made by Atwood;

who postulated that the value of n was 4 in Tradescantia, and by

Savage, who postulated that the average value of n in Tradescantia is
2.&.19 Although all these calculations have led the researchers in

this area into a bind of éontradictions, it is still believed that these
parameters represent some characteristics of the cell, that is, real
physical entities. This type of analysis continues.

One way of testing this theory is to compare the calculated values
of some of the parametefs with'the values found in micrographs of the
cell chiromosomes. This also serves to test various postulates for,the_
structure of the chromosome. For example, calculations of the value of
pt, or the effective thickness of the target, have been found to equal
approximétely 4L.8 to 5 A with a corrésPonding estimated LET of 165
-kev/micron in Tradescéntié. This target thickness of about 5 A is
thought to be suggesti&e of an actual target consisting of a basic
DNA-protein thread or simply a DNA double helix or even one of the
helices.20

Although there are many probiems to be resolvedvin this sort of
statistical approach, the methéd has several disﬁinct advantages. First,
the model offers a complete basis for RBE for éhromosome aberrations,
:thatvis,'a comparison of the yields for various éxperimental conditions.
This model gives a relationship of REE with both dose and IET of the
radiaﬁion, as well as including parameters for the partiéuiar charac-

. teristics of the nucleus. Secondly, the model can be adapted to show a
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relationship between aberration formation and cell killing. Although
the model would not imply a direct causal connection between aberra-
tions and killing, it would show a kinetic similarity if there were
double-target sites for cell killing analogous to but not necessarily
identical with aberration sites. Such a killing site in a diploid
cell might be a place where two homologous loci on homologous chromo-
somes were in close relationship. There could be a one-track and a
two-track process for killing the site, that is, producing recessive
- lethal damage in both loci. ‘The same formal dependence on dose and |
LET for the one-track and two-track ?rocesses present in Neary's
“theory would then follow. Neafy extends his model to this killing
model in the reference paper sited in the‘beginning of this part.

In cohclusion, it shoﬁld be remembered that the statistical
appfoach, as'proposed by Neary in one form and by lea in another fofm
in 1955, is not in basic diségreement with the basic model of the_yield'
varying with the dose and the square of the dose; rather, the statis-
.tical approach is designed ﬁo include the parameterslnot included in
the macroscopic theory.. If the contradictibns in the statistical
approach can be worked 6u£, and if the statistical approach can be
modifiéd to include the possibility of multi;sfrandedness of the chromo-
'Someé and repair andvrecovery, it will prdve to bé avvery useful theo;
_reiical model as it includes the radiation condition, oxygeh concentra-
tion, dose, and IET, as well as characteristics of the pérticuiar cell

| being irradiated.
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VIII. OXYGEN CONSIDERATIONS

One of the problems with the earlier Qork on ehromosome aberra-
tions and the comparison.df effects 6f different forms of radiation was
that ihe'experimenters were unewere of the influence of oxygen on
aberration frequencies. Although itvhaS'been shown that OXyéen condi-

tions have little effect during high-iET irradiation, the conditions do

. have sn'effect on sparsely ionizing radiation. This has a significant

effectgon the ‘evaluated RBE's. As a result, certain of the quantitative

.conclusions vhich were ari'ived at early in the abberation research are
fouhd net to be directly applicable. A case in point is irradiation
carried out under anoxic conditions.l‘ This section is designed to ex~
flain the effects of oxygen on an abeiration'e#perimenth The statis-
tical implications will also be discussed.

The so-called oxygen effect was meﬁtioned eariier in Section II.
It was explained that the yield of hydrogen peroxide, one of the agents
inducing aberrations indirectly, is found to be dependent on the pres-
ence of exygen in the case of X-irradiafed wstef. ‘However, it was also
explained'that fhisveffect plays a smaller role in the formation of
aberrations by neutrons and alphas particles where HZOZ is produced
independently of the presence bfboiygen, This is a result of‘the fect

that with densely jonizing radiation, the close spacing of the OH radi-

o whether or‘not free oxygen is svail—

able.
Oxygen conditions have been found to play no small role in the

determihation of the RBE. For example, in the work of'Conger on the
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RBE of fast neutrons to X~rays for inducing abnormal anaphases in
Ehrlich ascites tumor cells, it was found that the efficienéy of neut-
rons compared to X-rays in these experiments was found to be 2.5:1 in
oxygen, but 6:1 under anoxic or nitorgen conditions.2 Comparable
results have been found by Hornsly, et al., in a comparison between
fast neutrons (D - Be) andil.S—Mev X-rays under different conditions of
oxygenation.3 Similarly, in plants, the relative efficiencies of fast
‘neu£rons (D —ééli D) and gamma-rays (Coéo) in.inducihg micronuclei in
Vicia Faba root-tip cells was found to be 10.5:1 if both irraediations
weré given in air; a value of 18:1 would be expected if the irradia-
tions were performed in the absence of oxygen.LL It.is interesting to
- note the effects of oxygen conditions on the formation of aberrations
>§és firsﬁ féund in the comparison betweeﬁ alpha-radiafion and X-irfadi-
ation in both Vicia and Tradéscahtia. It was»found‘that the effect of
alpha-radiation was almost independent. of dxyéen céncentration; From
vthisvresult, it waS’pdstulated that'fast neutrons should yield an oxygen
‘factqr somewhat intermediate between X-rays and alpha-particles. Ilater
it was found by Giles, et g}., that this was thé:Cése; the ratio of the
doses of fast neutrons given in nitrogen and iﬁ air, in order to produce
a?proximatelyvequal aberration»yiélds vas about 1.4:1.”
One bf the advantages Qf‘thé statistical modél'descfibed in Section

VII is that the model can take into éccount the changevin the_cbnditions »
of_the experimept, such as the change in oxygen condition. In the -
.étatistical model, the oxygen condition is:taken into conside?ation by

- the variation of two parameters, p and n. Oxygen is postulated. to act
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as a modifying égent and thué is thought to affect the parameter p (the
probability that a single energy-loss event in a target chromosome
produced‘a primary lesion).6 The oxygen conditions are also thought to
affect n (the mean number of sites in & nucleus for a given type of
aberration). Although there is believed to be no significanf difference
in the values of n for ﬁitrogen or oxygen conditions, there is a sugges-
tive pattern indicating a slight increase in average site number if air
or oxygen ié present at the time of irradiation. This trend is found to
be slightly more marked for centric rings. In general, their mean site
number is found to be very slightly larger than for dicentrics. This
effect might-be observed as a change in the ratio of yields of dicen-
trics to centric rings for radiation in air and nitrogen. Here a
greater increase in centric ring sites in air would lead to a larger
value fér this ratio. In\faét, the regression coefficienﬁs (dicentrics
on centric rings) are in air 2.75 % 0.22 and in nitrogen 3.13 * o.2u.7
One of the ways to‘éccqunt for'fhe'variations'in oxygen-conditidns
is to take into account the effect of a change of p on another parametér
k (the probability that passage of one track through a target produces a
primary lesion). With the necessary assumptions, Neafy has.derived the
.foliowing expression: k = [1 - exp(-pIt)], where L is the IET and t is.
the diameter of the chromosome. The ratio of.the values of the_quantity
k in the . presence and absence of oxygen at a given LET can be dendtéd X.
-Originally, the quantity‘that was used. for comparison of ggs cbndipions,
.wés the'Oxygen Enhancément Rétio_or OER. It is.defined as the ratio of

- doses in the two gas conditions required to form the same number of



-130-

aberrations. One of the problems with this quantity is that the CER
derived from a two-track.process is not directly comparable with that
‘for-thé oné-track process at the same IET. The advantage of the quan-
tity M is that it can take these differ;nces into account; that 1is,
although the OER for the two-track process can be seen to be equal to
"X, the OER for the one-track process of aberration is equal to«k2.8
Using this notation, the oxygen factor for both processes- can be
combined to form an oxygen factor for the total aberrations. For the
first componént of single gaps (single-lesion gaps) the yield without
oxygen'would be 1/\ of the yield with oxygen. For the second component
(double;iesion gaps), the ratié would be (l/l)z, where A is the oxygen
factor for pfimary 1esions.deduced from the aberration data. Since the
yield of both types of single gap is proportiqnal to dose, the over-all
. dose-médificaﬁion factor for single gaps is équal to the ratio of total
‘yielés‘with and without oxygen. va the two components of single-gap
' yiéld per unit dose in o#yéeh-are denoted by Ci and Cz, the over—all

oxygen factor is found to be:

C ¥ C, N (cl + cz)

2 ' ’
cl/x_+ cz/x. X, + €,
where Cl and Cz are obtained from the yield of gaps as a function of
IET and A% is the OER for aberrations from CER as a function of IET.”.
Work is now being done to quantify these results.
The effect of IET on OER should be noted in this analysis. In

general, the general Qualitativevpattern for radiobiological effects

]
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suggests there 1is a fall'in the CER with increasing IET. 'It has been
explained that é physico-chemical process independent.of the essential
aberration process is mainly fesponsible;for the detailed features of
the variation with IET;. This trend is taken into consideration through
the parametef’k, As can be seen in the equation for k, as the IET

increases toward higher values, the value of k increases toward one

ifrespectiverf whether oxygen is. present or not.lO This sort of

reasoning has proven to give reasonable results in the experiments

thus far performéd.
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CONCLUSION

It is difficult to write a conclusion for a paper of this sort
becauée little in fhe field has been conclusively proven. The majority
of the ideas presented in the paper have yet to.be accepted by a
ma jority of résearchers and many of the ideas ére destined for replace-
ment.> Nevertheless, abérration étﬁdies are continuing at a fast pace
and the postulations presented in thisApaper may be the so-called facts
of the future.

Section I introduced fwo conflicting models fof éﬁrémosome structure.
vThe first model postulated the existence of a single-stranded chromosome
that is'coiléd, looped, and folded into the chromosome body. The elemen-
tary chromosome fibril is thought to have a diamétefvof lOOiA, cénéist-‘
iﬁg of £WO 30 to 40 A‘DNA-hisﬁonevalecules arranged sidé by side. The
crdss-linking'is postulafed to be accomplished by histones or other
proteins. The alternate model éuggests thét the chromosome is composed
of severalbof‘these_basic fibriis.' Looping, folding, and coiling also
has a placg in the Secoﬁd-model. The chromosome, in the second model,
is thbught to héve a diameter ranging.from 400 A on up,v Recent evidence
has suggested that both models have distinct probability of being the
correct model. However, it is safe to say that the chromosome struc-
ture'iS«dependént on the organism inQolved. It seems likely that lowér-
Qrganiéms most likely cohférm to thejformer modell ‘Hoyever, it also
seems- likely that higher organisms have multi-stranded chromosomes . .The
- résoiution of chromdsome structure is Just one problem that remains £o

be investigated.
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Section II discussed the biochemical aspects of radiestion damage.
It wvas Shown thaf radiation can_produce indirect damage on the chromo-
some by creating radiolysis'pfoducts of water. These products can then
attack fhe thpmosome.at several levels of structure. The bases of the
DNA seem to be the main tafgets for radical action with'the furines being
more resistant to radiation-induced degradation than the pyrimidines.
- The sugars and the phosphate linkageS' are also open to radicél attack,
although naturally occurring components of the cell can.léssen the
effects. Radiation can also produce direct chromosome damage by pro-
Iduciﬁg'ionizatioﬁs neéf the chromosome threads. This effect becbmes
more importaﬁt és tﬁe‘éoncéhtration of DNA is increased in the cell.
Previous evidence indicated that several iohizaﬁions were'néeded to
‘pfoduce damage in the chfoﬁosome; hoﬁever, more recent studies have-
shown that a siﬁgievionization can create énqugh dam?ge for a possiblg'
aberration.site;' Also, anothef direct effect of rédiétién is the break;- 
.age of'hydrogen bondsiin the DNA. A visible product resulting from
.chromcsomebdémage is the clumping gf the chromosomes. o

Section:III wasvdevdted to a discussion of'chromosome repaif, Iﬁ
was - found thaﬁ fhe_cell is capable‘of repéiring.damage produced by
gamma- and X-rays, bht it iS'notvcapdble of repairing damage’produced
by more densély ionizing radiations. The reason for this is not knqwn
positively; however, it is thought that since neutrons éfe s0 dehselj
ionizing that if a chromosome is hit at éll, two or more cibsely spaced
ionizations would most likely lead to permanent damage. The lack of

recovery following neutron irradistion is not always observed due to
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;heyability of some cells to byéassMEBromosome damege. Although it
.is.known that repair does occur, the repair mechanism is not fully
understood. Neither is'it known how long breaks remain open. It is
thought, however, that theetime that breaks remain open is dose—depen-
dent, and repair is more efficient the longef the time before DNA
replication begins.

Section IV discussed the formation of aberrations. Here again
the mechanism is not well understood. Two models exist in the litera-
ture. One model postulates that radiation serves to break the chromo-
some threads which are then open to exchahge with ethef closely speced

“and closely timea chromosome breaks. This'is'celled the Breakege-and~
. exchange model. The'aiterﬁative model postulates ﬁhat the radiation
serves to damage the chromosome in such a wey that proiimate chromo-
somes caniexchange'pafts.- In this second model, the primary event is
- the-ionizstion action creatingra temporary possible site for exchange 
- rather than a break‘which heeds to Be reﬁaired.- The tempofery damage
will‘decay unless there is another damaged point available within a
short time and distance fo react with it. The second model was created
to explain discrepancies and unexplained evidence in the first model.>
.Although.this model hasiyet to be generally accepted, fecent evidence
tepds.te support its hypothesis; However, even the seeend modellcannot
explain some of the evidence foundvin experiment}VIThe fOurthvsection
" also described the variogs aberration classification schemes used by
researchers today. It was:shewn'that the designation of eberration1

" type is dependent on the component of the'chromOSome involved, the'zl
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|
completenéss of the exchange, and:the observed a?erratioL configura-
tions. The dependence of the type of abertation produced on the stage
of the cell cycle was also discussed. It was shown that the aberratiocn
type is very dependent of the state of the chromosome during irradia-
tion. |

Section V introduced the concept of linear energy transfer, or the
number of energy-loss events per length of the partical”track.‘ The LET
was shown to define the quality of the radiation particle.. The higher
the IET, the mofe densely ionizing is the radiation. This creates more
| ionizations per length and thus is capabie of creating damage points‘in

the chromosome much closer together. As a result, it was pointed dﬁt

that many biological systems are much more sensitive to damage by neutrons |

than by X- or gamma-rays. For example, the aberration production per
.unit dose increases with LET. ‘Similarly, cell killing incréaées wiﬁh
1ET. It was also pointed oﬁt that the important donsideratiéﬁ wasvthe
'IET 6f thé fadiation particle rathef than'the natﬁfe'of £he:radiatioﬁ
particle itself. . o

_Séction VI presented>a discussibn of the relative.biological effici-.
éncy (RBE) in the consideration of abérrafionvpréduction.' The REE was
foﬁnd-tb depend on several parameters, including toﬁal dosage, dose rate,
fime’uhtil inspectibn,blET, partiCie type, typesbdf biologicai damage
observed, stage of cell develqpment, volume of the chfomosbme, and type-
of tissue inspected. No single value for REE was stated for this'feason;
Thé REE was defined as the ratio of the energy impartéd to a uﬁit.maés

by therapy X;rays to the energy'impartéd to a unit:massfby the,givenb
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type of radiation in order to produce the same effect. For neutrons
compared to X-rays, it was found that the RBE varied from a value
around 2 for 1h.1-Mev neutrons, to a value of 5 for fission-spectrum
neutrons, to a v;lue approaching 100. One of the ﬁroblems iﬁ determin-
ing the RBE is that dose-response curves différ for radiations of
different LET and dose rate. For this reason, a value for the REBE is
meaningless without the dbse‘or dose-rate imposed in the experiment.
Section VII presented two kinetic models for aberration production.
The first model»suggested'that the yield of aberrationsvwas a function
of the first and second powers of the dose, that is, Y = k + aD + bD%,
where‘k, a, and b are constants determined b&' a fit of expetimental
curves. Although this formulatioh can be imposed upon a curve, it does
not tell very much about the characteristics of the'chromosome and of
the,radiation particle involved. The secqnd modei presented was a
statisticai derivation of aberration yields as a fuhction of many of
the experimental parameterS'and probabilities. The value of this
~ approach is that it takes the particular experimental conditions into
co#sideration. In this way, all tﬁe dimensions of the chromosomes and
possible interaction distancés are included, as well as particular
information'aboqt-the particle such as its iET'and the dose imposed.
Howevér, thefe are so ﬁany uﬁresoivedvpérameters that this method also
reéorts to cuive fitting in the end. Also this model poétulates_the
éxiéten¢é of Cértain.parameﬁers which may not physically éxiét. For
example, one of the parametérs is the number of éites for chrémosomal'

damage, and such things may not exist, as recent evidence seems to
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indicate. Another problem with the statisticalimodel is that it
assumes a.single-stranded chromosbme, which may not be the case for
éil organiéms. "Also, the repair or recovery'ability of thé cells is
not'takeniinto consideration. Hdwevef, there is one redeeming fac-
tor: after simplifications, the two modeis boil down to the same
funétional relationship.

Section VIII considered the effects of the oxygen environment
durihg the ééurse of the experiment. .It was pointed out thgt‘OXygen
cohditiéhs play a more influential rOie for the less dense ionizing‘
radiations than for th; more densely ibhizing-radiétions. The reason
" for this is .that denéely ioniiing:radiations prodUce,OH radicals so
close to each other than HZOZ’ a molecule which attacks the'chrbmoéome;
is formed whether or not free OXygéhiis available. This.is not true
for the less dénsely ionizing radiations such as X-raysfandigamma4rays.
: Thus the evalustion of REE is dependen£ on the oxygen conditions of the
expériment. The kinetics of the oxygen'factor,is also coﬁsidered and is
foﬁndlﬁo be dependent>on the Iﬁf as eXpthed. | B

As can be seén,,ﬁﬁé state of the ért of chrbmosome%abérration
~ research is still in flux. -Mﬁch needs to be determined. - An interesting
'poiﬁt‘is each piﬁ of ihformatiqn in oﬁe'area of the problem influencesv

all the other areas. DBut, as each bit of information is established, the

R

~whole area of research comes closer to a realization of its goal.
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. GLOSSARY

Acentric. Chromosome fragment lacking a centromere.

Achromatic, lesion. A.section in the chromosome picking up no stain.

Alljum. A genus‘of.bulbous herbs distinguished by the characteris-
tic odor, sheathing, mostly basis leaves, and umbellate white, yellow,
or red flowers. |

Anaphase. The stage in mitosis in which the chromosome halves move
toward the poleé of the spindles.

Baéterial viruses (Bacteriophage). Viruses that multiply in bacteria.

Base analogs. Purines and pyrimidinesbwhich differ‘slightly in

structure from the normal nitrogenous bases.

Centrig ring. Chromosome fragment ring having a centromere.

Chiasma (pl. chiasmata). A fusion and exchange of segments of

chromatids occurring between members of a bivalent during diplotene.
Chromatid. A daughter strand of a duplicated chromosome which is

still joined to the other daughter to é,single centromere. ' '

Chromatid aberration. Aberrations in which the unit of aberration
formation is the chromatid.

‘Chfomatin. The granular protoplasmic SUbstance in the nucleus of
the cell that feadilyitékes a deep stain. The chromosomes are included
igvthe chromatin. .

. Chromomere. Bead-like areas of ihcréased déﬁsitj aiong-fhe chfomo;

nemata.

- Chromonema (pl. chromonemata). The fundamental element. of chromo-

somes which are observed in the light microscope as threads.
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Chromosome-type aberration. Aberrations which involve both chroma-

tids of a chromosome at idéntical loci.

Chromosin. An acid protein rich in tryptophan regardéd as a major
component of the chromosomes.

Deletion. Loss of a section of the genetic material from a chromo-
some . |

Delta-rays. Secondarj radiation, composed of electroos, pfoduced
by primary radiations. '

vDeoXyribonucleoside. The condensation product of a purine or

pyrihidine with the fiveécarbon sugar, 2-deoxyribose.

Deoxyribonucleic acid (DNA). A polymer of deoxyribonucleotides.

Deoxyribonudieotidé. A compound which consists of a purine or

pyrimidiﬁe base bonded to the sugar, 2-deoxyribose, which in turn is
bound to_a'phosphate group. .
Diceﬁtrio.“‘Chromos0me'thread having two centfomeresf_
Diploid. Tﬁe state of the chromosome in which each type'of ohromo—
soﬁe except for the sex chromosome is alwa&s represented twice.
' Dipiotenef The stage of the meioﬁio prophasé imﬁediately follow-
ing'pachyteno during whiohjﬁhe homologous chromosomes tend'tovfepel oné,

another. .

Escherichia Coli. A genus of aercbic rod-shaped bacteria.
- Histone. Basic protein molecules having a net pos itive charge.
' Interchange. Averrations with exchanges between chromosomes .

Interphase. The period between any two mitoses of a nucleus.

Interstitial deletion. Small‘fragménts deleted from between two

¢
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breaks very close to one another in the same chromosome.
Intrachaﬁge. Aberrstions with exchanges occurring within the
chromosome .

Isochromatid break. Aberration where sister chromatids are broken

in practically identical loci in both chromatids.

Isodiametric deletions. Small bodies, presumed to be chromosome

rings, most commonly of about 1 micron diameter.

lampbrush chromosome. A greatly enlarged pachytene'chromOSome
having apparehtly filamentous-granuiar loops extending from the chromo-_
meres.
. Lilium. A large genﬁs of herbaceous plants having'scaiy bulbs,
whorled or scattered leaves, showy flowers with a perianth of six seg-
ments, versatile anthers; a 3—lobed stigma, and a capsular fruit.

Linear energy,trahsfer (1ET). The number of energy-loss events per

unit length of the track of an ionizing particlé in units of kev/micron.

Nucleohistone. The combination of nucleic acids ahd histones.-

Oxygen enhancement ratio. The ratio of doses in two gas conditions

required to form the same number of aberra@ions.

Pachytene. A stage df'the meiotic prophase that immeéiately fol-
ldws zygotene and is charécterized by the splitting of paired chromo-
_éomeﬁ intovchromatids;vb' | | |
Polyteny. The state_of having many units of reduplicated dhromo—v
- nemata in closé loﬁgitudinal association.

?rotease. ‘An enzyme which hydrolyzes proteins and peptides.

Rad. The quantity of radiation which results in the absorption of
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100 ergs of enérgy per gram of the irradiated material.

Recombination. New combinations of linked genes.

. 9“
Relative biological effect. The ratio of the energy imparted to

" a uﬁit mass by therapy X—rays‘to the energy impafted to a unit mass by @
the given type of radiation in order to produce the same effect;
Rdehtgen. The dose of radiation which produces 2.1 g.109 ion
pairs in a volume of 1 cubic céntimeter of air.
| Saline. A salt-containing solution.

Thermal neutron. A neutron slowe& down by collisions with 1ight '

atoms to the speed of gas molecules at room temperature (about 0.025

‘ev at 15°C).

Thymine dimer. The 1inking of two thymines in adjacent nucleotides

through the opening of double bonds.

- Tradescantia. A genus of American herbs comprising.the'spideré
worts and having mostly narrow élongated leaves and 1arge white, pink,
or violet'ephemeral bracteate flowers.

'Tritﬁrué Viridescens. One form of a newt..

Vicia. A widely distributed genus of often climbing herbs having

pinnate leaves and'blue, purple or yellow fldwérs.
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