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ABSTRACT (Taken from Sumnary p.BZ )

A study of chromosome aberrations induced by l-B-D-
arabinofuranosylcytosine (Ara C) and Adriamycin (AM) in the
chromosomes of cultured human lyrnphocytes was made.

There were significant increases in the frequency of
aberrations with increasing concentrations of both Ara C

(2.5,5.0 and 10.0 vg/r;rt.) and AM (0.O1 , 0.05, 0.10 and 0.15
ue/ml). The frequency of aberrations induced by both drugs
also showed a 'leveIling offr above partieular concentrations.
For Ara C the effect of increasing treatment time was also
studied. The frequency of aberrations increased significantly
with increasing treatment times (2,3 and 4 hrs) although no

'levelling offr in the number of aberrations was observed.
The relationship between the frequency of the different

types of aberrations induced by Ara C and AM was studied. AM

allowed for a study of the relative frequency of chromosome
versus chromatid aberrations and fragurent versus exchange
aberrations. There were always more fragments than exchanges,
and always more chromatid aberrations than chromosome
aberrations. Aberrations induced bv Ara C were all of the
chromatid fragment type.

A study was made of the distribution of inter- and intra-
chromosomal aberrations in relation to light and dark G banded
chromosomes. Both drugs induced more aberrations in the light
G bands than the dark G bands. Both drugs showed distinct
clustering of aberrations in some regions of the ehromosomes
(hotspots), although the location of AM induced hotspots was

different from the location of those induced by Ara C. The

distribution of AM induced chromatid aberrations was different
from the distribution of the chromosome aberrations, &s were
the distributions of the fragment and exch?nge aberrations.
The different types of aberrations also differed in the number
of AM induced aberrations per unit length between the p and q
arms. There were more aberrations per unit length in the p

arm than in the q arm for exehanges, whereas for fragments and
chromosome aberrations the reverse was true. For chromatid
aberrations, there was no significant difference in the number
of aberrations per unit length between the p and q arms.
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Inrter-individual differences in the frequency of AM

induced aberrations wele obeerved in the .AM dosage experiments.
Also there w.as a suggest,!-on that the dlstribution of Ara C

indueed aberrations was dif,f,erent for dlffenent d.onors.
AM increased the frequency of sister chromatld

exchan8es,. Comparable results were not sought for Ara C

beeau"se after cells w€re exposed to Ara C they did not pa,S:s

through an g phase of ttle cell ey.cle, &€ is' the case for oells
exposed to All.

Tlte relevanoe of the present tn vit:o studies to eanqer
eheuotherapy is briefly discussed.
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INTRODUCTION

(a) General

Many chemical agents, including ehemotherapeutic drugs,
are known to cause chromosome damage in cultured celIs of
humans and other organisms (Kihlman, 1906; Shaw, 1gZ0).
Knowledge gained by studying the interaction of chemical
agents with chromosomes of cultured human cel1s should
provide information on the extent and location of the various
types of aberrations that these chemical agents produce. rt
is not necessarily the chromosomar aberrations per se but the
meehanisms by which they arise, that are of prime
importance; these may ultimately lead to information
concerning chromosome structure and function.

The most frequently used human cytogenetic test system
for the investigation of exogenous agents involves the use
of the peripheral lymphocyte. The advantages of this cell
type derive from its ease of access and relatively simple
curture technique, yierding large numbers of mitotic cerls
suitable for study. using this cell type an investigation
was made here of the effects of 1-B-D-arabinofuranosyl-
cytosine (Ara C) and Adriamycin (AM) on breakage in human
chromosomes.

(b) Chromosome Aberrat i-ons

The types of structural change that can occur within
or between chromosomes and chromatids are of two types,
namely the simple break and the exchange. A simple break
results in a chromosome deletion and a chromosome fragment.
If two breaks occur in reasonably close pt'oximity to each
other, they may interact to form an exchange... Aberrations
may be further subdivided into chromosome or chromatid
aberrations, depending upon the unit of breakage involved.
chromosome aberrations involve either a break or an exchange
at the same locus of sister chromatids, whereas chromatid
breaks or exchanges involve only a break at one of the
sister chromatids. Chromosome breaks are the result of a

lesion that has occurred before DNA replication. At
replication, the lesion is reproduced in both ehromatids.
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similar appearing lesions whieh occur after DNA replication
are called isoehromatid breaks. Exposure of cells to
mutagens in GI results in chromosome type aberrations,
whereas those produced in G2 are of the chromatid type.
Ce1ls trea.ted in the S phase show both chromosome and
chromatid breaks.

There are two main hypotheses used to explain the
relative frequency and mechanism of the different types of
chromosomar aberrations. The first is the "Breakage First
Hypothesisr' (Evans, L962; Lea, 19bb). The basis of this
hypothesis comes from studies on ehromosome damage produced
by X-irradiation (Staedler, 1931; Sax, lg40). The immediate
effect of x-irradi-ation is interpreted in this hypothesis as
being breakage, after which there are three possibilities:
restitution can occur, or the breaks can remain open or the
breaks can interact to produce an exchange. The breaks are
single hit events, and exchanges are two hit events. The
main evidence for this hypothesis comes from the observation
that the frequency of breaks increases linearry with the dose
of the radiation, while the frequency of exchanges increases
with the square of the dose (Sax, 1939, 1940, 1g4I; Lea,
1e55 ) .

The second hypothesis, the 'rExchange Hypothesis" (Reve1l,
1959, 1966), suggests that the immediate effect of X-
irradiation is the production of a "primary event" which,
though not specified, is not a break, and normally wourd heal
unress two "primary events" oceur close together. rf this
occurs then a second stage, ca.Iled exchange initiation, is
reached, during whieh exchanges between the two ehromatids
can take p1ace. The main evidence for this theory comes from
many studies in which the frequency of breaks has been
reported to increase with the square of the dose (e.g. Brewen
and Brock, 1968; Fox, L967; Revell, 1g6G). ..If breaks are
the result of an exchange between two "primary events", then
a dose squared relationship is expected. The similarity
between the exchange hypothesis and the meiotic crossing-over
process has been noted by several authors (Ostergren and
I{akonig, 1955). Normarly the crossing over proeess takes place
under cellular control at pachytene of meiosis. It is
possible that mutagens may create a situation in the mitotic
ceII which leads to a similar kind of process. Kihlman (1966)
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points out that since the induced exchanges are presum a bly
not under cellular control, it is not surprising that they
are asymmetrical and frequently occur between heterologous
chromosomes.

It has not been determined which theory is more correct.
although it should be noted that both hypotheses have been
based on information following X-irradiation; hence it does
not fo1low that aberrations produced by chemicals should fit
either hypothesis. It is also possible that one hypothesis
may explain the mechanism of chromosome breakage in some

instances while the other hypothesis may be applicable in
others.

Bender, Griggs and Bedford (1974) formulated a general
theory to explain aberrations produced by chemicals. The

theory is based largely on the conclusions of Kihlman (1966).
Bender et al. Q974) divided chemicals into four categories
depending on their effects and stage of the cell eycle at
which they operate, zs follows:
(1) Compounds producing gaps and deletions in late S and GZ

cells.

These compounds are inhibitors of the biosynthesis of
DNA and DNA precursors. The thymidine analogue 5-fluorode-
oxyuridine is perhaps the best known (Kihlman, 1955). Ara C

is also thought to belong to this group. The mode of action
of 5-fluorodeoxyuridine has been explained by the failure of
the chromosome to complete DNA synthesis, owing to the laek
of one or more nucleotide precursors, with gaps being left in
the newly synthesized polynucleotide strand as a consequence.
Aberrations could be produced in the G, nucleus by a mechanism
described by Ahnstrom and Natarajan (1966), who postulated
that a precursor deficiency (caused by fallure of the bio-
synthesis of one or more of the nucleotide triphosphates in
late S) night somehow result in the expression of a nuclease
activity in the G, nucleus. The main effect of compounds in
this class is the production of single polynucleotide strand
breaks, either directly through failure to complete poly-
nucleotide chain assembly, or indirectly, perhaps through
stimulation of a nuclease activi-ty.
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(2) Compounds producing chromatid aberrations of all types
in late S and Gr.

Compounds in this category produce chromatid aberrations
of all types, including isochromatid and exchange types, when
the ceIls are treated in late s and the G, phases of the ce1l
cycIe. They can also produce sub-chromatid aberrations in
cells treated in prophase, and also some chromosome aberrations
in cells treated while in their G, phase. This is, in fact,
exactly the pattern of aberration production associated with
ionizing radiations. compounds of this class produce double
strand DNA breaks. rt is thought that some are able to produce
double-scissions directly, whire others produce single strand
gaps that are particularly subject to attack by a single strand
nuclease. 8-ethoxyeaffeine (Kihlman, 1955) and streptonigrin
(Kihlman, 1964), are examples of compounds in this category.
It is also tbought that Ara C may fit into this class, &s well
as the first class mentioned above.

(3) Compounds producing chromatid aberrations of all types,
but only in cel1s treated in Ga and early S.

Most compounds producing chromosomal aberrations faI1
into this class. compounds of this class are known to react
directly with DNA and DNA precursors and produce only
aberratiorsof the chromatid type (Evans and Scott, 1969).
They produce a chemical arteration of polynucleotide chains
(but not a break) which, if still present when the cell
reaches the S phase, prevents local completion of the
synthesis on a new polynucleotide chain. Compounds in this
category are thought to act only in S because they cause gaps
in the newly synthesized strand opposite the lesions they
produced in the old DNA. Since the DNA is single stranded at
this point it is subject to attack by a singte strand nuclease,
thus producing double-strand breaks. These s.cissions
constitute chromatid breaks unless repaired by recombinational,
or post replication, repair processes. Examples of compounds
in this class are the alkylating agents (Evans and Scott,
1969 for example). It is also thought that AM may fit into
this class.



5

(4) Compounds producing chrornatid aberratiorsof al1 types
due to repair inhibition.

Compounds that inhibit normal enzymatic DNA repair fit
into this category. Three forms of repair may be distinguished:
excision repair, recombinational or post reprication repai-r,
and single strand break repair. Kihlman (1966) has listed a
number of compounds that may fit into this class as, €.g.,
theophylline and theobromine, which are known inhibitors of
recombinational DNA repair and also known to induce chromosomal
aberrations.

(c) Sister Chromatid Exchange

As well as inducing chromosome breaks, many chemical
agents, irradiation, and some genetic disorders have been
shown to increase the rate of sister chromatid exchange
(scE). scE's involve an exchange between sister ehromatids
essentially at identical loci. The first observation of scE
was made by Taylor (1958) who differentially'labelled the
sister chromatids using tritiated thyrnidine. sinee then
methods which give better resolution of differentially
stained sister chromatids have been developed. zakharov and
Egolina (1972) found that when chinese hamster cerls were
treated with 5r bromodeoxyuridine (BUdR) for two rounds of
DNA replication and then stained with Giemsa, the two
sister chromatids are stained differentially. The chrornatids
which are bifiliarly substituted with BUdR stain weakly
compared to unifiliarly substituted chromatids, which are
darkly stained. since then other methods of differential
staining of chromatids have been developed (Latt, LSTS;
Kato, 1974; Perry and Wolff, 1974; Korenberg and Freedlander,
re74).

SCE's have proved to be sensitive indicators of
carcinogenic and mutagenic agents. Perry and Evans (19?S)
treated Chinese hamster cells with 14 known or suspected
mutagens or carcinogens and found that all of the direct
acting mutagens gave significantly increased SCE's.

There is considerable evidence that the mechanism
involved in the production of cbromatid breaks is different
from that causing SCE's, ineluding the fact that certain
genetic conditions, such as Fanconirs anemia and ataxia



-6-

telangiectasia, which predispose cells to an increased
frequency of chromosome breaks, produce no enchancement
of SCE's (Galloway and Evans, 1975; Sperling, Ifegner, Riehm

and Obe , L975). Little is known about the lesions that lead
to SCE's. Lesions that lead to SCE's are thought to be

induced when the ce1ls are in S. The lesions induced in GZ

do not give rise to exchanges until after the ceIl has
passed through an S phase (Wo1ff, Bodycot, and Painter , 1974).
Whatever the nature of the lesions in the chromosomes that
ultimately lead to the formation of SCE's,it is thought that
the lesionswill be quite different from those that lead to
chromosome aberrations. SCE's,for instance, are induced at
high frequencies by chemicals that induce very 1ow frequencies
of aberrations (Latt, 1974; Perry and Evans, 1975); and they
are not markedly increased by low doses of ionizing radiation,
whereas chromosome aberrations are (Perry and Evans, 1975;
Wolff et &1. , L974).

It seems 1ike1y that SCE's can arise spontaneously (Kato,
L974). Wolff, Rodin, and Cleaver (L977) have postulated
that although the majority of SCE's are genetically neutral,
because equal amounts of sister chromatids are exchanged,
some unequal exchanges could oceur leading to, for example,
a deletion or an insertion. The exact biological significance
of sister chromatid exchange is still unknown.

(d) Chromosome Banding

Chromosome banding now allows one to pin-point more

accurately the location of breaks along a chromosome. The

distribution of breaks associated with various chemical and

radiation treatments, as well as ttspontaneous" breaks
associated wlth some genetic disorders, has suggested a pre-
dominance of breaks in the light staining regions of quinacrine
(a) and Giemsa (G) banded chromosomes (Aula and von Kosku11,
1976; Honeycombe, 1978; Savage, ITatson and Bigger, 1973, and

Seabright, 1973). The reason why breaks preferentially occur
in light bands is not fully understood. Q and dark G bands are
thought to be late replicating and rich in adenine and

thymidine while interbands are early



7-

replicating and guanine and cytosine rich (Comings et &1. ,

1973). Holmberg and Jonasson (1973) hypothesized that DNA

may be protected differentially in certain chromosome regions
by proteins, which may also be responsible for the banding
patterns; and that R banded regions may be less contracted
than others and, therefore, constitute a larger target.

(e) Distribution of Chromosome Breaks

The distribution of chromosome breaks over the chromosome
complement has been studied in both banded and unbanded
preparations. Most studies show a localization of breaks
(hotspots) in regions of particular chromosomes or chromosome
groups (e.g. San Roman and Bobrow, 1973; Morad, Jonasson and
Lindsten, L973; Funes-Cravioto, Yokavienko, Kuleshov and
Zhurkov, 1974; and Honeycombe, 1978). The localization of
specific chromosomal breakage may be useful in determining
the structure of chromosomes, particularly if the action of
the external agent under study is well understood.

Different agents generally induce aberrationsin
different regions of the chromosomes. Even studies using
identical agents can induce different non-random location
of breaks. For example, Casperson, Hay1und, Lindell and
zech (L972) reported that x-irradiation induced more breaks
in the centromeric and distar portions of the chromosomes,
whereas Seabright (1973) found a paucity of breaks in the
distal regions of the ohromosomes. The difference in the
distribution of chromosome aberratiorsusing the same agent
may be explained by the different timing of treatment,
different concentrations, different donors, or even, &s

Sutherland (L977) reported, a difference in culture medium.

(f) fnter-individual Responses to External Agents

fnter-individual response, in respect of either the
distribution of breaks over the chromosome complement, or
differences in breakage rate, caused by an external agent
warrant careful consideration.

Fragile sites on particular chromosomes are known in
some cases to be inherited (Fergusson-Smith, L973; and
Giraud, Aym6, Mattei and Mattei, 1976). Age differences have
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arso been associated with inter-individual responses to
various agents (Liniecki, Bajerska, Andryszek, 1g?1; Bochkov
and Kuleshov, l-972). Bochkov and Kureshov (L9Tz) studied the
effect of degranol on lynphocyte chromosomes and demonstrated
that the distribution of chromosome breaks varied irregularly
with the age of the donor. However, in the same study age
differences between individuals had no effect on the distribution
whenthio-tepa, rather than degranol, was used. Similarly, Do
differences in the distiibution of breaks between people could
be demonstrated in studies of patients suffering from anemia
or measles (von Koskurr and Aura, rgrz ) nor with treatments
with mitomycin c (Morad et &1. , L9TB) , thio-tepa and degranol
(Funes-cravioto et 41. , Lgr{) or x-irradiation (seabright,
1973). Differential effects in the distribution of breaks
between people, therefore, is very much an open and interesting
question.

(S) Ara C and AM

(1) Ara C 
,

Ara C is a synthetic nucleoside analogue of Zt -
deoxycytidine in which the deoxyribose of 2'-deoxycytidine
is replaced by arabinose. Ara c is rapidly transported into
the eer1, where it is phosphoryrated into its active form,
Ara crP (Momparler, Brent, Labitan, Krygier, lg7r; schrecker,
1e68).

The method by which Ara c causes chromosome damage is not
fully understood. Brewen and christie (196z) studied the
effects of Ara c on lymphocyte cultures and suggested that the
induction of aberrations was crosery related to a cell's
nucreoside poor and nuclease activity, in a way very similar
to that proposed by Ahnstrom and Natarajan (1966). That is,
breakage in Gz (or G, ) is due to a decrease in ttre triphosphate
pool, for example, favouring the breakdown of DNA by DNA
polymerase. such a decrease wourd result from blockage of
dCDP and dCTP production by Ara C.
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A number of authors have studied the effects of Ara c
on chromosomes in lymphocyte cultures (Kihlman, Nichols,
Levan, 1963; Brewen, 1965; Brewen and Christie, l-.g6?;
Brehaut and Fitzgerald, 1968; Ayraud, cantnelre and Lloyd,
L976). Brewen (1965) found that Ara c affected cel1s that
were in Gz, and that ce11s in the s phase were either srowed
or stopped in their progress to metaphase. others, using
different tissue cultures, have arso shown that the ceIl
cycle can be virtually stopped at the s phase in the presence
of Ara c, and so long as the concentration is not cytotoxic,
removal of Ara c will allow the ce1ls to proceed through the
S phase to G, (Graham and Whitmore, L?TO; Jones, Baker and
Benedict, 1976; Karon,'Ilenry, Weissman and Meyer, 1966).
Brewen and christie (1967) reported that Ara c produced
chromosome damage in the Gt and s phase of the celr cycle and
this was later confirmed by Benedict, Harris and Karon (rgzo).

rn the present study advantage was taken of the cel1s
inability to pass through the s phase in the presence of Ara
C. By using Ara C a few hours before harvest one may be
assurred that all aberrations are of the chromatid rather than
the chromosome type, thus preventing confusion between iso-
chromatid and chromosome type breaks.

The distribution of chromosome breaks over the chromosome
comprement was studied by Ayraud et al. (19z6), They reported
that nearly all breaks were located in the light regions of R

banded preparations, i.e. the equivalent dark bands of e and G

banded preparations. They arso reported that although the
distribution of breaks was consistent for the five individuals
studied, the frequency of breaks at certain sites was
significantly higher than at others. These ineluded 1p31,
3p14, 5p14, 5q21, 7p31 and 9q1. Ara C has been shown to
increase scErs in chinese hamster celrs (Benedict and Jones,
1979) . wolff et aI. (1974) demonstrated that ..u1tra-violet
irradiation can promote conditions conducive to SCE

formation at any stage of the ce1l cycle, but this resurts
in scE's only when the eells pass through the s phase. rt is
not known whether Ara c has the sarne effect. rf it has then
one would theoretically not expect en elevation of the scE
frequency after Ara c treatrnent, since all cells that were
scored at metaphase were in late S or G, at the time of
treatment (because of the effect of Ara C on tbe ceI1 cycle;
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see above ). This expectation was tested in the present
study.

(2) AM

AM is an anthracycline antibiotic isolated from
streptomyces peucetius var. caesius. The cell kinetics of

AM are not well known arthough it has been shown that its
biological aetivity is related to its ability to bind
specifically with DNA by intercaration between adjacent base
pairs of the DNA, resulting in the inhibition of nucleic acid
synthesis (Di Marco , 1975; Di Marco , zanino, sirvestrini,
Gambarucci and Gambetta, rg7r; pigram, Furler and Hamilton,
1972; Yamamoto, Acton and Henry, IIZZ; Schwartz, LgZ6;
Goodman, Lee and Bachur, L9ZT).

Aberrations induced by AM are of both chromatid and
chromosome types and incrude fragments as well as exchanges.
The effect of AM appears to be cel1 cycre specific. using
chinese hamster ceI1s, Hittleman and Rao (1gzb) have shown
that AM does not delay the progression of G, cells into the
s phase of the cell cycle but does prolong the duration of
the s and G, phases, and this effect was dose dependent.
The prolongation of the Gz phase was greater than the
prolongation of the s phase. AM is capable of inducing
chromosome damage at all stages of the cell cyc1e, altbough
cells treated during G, appear to have relatively fewer
chromosome aberratlons than those treated in s and G, (vig,
L97L, 1973). Hittleman and Rao (192b) also showed that ce11s
exposed to AM during s are more sensitive to chromosome
aberrations than those treated in GZ.

A number of authors have studied the effect of AM on
cultured human lymphoeytes (vig, l-g7]-, lgzg; Massimo, Dagan-
Bricarelliand Fassati-Guglielmoni, lgzo; Nevstad, 1g?8).
vig (1971), using unbanded preparations, reported that the
distribution of exehange points arong the chromosome was non-
random. chromosomes 21 and 22 had more exchanges per unit
rength than expected and chromosome g and the y chromosome
showed a paucity of exchanges.
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Nevstad (f978) studied the effect of AM on the
frequency of SCE's in cultured human lymphocytes. He

reported that at very low doses of AM a significant increase
in SCE's could be detected when only a few chromosomal
aberrations could be detected.

(h) Aims of this Study

Following preliminary investigationsaimed at ascertaining
suitable coneentrations of Ara C for use in inducing
chromosome breaks and for obtaining some knowledge of the
effect of the drug on the ce11 cycle, the following aims
were formulated.

(i ) To record the effect of different concentrations of
Ara C and AM on the frequency of chromosome breakage
in order to study the dose kinetics of these two
drugs.

(ii) To record the effects of different treatment times
on the frequency of Ara C induced aberrations in
order to provide information on the sensitivity of
the chromosomes to breakage at different periods of
time during late S and the G, phases of the cel1
cycle. A similar approaeh was not extended to AM

since the stage of the ce11 cycle in which Ara C

induced aberrations arise could not be accurately
i dent i fied.

(iii) To compare the frequency of SCE's with the frequency
of chromosomal abemations for dif ferent concentrations
of AM. A similar comparison could not be made for
Ara C because no increase in the frequency of SCE's
above the controls was expected with. Ara C since the
cells studied did not pass through an S phase.

(iv) To record the frequencies of the different types of
aberrations induced by Ara C and AM. For AM this
allowed for a study of the frequency of chromatid
versus chromosome aberuations and the frequency of
fragment versus exchange aberrations. Aberrations
induced by Ara C were all of the chromatid fragment
type, which allowed for a study of this one class of
aberration without confusion from other classes.
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(v) To reeord the distribution of, Ara C and AM' induced
abemationsover the ch.ronosome conple:ment, both
intra- and inter-ohrronosomaltry, iD order to relate,,
if posslbJ.e, t,be locatlon of the abenrationg to
chromosome structure.

Particul.ar attentl-on in aLtr- of the above alns was given
to the posslblLities of inter-lndividual differenees. a1l
r€'solts were analysed usl-ng the t'Teddybe.arii s,tatistica). pae,k-
age (Wilson , 1979). This allowed for a power:f,ut and
nethodical apprEaah for the .analysis of the resuLts, .
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METHODS

Human peripheral blood lymphocytes were cultured using
a standard microculture technique (e.g. Hungerford, tg6b;
see appendix f for details). Briefly, heparinized blood
lymphocytes were stimulated with PHA-m (Difco) and
cultured in Hams F10 medium supplemented with AB serum.
colchicine (sigma) was added 1* hours prior to harvest at a
final concentration of 1 pg/ml. Hypotonic treatment was in
o.4% KcL solution for 15-30 minutes. The celrs were fixed. in
chilled methanol-gracial acetic aeid (B:l) mixture, centrifuged
several times until the cell suspension was clear and d.ropped
onto chilled, moist slides and flame dried.

Chromosome aberrations were scored in lymphocytes
treated with Ara C or AM as fo1lows.

Ara C: Ara C was added at final concentrations of Z.5, S.O
or 1O.O pg/ml and treatment times before fixation were Z, 3

or 4 hours. Deionized water was added in the place of Ara c
to the control cultures set up for each experiment. Five
donors (3 females and 2 males) ranging in age from Lg-26 years
old were used. 2oo ceIls were scored at each concentration
and each control. Replicate cultures were not set up because
of the problems involved in handling too many separate
lymphocyte curtures at any one time. The above experiments
required the handling of 6o separate cultures more-or-less
together.

AM: Cells to be treated with AM were initially grown for
40 hours. At 4o hrs, AM was added at final concentrations
of O.OI, O.05, 0.10 or 0.15 Ug/ml. Treatment time was for
6 hours. At 46 hours the cells were centrifuged out of the
medium containing AM and washed 3 times in Hanks Balanced
saline solution and recultured in fresh medium for another
20 hours before fixation. Deionized water was added in prace
of AM to the control cultures set up in each experiment.
5 donors (3 females and 2 males) ranging in age from 19-26
years old were used. Three of these donors were the same

as those used in the Ara C experiments. One replicate
culture was set up in each case, making a total of 60
separate lymphocyte cultures to be handled at any one time.
2OO cells were scored at eaeh concentration.



L4

Examination of the location of chromosome breaks was
conducted on lymphocytes to which Ara C was added g hours
before fixation at a final concentration of 5.0 pg/nl. fn
the case of AM, the O.Ob Ug/nl concentration was used. These
treatments gave the best results for studying chromosome
breaks as there was a good percentage of celIs with breaks,
but the mitotic index was not too severly affected. For
Ara C, 400 cells were studied from 3 of the donors. Onty 2SO

celrs could be studied from the other 2 donors because of the
poor quality of the G banding on some of the stides. For AM,

4OO cel1s were studied from each donor.
The effect of increasing eoncentrations of AM and Ara C

on the SCE frequency was recorded in lymphocytes using the
same treatment times as used in the G banding experiments
above. For AM, the concentrations used were 0.01 and O.Ob

vg/ml, and for Ara C, 2.5 and 1O.O ug/rnl . For Ara C, four
of the five donors from the dosage experiments were used
for AM the same five from the AM dosage experiments were
used. Deionized water was added in prace of either Ara c or
AM to the control cultures. one repricate curture was set
up in each case and at reast 25 cells were scored from eaeh
culture.

For G banding, flame dried preparations were ineubated
at 6OoC overnight and then treated with trypsin, prepared by
adding deionized water to dehydrated trypsin (Difco) and
made up to a O.05% solution in O.O6M phosphate buffer at
pII 8.0. Treatment with trypsin was for l-2 minutes, after
which the slides were thoroughly washed in phosphate buffer
and stained in 10% Giemsa (BDH) for 6-8 mj.nutes.

For differential staining of the chromatids (see Perry
and Wolff, 1974) bromodeoxyuridine (BUdR) (Sigma) was added
to the culture medium at a final concentration of 10 ug/ml
All cultures were incubated in the dark. Flame dried slides
were left for 5 days after preparation and then immersed in
1.O pg/ml Hoeehst 33258 for 12 minutes, rinsed in 2 x sodium
saline citrate (SSC) and finally mounted with a coverslip in
2 x SSC. Slides were placed in a moist chamber and exposed
to daylight for 24 hours, followed by removal of the cover-
slip and incubation in 2 x SCC at 6OoC for 2 hours, rinsing
in phosphate buffer and staining in IO% Giemsa for 10-12
minutes.
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Slides were coded by an assistant such that scoring
was done 'tblind'f . cells containing 46 chromosomes were
selected under 125x magnification so1e1y on the basis of
adequacy of the chromosome spread (aberrations cannot be
detected with any confidence at this magnification ). Ar1
celIs so selected were subsequently scored under lzbox
magnification. G banded celrs were selected under lzbox
magnification solely on the basis of the quality of the G

bands, and all cells so selected were either scored micro-
scopically or photomicrographically .

The classification of Schoeller and Wolf (1920) was
used to distinguish chromatid and chromosome breaks from
gaps. Briefly, a break occurs when the "broken', chromatid
or chromosome j,s completely displaced, or dispraced at an
angle greater than 9oo from either the other ehromatid or
the rest of the chromosome. However, when studying banded
preparations one modification to this procedure was made.
A break was scored regardless of whether or not the "broken"
ends were displaced if the amount of missing chromatin was
greater than the width of the chromatid under study.
Aberrations other than those so defined above constitute
gaps, and were not included in any of the analyses. For
scoring of aberrations, standard criteria were used (e.g.
Comings , L974). In the case of Ara C only two types of
breaks occurred, namely isochromatid and chromatid breaks
(p. g ). Isochromatid breaks were scored as only one break
rather than two. The crassification of vig (1921) was used
for scoring the various types of breaks induced by AM.

rsorated fragments (or breaks) were of the chromatj-d type
if only one of the two chromatids was broken or deleted at
any one point; where both chromatids were. affected, the two
sister fragments were scored as one chromosome fragment.
Exchange and i-ntra-chromosomal reunions were elassed as
chromosome or chromatid breaks, depending upon whether the
origin could be traced to a single stranded or double
stranded chromosome. Thus dicentrics and rings were
considered as chromosome exchanges, whereas triradials were
classed as chromatid exehanges.
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The 1971 Paris Conf,e.rence convention was used for
assignlng b're'alrpoints ts G b,ands, except that 6p11 and

6p12 could not be distinguished and were jointly labelled
6p11, BS ln the Parls Conference supXllenent of L976.
Belattve sj.zes of c-hromosotrres, were ealculated using the
data of von Koskull and Aula (1973).

Data were analysed using tbe "Teddybrear" corlputer
prograame of l[ilson (L979). This prograiilne ean be used
for analfsis of varianee, eovarianoe, multl-variate
ana.l.ysis of varl,ance , discrininate analysig, and
re,gressi,on and eornelation.
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RESULTS

A. Effect of Dose of Ara C and Treatment Times on the
Chromosome Aberration Frequency.

Ara C induced isochromatid and chromatid breaks (Fig. I
exemp.lifies the breaks). An analysis of covariance showed
that there was a significant (p < O.0l) linear relationship
between chromatid (c) and isochromatid (r) breaks, specified
by the equation

c - 22(5.O) + 1.6(0.2)r,
where the figures in brabkets represent the standard errors
(see appendix S for regression graph). The slope of the
relationship does not change with concentration leve1s
(p = 0.82), different treatment times (p = 0.83), nor
treatment time by concentration (p = 0.94). Therefore the
chromatid and isochromatid aberrations were pooled.

Because no replicate cultures were set up for the
studies of the effects of different concentrations and
treatment times of Ara C (p. 13) the differences in the
number of breaks between donors were treated as the
experimental error (Table 1). Table I shows that the
variance attributableto donor variation (375.37) is very
small compared to the variance attributed to either
concentration (13915.27) or treatment time (L444O.47).
This suggests that the donor variation has very little
influence on the amount of damage induced by Ara C for
different concentrations and different treatment times.
Therefore the data from the five donors was pooled.

Figs. 2 and 3 summarize the effects of Ara C at three
concentrations and three periods of time before fixation.
There was a significant difference in the breakage rate
with both increasing concentration and increasing treatment
tiure (Table 1). A Duncan's multiple range test showed that
at all treatment times the effect of 5 ug/ml was significantly
greater than the effect of 2.5 Ug/ml (p < O.Ol). The

difference ln breakage rate being more pronounced at 3

and 4 hour treatment times than at 2 hours (Fie. 2>. At
all treatment times there were stlll more breaks at 10 pg/ml,
though the differences between 5 and 1O ug/m1 were not
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statlsti.cally signlficant with the pre'sent sampl,e size
(p > 0.O5). A DuncantE nutrtiple f,auge test showed t,hat
there wetre significaatly more breaks wlth longer treatment
ti.mes at all three doses (p < 0.01), except for the low
dose, short treatneat ti.ne st 2,5 pg/nl fot 2 hours CFIS. 3),.
Fig. 3 also shows the observed nean nunber of bre,aks Ber
IOIOO'cerlls, obtai-ned by sunming and ,averaging the data of the
three dos,es f,or eaeh treatment tlne; and an exltected !le,an,
cal,eul-atrbd in the s:Eme rnanner after assruring a doubling of
aber:ratlons wlth a doubling of treatnent time (F1,9 . 4).
T,he inereasi.ng divergence of these two neane wlth increasing
treat:ment tlme suggests that the nrfgber of, Ara C tnduced
aberrations d.oes not increase as rapidly as it would lf,
there were a llnear reLat.lonshlB between treatmerit tine and
breatage rate,
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TABLE 1

AnaLysis of variance for the nunber of chromatid (tneluding
i.Eoehronatid) abemationslnduce.d. by Ara C at different
concentrati.ons and treatrnent tines in cuLtured human
lynphocytes.

SOUBCE .OT' VABIATION DF IIS . F P

Concentration

. Tre,atnent Tlme

Coneentration by
Treatrent Tine

Error

TONAL

2 L39L6 ,27 g7 .O'T O. 0,0

2 L4446 ,.47 3g .49 O. 00

4 854. 53 2 .2;,8 0 . 08

36 37s..37

44. L613.97

IIF llegrees of lreedom
MS Mean square
F F-stattetl.c
p Probablllty
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Fig.1. Aberrations induced by Ara C' Photographs

a-f show chromatid aberrations' Photograph

c also shows an isochromatid aberration'
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B. Dosage Effects of AM : Chromatid versus Chromosome
Aberrations and Fragments versus Exchanges.

AM induced chromatid fragments and exchanges and also
chromosome fragments and exchanges (Fig. b exemplifies the
AM induced aberrations) A study was made of the frequency
of t.be "totalr' aberrationswith increasing concentrations of
AM and then separate studies were made of the frequency of
chromatid versus chromosome aberrations and the frequeney of
fragments versus exchangeswith increasing concentrations of
AM.

(i) Total Aberration Frequency

A Nested model of fixed effects (Table 2) shows that
there is a significant difference (p < o.0b) between the
five donors in the amount of total breakage induced by AM.
A Duncanrs multiple range test showed that the chromosomes
of donors v(c) and x(A) had significantly fewer aberrations
than donors u(H), w and Y (see also Fig. 6). There was also
a significant difference in the number of aberrations (p < 0.01)
with different concentration levels. These results caution
against pooling data. However, the difference between donors
was consistent at the four concentrations of AM (p = O.72):
i.e. donors who have a row amount of chromosome damage at
low doses also have a low response at. higher doses of AM.

This does, in fact, allow the breaks from the b donors at
each concentration level to be pooled. Fig. 6 summarizes the
total number of breaks per fOO cells for each of the s
individuals and gives the mean obtained from the poored data.
Overall the breakage rate increases sharply up to 0.0b Ug/ml
and then lt begins to leve1 off. The variation of total
breakage over the four concentrations comprised a very highly
signiflcant (p < 0.001) linear component and a highly
significant (p < O.O1) quadratic component (Table Z).

(ii) Chromatid versus Chromosome Aberration Frequency

fsochromatid breaks are morphologically indistinguishable
from chromosome fragments and they have been scored as
chromosome fragments in this study. The size of the error so
introduced in this study of chromatid versus chromosome

aberrations is unknown; it is inherrent in the scoring
procedure.



25

Table 2 shows that the number of chromatid aberrations
was signifieantly different (p < 0.01) from the number of
chromosome aberrations: Fig. 7 shows that there were more
chromatid aberrations than chromosome aberrations at all
concentrations. However, the relationship between breakage
and increasing dose (Fig. ?) was significantly different
(p <"O.05) for the chromatid versus the chromosome aberrations
(Tabre 2). This was mainly due to the reratively slow rate
of increase of ehromosome aberrations compared to that of
chromatid aberrations at the 0.15 ug/ml concentration (Fig. T).

Chromosome and chromatid aberrations were further
classified into fragments and exchanges (Fie. T). There
were more chromatid exchanges than chromatid fragments at all
concentrations. The chromosome fragments made up by far the
greatest nurnber of the chromosome aberrations: only a few
chromosome exchanges were scored. rt is interesting to note
that the number of chromosome fragments actually decreased
between the O.IO and 0.15 Ug/rnl concentrations.
(iii) Fragment versus Exchange Aberration Frequency

The relationship between increasing concentrations of
AM and fragment and exchange aberrations was also studied.
Table 3 shows that there was a significant difference (p < o.ol)
between the nrlnber of fragments and the number of exchanges
induced by AM. Fig. 8 shows that there were more fragments
than exchanges at all concentrations although this was
largely because there were very few chromosome exchanges.
The relationship between breakage and increasing dose was
significantly different (p < 0.05) for the fraguent versus
exchange aberrations. similar to the above, this was mainly
due to the relatively slow rate of increase of exchanges
compared to that of fragments between the O.10 and 0.15 Ug/ml
concentrations.

Fragments were further classified as chromosome and
chromatid fragments (Fis. 8). At all concentrations there
were always more chromosome fragments than chromatid fragments.
Ilowever, the frequeney of chromosome fragments decreased above
the 0.10 Ug/ml concentration, whereas the frequency of
chromatid fragments increased.

As already noted, the chromatid exchanges made up most

of the exchange aberrations, as only a few chromosome
exchanges were recorded (fig. 8).
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TABLE 2

A Nested model of fixed effects comparing chromatid and
chromosome type aberrations induced by AM in cultured
human lymphocytes for different donors and different
concentrations of AM.

SOURCE OF VARIATION DF MS F P

Donors tested against R 4 601.49 3.44 O.O3

Concentrations tested
against R 3 5855.03 33.51 0.OO

Concentrations (linear)
tested against R 1 L5694.27 89.83 O.OO

Concentrations
(quadratic) tested
against R 1 1736.36 9.93 0.Ol

Concentrations (cubic)
tested against R I 134.47 O.77 0.38

Aberration Types I 6372.45 104.04 O.0O

Replicates 20 I74.7O 2.85

Donors by Coneentration
tested against R LZ 125.35 O.72 O.72

Donors by Aberration
Types tested against
TR 4 L2A.26 2.O9 0.12

Concentrations by
Aberration Types
tested against TR 3 269.62 4.4O O.O2

Donors by Concentrations
by Aberration Types
tested against TR L2 84.22 1.38 0.26

Error (TR) 20 61.25

TOTAL 79 44L.76

Legend: R = Replicates
T = Aberration Types
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TABLE 3

A Nested model of fixed effects comparing fragment and
exchange aberratlon induced by AM in cultured human

lymphocytes for different donors and different
concentrations of AM.

SOURCE OF VARIATION DF MS F P

Donors
tested against R 4 601.49 3.44 0.03

Concentrations
tested against R 3 5855.09 33.51 O.OO

Aberration types 1 5951.25 95.83 0.0O

Replicates 20 L74.7O 2.8L .

Donors by Concentration
tested against R L2 125.35 O.72 O.72

Donors by Aberration
Types
tested against TR 4 101.69 L.64 O.2O

Concentration by
Aberration Types
tested against TR 3 305.75 4.92 0.02

Donors by Concentrations
by Aberration Types
tested against TR 12 54.72 0.88 0.58

Error ( TR ) 20 62 .L2

TOTAL 79 432.L9

Legend: R = Replicates
T = Aberration Types
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Fig.5. Aberrati.ona Lnducedl blr llt!. (a) el,soqratid
fragment and ehromosorie elrchangp (tlicentrtcl i
(bl ehroroserne f;agmenGsr (cl chronatid
(dl c,trronosdme and chrmatld fragruent; (el
chronosme fragment aad ellroltosoue exchange;
(f I c.hronatlil erchange,
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C. Summary of the Effects of Ara C and AM on the
Aberration Frequency

(i) Both drugs caused an increase in chromosome damage
with increasing concentration. For Ara c, inereased
treatment times caused an increase in the frequency

" of chromosome aberrations. (The effect of increasi-ng
treatment time with AM was not studied).

(ii) Ara C caused no significant inter-individual
differences, neitherfor dosage nor for treatnnent time.
Hbwever, for AM there were significant inter-
individual differences .

(iii) AM caused more chromatj.d aberrations than chromosome
aberrations; the relationship between breakage and
increasing dose was significantly different for the
chromatid versus the chromosome aberrations. similarly,
there were more fragrnents than exchanges produced by AM;

and the relationship between breakage frequency and
increasing dose was significantly different for the
fragment versus the exchange aberrations.
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D. Localization of Breaks in G Banded Chromosomes

For Ara C, a total of 1203 chromatid and isochromatid
aberrations was studied, of which 909 (76%) were assigned to
particurar G bands. For AM, a total of l28l aberrations was
studied, of which 938 (74%) were assigned to particular G

bands. rn each case the remaining aberrations were not
locali'zed either because of poor banding or because in some
cells too.many aberrations made it difficult to accurately
assign aberrations to a particular band.

Breaks induced by Ara c and AM were assigned to either a
tight band or a dark band. The percentage of breaks occurring
in light staining regions was 6G% for Ara c and 68% for AM.
In some cases breaks were observed close to or at the interface
of the light and dark bands. such breaks occurred at a
frequency of 2a% Q79l9o9) for Ara c and rr% (L6Llg4B) for AM.

There is some doubt as to whether these breaks should be
assigned to a separate "interface" class of breaks or assigned
to the band that the breaks are visualized in. rn this study
breaks occurring close to an interface were always assigned
to the band that they were visualized in. rf the break
appeared at the interface it was always assigned to the adjacent
light band (see t'Discussion" section p. ?6 for the rationale
for this ) .

A remarkabre consistency was found (and verified by a ehi-
square test ) in the frequency of breaks occurring in the light
staining regions between ther five individuals for both Ara c
and AM (tabre 4). For AM, there is clearry no significant
difference in the frequency of breaks occurring in the light
bands between the four different types of aberrations (table
4 (b ii)): all aberration types showed approximately 63%

occurrenee in light G bands.
The frequency of breaks occurring in the light bands of

Ara C and the light bands of AM is not significantly different
(p < 0.01) .
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TABLE 4

The nuslber of Ara C and AM induced aberratlons occurring
ln the Ltght and dark G bands ln chromosomes of cultured
human lymphocytes for dlfferent donors.

(a) Ard, C

DONOR E(U) c(v) A( x) TOTAL

Light Bands
Dark Bands

% r,rgnt Bands

L52

81

65

86

42
67

85

4T

67

139

73

66

x(a)

138

72

66

600

309

66

TOTAL

(b) AM

(i) Different Donors

u(H) v(c )

Light Bands
Dark Bands

% Light Bands

L22
74

62

2L8
67

66

L2T

79

6I

97

69

58

L25
66

65

CflROMOSOME
FRAGMENTS

593

355

63

CI{ROMOSOME
EXCHANGES

(li) Different Aberration Types

ABERRATION CEROMATID CHROMATID
TYPE FRAGIIEIfTS EXCIIANGES

Light Bands
Dark Bands

% Light Bands

L42
79

64

2L2
t24
63

20t
137

60

32

2L

60
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Distribution of Aberrations betrveen Chromosomes and

Chromosome Arms

The regression of breaks against relative chromosome
length (see Appendix 2 for regression graphs) was significant
(p < O.Ol) and had an intercept consistent with being zero
for both Ara C and AII. Hence, the ratio of hreaks to relative
length was considot'cd an app.ropriate variate 'to compare
chromosomes, chromosome arms and donors for each of the drugs.

To study the number of breaks in the p and q arms, two
groups of chromosomes were considered.

(a) Chromosomes L-L2, L6-2O, and the X chromosome,
al.l of which have clearly defined p and q arms.

(b) Chromosomes 13-15, 2I and 22, all of which were
consi-dered to have no p arms.

The Y chromosome was not included since onlv one break was
found in the male individuals studied.

(a)

I

Chromosomes l--l-2 16-20 and X

Ara C

No satisfactory statistical method could be devised to
compare the distribution between chromosomes and chromosome
arms of the chromaLid versus the isochronatid aberrations. A

cursory examination of the distribution of chromatid versus
isochromatid aberra'blons showed no apparent differencb.
Quantitatively, thc ratios of isochromatid to chromatid
aberrationsat regionsof the chromosomes where high yields of
aberrations allowed meaningful comparisons to be made rnere
similar (see appendix 4). Therefore the two types of
aberrations welre pooled.

Table 5 shows that there was a significant differenee
(p < O.O5) between the chromosomes in the number of Ara C

induced breaks per unit length of chromosome. However, a
Dtrncan I s mul'biple range test was not able to distinguish any
one group of chromosomes as being different from others. Fig.
9 shows the chromosomes ranked according to the mean number
of breaks per uniL length, summed over the five donors.
Chromosome 3 and the X chromosome had the most number of
breaks per unit lengLh while chromosomes 15 and 18 had the
least. There was no significant difference in the mean

number of breaks per unit length between the p and q arms.



AMII

36

Different donors showed a signifieant difference in
the number of breaks per unit length. This significant
difference was inconsequential because different numbers of
cells were scored for different donors. Ilowever, the inter-
action of "donors by chromosomes" was consistent and this
allowed the results from the five donors to be pooled. and the
breaks plotted to show their distribution rerative to the
chromosome bands (Fig. f0). Non-random distribution of breaks
between varj.ous G bands is difficult to show statisticalty
because methods of measuring the lengths of individual bands
are not available. However, Fig. 10 shows a number of regions
which appear noticeabry "hot". These "hotspots", which for
the purposes of this study are bands with lO or more
aberrations, occur at the following bands: 1q21, Lq3Z, 3p2I,
3p14, 3p13, 4q31 , 7qLL, 7q32, 9q1-2, J-2pI2, 12q13, L6q24, LTqZL
and Xp22.

The AM data were analysed firstly by studying the total
aberrations induced by AM and secondry by studying the different
types of aberrations that make up the total AM induced
aberrations. rn some instances heterogeneous data were
pooled to enable comparisons to be made with the present
Ara c study and other related studi-es. The justification
for such pooling is biological: during cancer chemother&pv,
for example, it is of littre consequence to a cell whether
cytotoxicity is induced by a chromatid exchange or a chromosome
fragment.

(i) The Distribution of the Total Aberrations

Table 6 shows that there was a significant difference
(p < O.OI) between the chromosomes in the mean number of
aberrations per uni-t length. A Duncan's multipre range test
was not able to distinguish one group of chromosomes from
another. Fig. 9 shows the chromosomes ranked accord.ing to the
number of aberrations per unit length summed over the five
donors. The greatest number of aberrations per unit length
were found in chromosomes 13 and 21, while the least were
found in chromosomes 19 and 20. There was no significant
difference in the number of breaks per unit rength between
the 5 donors, nor between the p and q arms. There was,
however, a significant (p < O.Ol) "chromosome by chromosome
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armrf interaction; i.e. some chromosomes had more breaks
per unit length in the p arm than the q arm, whereas for
others the reverse was true.

Since there was no significant difference in the number

of aberrations per unit length over the five donors, nor in
the "donor by chromosome arm" i-nteraction, the total number

of aberrations for each donor was pooled. Fie. 11 shows that
there was a non-random distribution of aberrations relative
to the G bands, and "hotspots" occurred at 1p32, 1q11, 6pZ:-.,

6q2L, AqzZ, 13qI2, 13q14, i4q24 and,22qL3.

(ii ) The Distribution of Chromosome and Chromatid Aberrations

Table 7 shows that there were significant differences
(p < 0.01) in the mean number of chromosome aberrations per
unit length between chromosomes, and between chromosome arms.
A Duncan's multiple range test showed that there were sign-
ificantly more aberrations per unit length in the q arm than
the p arm. Table 7 shows that the difference was not
consistent for different chromosomes: i.e. in some chromosomes
there were more aberrations per unit length in the p arm,
while in others there were more aberrations in the q arm.
But overall there were more aberrations in the q arm. For
chromatid aberrations there was a significant difference
(p < O.O1) in the number of aberrations per unit length over
the chromosomes (Table 8). However, there was no significant
difference between the number of breaks per unit length in
the p and q arms, although there was a significant (p < 0.OI)
frchromosome by chromosome arm" interaction.

Figs. LZ and 14 show that the distributions of chromosome

and chromatid aberrations were different. The greatest number
of chromosome aberrations per unit length were found in
chromosomes 6 and 4 and the least in chromosomes 17 and 18,
whereas the greatest number of chromatid aberrations per unit
Iength were found in chromosomes 13 and 2I and tbe least in
chromosomes 19 and 20.

The chromatid aberrations were further classified as

chromatid fragments and chromatid exchanges. Tbe chromatid
fragments were randomly distributed over the chromosomes
(Table 9): i.e. there was no significant difference in the
mean number of breaks per unit length between chromosomes

or between chromosome arms.
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The distribution and frequency of the chromatid
exchanges and "total exchanges" is similar (Fig. 8 and

Tab1eslO and 12) because relatively few chromosome exchanges
were recorded. Therefore, chromatid exehanges and "total
exchanges" are considered to be analogous, and both are
referred to together as "total exchanges" in the next section.
The chromosome aberrations were not further classified because
mostly they were of the fragment type with only relatively few
exchanges 'occurring.

(iii) The Distribution of Fragment and Exchange Aberrations

Table 11 shows significant differences (p < 0.O1) in the
mean number of fragnents per unit length between chromosomes
and between the p and q arms. For exchanges (i.e. "total
exchanges") there were significant differences (p < O.Ol) in
the mean nunber of exehanges per unit length between donors,
between chromosomes and between chromosome arms; and there was

also a significant (p
interaction (Table LZ). A Dunean's multiple range test showed

that the chromosomes of Donor 'rWf' were involved in significantly
(p < O.OI) more exchanges than the other donors (see table of
means appendix 3-12 ). There were significantly more exchanges
per unit length in the p arm than the q arm, whereas for
fragments the reverse was true. The distribution of fragments
and exchanges was different over the chromosome complement
(Figs. 13 and 15). The greatest numbersof fragments per unit
Iength were found in chromosomes6 and 4 and the least in
chromosome 18. For exchanges the satellite chromosomes 2I, 13

and 14 were involved in the most number of exchanges per unit
length and chromosomes 19 and 2O were not involved in any

exehanges. Fig. 16 shows the frequency of chromosomes involved
in exchanges. For convenience exchanges involving three
chromosomes are shown as exchanges involvlng only 2 chromosomes

in their three combinations. The most conmon exchanges were

those involving chromosomes 13 and 14 and chromosomes 13 and 15.

The fragments were further classified as chromatid fragments
and chromosome fragments. As already discussed in the previous
section, the ehromatid fragments are distributed randomly
between the chromosomes (Tab1e 9). The distribution and

frequency of the chromosome fragments and chromosome aberrations
are similar (Tables 7 and 13, Fig. 7), because relatively few
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chromosome exchanges were recorded. Therefore chromosome

fraguents and chromosome aberrations are considered to be

analogous, and both are discussed together as chromosome
aberrations in the previous section.

The exchanges were not further classified as most were
ehromatid exchanges ahd relatively few ehromosome exchanges
were recorded,

(b) Chrgrqosones 19-]5. 2l and 22

The data ln Tables L4 and 15 show no evidence for any
difference in the mean number of breaks per unit length
between the ehromosones or between the 5 donors.
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TABLE 5

Anarysis of variance for the total no. of breaks induced
by Ara C in chromosomes of cultured human lymphocytes: -
chromosomes 1-12, 16-20, X.

SOURCE OF VARIATION

Chromosomes

Donors

Chromosome arms

Chromosomes by Donors

Chronosomes by
chromosome arms

Donors by Chromosome
arms

Error

TOTAL

L7

4

1

68

L7

3.40

8.35

2,L7

L.76

2.55

L .73

1 .63

2.O9

2. 08

5.r2

1.33

1. 08

L.57

1 .06

o.o2

0. oo*

0.25

o. 38

0.10

0.384

68

L79

* This significant difference is lnconsequentLal because
different numbers of cells were scored for different
donors (see p. 2O, second paragraph).
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TABLE 6

Analysis of variance for the total no. of breaks induced
by AM in chromosomes of cultured human lymphocytes: -
chromosomes 1-12, 16-20, X.

SOURCE OF VARIATION DF MS F P

Chromosomes LZ 3.62 6 .42 O. OO

Donors 4 L.Oz 1.81 0.14

Chromosome arns I O.53 0.95 O.33

Chromosomes by Donors 68 0.63 L.Iz 0.32

Chromosomes by
chromosome arms L7 1.28 2.27 O.Ol

Donors by Chromosome
arms 4 O.77 1. 36 O .26 |

Error 68 0.56

TOTAL L79 0.96
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TABI,E 7

Analysis of variance for rfchromosome" type aberrations
induced by AM in chromosomes of cultured human lymphoeytes:

chromosomes L-Lz, 16-20, X.

SOURCE OF VARIATION DF MS F P

Chromosomes L7 L.24 4.80 O.0O

Donors 4 O.14 O.53 0.71

Chromosome arms 1 3.2L L2.47 0.OO

Chromosomes by Donors 68 O.18 O.ZL O.92

Chromosomes by
chromosome arms L7 0.65 2,52 0.00

Donors by ehromosome \ \

arms' 4 O.75 2.9L O. OB

Error 68 0.26

TOTAL L79 0.39
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TABLE 8

Analysis of variance for ffchromatldrf type aberrations
induced by AM ln chromosomes of cultured human lymphocytes:

chromosomes 1-12, 16-20, X.

SOURCE OF VARIATION DF MS F P

Chronosomes

Donors

Ctrromosome arms

L7 1.66 4.L7 0. O0

4 1.11 2.80 0.03

1 0.50 L.26 0.27

Clrromosomes by Donors 68 O.41 1.04 O.44

Chromosomes by
cbromosome arms L7 l.OZ 2.57 O.OO

Donors by chromosome
arms 4 0.34 0.86 0.49

Error 68 O,40

TOTAL L79 O .60
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TABLE 9

Anarysis of variance for 'chromatid fragments, aberrations
induced by AM in chromosomes of cultured human rymphocytes:
- chromosomes 1-12, 16-20, X.

SOUACE .OF VARIATION DF MS F P

Chromosomes lT O.1g 1,Og O.Bg

Donors 4 O.0l 0.06 0.99
Chromosome arms 1 O,ZO L.Z3 O.ZT

Chromosomes by Donors 6g O.1b 0.96 0.b6
Chromosomes by

chronosome arms LZ O.lZ O.74 0.76
Donors by chromosome

arms 4 o. 18 I .O7 0. 38

Error 68 0.16

TOTAL L7g 0.16
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TABI,E 10

Analysis of varianee for rrchrsmatid exehanges, aberrations
induced by A,[t in ehromosones of sultured human lymphoaytes:
- shronoso,me,s L-L?, 16-20 , X.

SOUBCE OF VANIATION DF IIS F P

Chromosomes LT 1.1,1 5.gZ 0.OO

Donors 4 1.3O 6.89 O.0O

Chromosorne arms I Z.5L - lg. 94 0. OO

Chronsoues by Donors 68 A,ZZ l.18 O .26

Chromosomes by
ehromosooe arme 17 O .Tg 4.LT O. 00

Donors by chromosome
arns 4 0.28 L. Sl, O. ZI

Error OB o. Lg

TSTAL L79 0,39
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TABLE 11

Analysis of, variance for 'rfragment't type aberrations
induced by aM in chromosomes of cultured human lymphoeytes:
-'chromosomes 1-12, 16-20, X.

SOURCE OF VANIATION DF MS F P

Chromosomes L7 L .TL 4 .ZL O. OO

Donors' 4 o .26 0.64 0.69

Chromosone arms 1 4.01 g.8g O.OO

Chromosomes by Donors 68 0.94 O.B4 0.Z6

Chromosomes by
chromosome arms L7 O.g8 L.44 O.1S

Donors by chronosome
arms 4 0.46 1.13 0.35

Error 08 0.41

TOTAL t79 0.54
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TABI,E 12

Analysis of variance for "exchangeI type aberrations
induced by AM in chromosomes of cultured. human rymphocytes:
- chromosomes L-L?, 16-20, X.

SOURCE O.F VARIATION DF MS F P

Chromosomes L7 .1.9b S.8? O.OO

Donors 4 1.1G b.O6 O.OO

Chromsome arms 1 2.L2 I .25 O. OO

Chromosomes by Donors 68 O.24 I.Og O.44

Chromosomes by
chromosome arms L7 1.0O 4.97 0.00

Donors by chromosome
arms 4 O.48 Z.OT 0.09

Error 68 O.Zg

TOTAL L,79 O .45
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TABI,E 13

Analysis of variance for rtchromosome fragments'f aberrations
induced by AM in chromosomes of cultured human lymphocytes:

chromosomes L-Lz, 16-20, X.

SOURCE OF VARIATION DF IIS F P

Chromosomes

Donors

Chromosome arms

Donors by chromosome
&rms

Error

TC,(IAL

L7 1. 04 3.82 0. OO

4 0.15 0.56 0.70

4 2.18 8.05 0.Ol

Chromosomes by Donors 68 O.15 O.S4 O.gg

Chromosomes by
chromosome arms LT 0.58 Z.lS O,Oz

4 0.32 1.19 0.32 
\

68 0.27
.L79 0.34
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TABTE 14

Analysis of variance for thd tstal no. of breaks lnduced
by Ara C in ehronosomes of cultured hrunan lympboeytes;-
ehromo€ones 13, L4, 15 , 2L , 22 .

SOURCE O VABIATION DF MfI 3 P

Chromosome,s

Doaors.

Error

TO|IAL

4 1. r5 1.35 0.29

4 1.06 1.06 0.41

16 0.95

24 0.9L
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TABI,E 15

Analyeis of v.ariance fo:l tbe tot,al no. of breaks lnduced
by AU Ln cbronosomes of cultured huuian lymphoctyesi -
chromosones 1-8, 14, 15, ZL, 22.

SOURCE OF VAIIATION DN US F P

C,hromosomes

Dsnors

Error

1lOTAt

{t o .52 0. 70 0.60

4 0.8-1 1.09 0.40

16 0.74

24 0.72
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Summary of the Distribution of Abemations Induced by
Ara C and AM

Analysis of variance on the mean number of abemations per
unit length for Ara c showed a significant difference in the
number of breaks per unit length between chromosomes. No sign-
ificant difference in the number of breaks per unit length were
found.for the remaining variates or interaction of variates.

The results obtained from analyses of variance of the
distribution of total aberrations induced by AM and the various
classes of AM induced aberrations are summarized in Table 16.
A study of the distribution of the total number of aberrations
induced by AM reveals a significant non-random distribution
of aberrations between the chromosomes and a significant
"chromosome by chromosome arm" interation. However, when the
different classes of aberrations are studied, some of the other
variates showed significant differences. A11 of the different
classes of abemations showed significant non-random distribut-
ions,except for the ehromatid fragnents. Significant differences
in the mean number of aberrations per unit length of
chromosome were shown by chromatld exchanges, total chromosome

aberrations, total fragments, chromosome fragments and total
exchanges. Significant variation in the number of aberrations
between donors was shown by chromatid exchanges and total
exchanges. Significant "chromosome by chromosome arm, inter-
actions were shown by total chromatid aberrations, chromatid
exchanges, total chromosome aberrations and total exchange
aberrations.

Both Ara C and AM produced elevated frequencies of
aberrations at certain positions along the chromosomes. The
positions are referred to as I'hotSpotsr'. The Loeal-ization of
the "hotspots[ was different for each drug.
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G. Comparison between the Distribution of Ara C and AM

fnduced Aberrations

Three of the five individuals used in the Ara C studies
were the same as three of the five individuals used in the AM

studies (U(H), V(C), and X(A)). An analysis of variance was

designed to compare the distribution of the aberrations over
the chromosomes induced by Ara C and AM, using the three
donors U(H), V(C) and X(A). Only fragment aberrations of the
AM data were used because no exchanges were recorded for Ara C.

There was a significant dlfference in the number of Ara C and
AM induced aberrations (Table L7). However, tro conclusions
can be drawn from these differences since different concentrat-
ions and treatment times were used. The interesting feature of
Table 17 is that although there was no significant difference
in the mean nunber of aberrations per unit length between the
p and q arms, there was a significant (p < O.O5) "drug by
chromosome arm" interaction: AM caused more aberrations in the
q arm than the p arm, whereas Ara C caused more aberrations in
the p arm than the q arm (see table of means Appendix 3-17).
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TABLE L7

Analysis of variance comparing the effects of Ara C

and AM on the chromosomes of individuals U(II), V(C),
and X(A) chromosomes 1-12, 16-20, X.

SOUBCE OF VARIATION DF

Drug

Chromosomes

Donors

Chromosome arms

Drugs by Chromosomes

Drugs by Donors

Drugs by Chromosone arms

Chromosomes by Donors

Chromosomes by Chromsome
arms

Donors by Chromosome arms

Drugs by Chromosomes by
Donors

Drugs by Chromosomes by
Chromosome arms

Drugs by Donors'by
Chromosome arms

Chromosomes by Donors
by Chromosome arms

Error

TOTAL

t
L7

2

I
L7

2

1

34

2

34

34

2L5

45.28

2.40

2.64

o. 35

2.26

5.55

8. 02

1.53

2.L3

o. 04

1.69

L.76

1.34

L.44

1.48

I .99

30.51

L.62

L.78

o,.23

I .53

3 .74

5.40

1 .03

I .43

o. 03

1.14

1. 19

o.90

o.97

o. oo

o.11

o. r8

o .63

o. 14

o .03

o. 03

0.46

0.18

o.97

0.35

o .32

0 .41

o.53

L7

2

L7
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H. Sister Chromatid Exchange

Fig. l7 exemplifies differentially stained chromosomes
showing SCE's.

(i) Ara C

Table 18 is an analysis of variance on the square root
of counts and shows that there was no significant differenee
between the four donors, or between different coneentrations,
in the nunber of SCE's per ee1l.
(ii) AM

Table 19 is an analysis of variance on the square root
of eounts and shows that there was no significant difference
between the five donors in the number of SCE's per cell.
However, there was a. significant difference (p
the concentrations in the number of SCE,s per cell. A Duncan's
multiple range test showed that the o.o1 ug/ml concentratlon'
caused significantly more SCE/ceIl than the contrors and that
the 0.05 Ug/ml concentration caused significantly (p < 0.05)
more SCE/cell than the 0.Ol Vg/mL concentration (tr'ie. 18).
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TAB-IA- 18

Ang,trys,l.s of, varl.anc€ oil the square root of counts for
SCE's l-nduoed by Ara C Ln ohromosores of, culture,d hrrman
lyurphocytes.

S,OURCF OF VABIATION DI' IIS F P

ConcentratXons 2 O.1g O-.4L 0.60

Donors 3 O.47 1,49 A.22

Ccinee.ntratlons by Donors 6 O.27 O.87 O.52

Error 306 0.32

TO|lArl 317 0.32
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TABLE 19.

analysis of, variance on the square root of, eount,s for
scEr s -induced by AM in chromoqoues of, eurtured hrrman

fynptocytes.

.SOURGE OF VAEIATIOI{ DF MS. F P

'Concentrations 2 8S,4g LZ7 .6,A O. OO-

Douors- 4 O. g0 0,6b, 0,69
Conaentrati,ons b5r' Donors I O.Zi6 O,ES O. gZ,

Error 360 O.4T

TCItAL 374 O.gt
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Two metaphase chromosome spreads of
dif ferentially stained chromosomes
showing sister chromatid exchange.
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DISCUSSION

Ara C Induced Aberratlons in relation to Dose and Treatment
Times

For Ara C, the increase in the frequency of breaks with
increasing dose, oD the one hand, and increasing treatment
time, otr the other is not unexpected. This is because Ara C

is known.to induce chromosome breaks (Brewen, 1965; Brewen
and Christie, 1967; and Kihlman et &1., 1963) and similar
relationships have been noted for other drugs. Indeed,
Brewen (1965) used a concentration of Ara C of 11.6 Ug/ml for
2, 3 and 4 hours and noted a relationship between breakage rate
and time remarkably similar to that obtained in this study, ts
shown below:-

Concentration No. of Breals/lOO Cells
at treatment times of

2 hours 3 hours 4 hours
Brewen (1965)
Present Study

Brewen, however, did
on the breakage rate.

11.6 uslml
I0. O vs/m\

not study the

38 59 86

39 59 76

effect of different doses

In the present study the relationship between breakage
rate and concentration was not linear, for all three treatment
times. Thus, after a sharp increase in breakage rate between
2.5 and 5.0 vg/mL there was only a marginal further increase
at IO.OO uglml (Fig. 2). Kihlman et al. (1963) studied the
effect of Ara C for four hours at two concentrations (7.O and
11.6 Ug/ml, the latter being a little higher than the 1O.O ug/nl
used in the present study). They found marginally fewer breaks
at the higher concentration than the lower one. Thus there
appears to be a saturation point above which any further
increase in dose has a relatively sma1l effect on the breakage
rate. This levelling off with increasing dose between the 5

and 10.0 Ug/ml concentrations superficially appears to be in
conflict with the trend shown by the effect of increasing
treatment times on the breakage rates (Figs. 2 and 3). Although
the rate of increase in breakage decreased below that which was

expected with increaslng treatment time (Fig. 3), there was no

indication of a levelling off with increasing treatment times
(Fig. 2 and 3). Any explanation of the data must take into
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account both tbe apparent "saturation" point, above which
any further increase in dose had only a relatively small
effect on the breakage rate, and the fact that increasing
treatment times caused significant increases in the breakage
rate.

One such explanation of these two features of the Ara C

effect is that Ara C, rather than directly causing chromosome

breaks, h&V induce points of "potential breakage" along
chromosomes. These "potential breaks" may become ehromosome

breaks only after a given period of time; and a longer time
converts more potential breaks into actual breaks. The sites
of "potential breakage" may be confined to a limited number of
sites along the chromosome such that the chromosome becomes

saturated at a given concentration of Ara C. Other, perhaps
simpler, explanations for the saturation of chromosome breaks
with increasing dose are that the cell night retain Ara C only
up to a partieular concentration or that only a certain amount
of Ara C may be phosphorylated into its active form (Ara CTP).

How Ara C could induce points of "potential breakage"
mentioned above is not easily explained. The aberrations
produced by Ara C in this study were induced in either late S

or G", (Benedict et &1. , L97O; Brewen and Christie , Ig67;z
Kihlman et &I., 1963; see also in the introduction). If the
breaks occurred in late S, they may have been caused by an

inhibition of the last stages of DNA synthesis (Chou et &1. ,

1975; Jones et 41., 1976), either by inhibition of a specific
DNA polymerase or the incorporation of Ara C (Ara CTP) into
DNA as a fraudulent nucleoside. If the aberration occurred in
GZ then a precursor deficiency might result in the expression
of a nuclease activity in the G, nucleus (Ahnstrom and Natarajan,
f966). Both the incorporation of Ara C (Ara CTP) into DNA as

a, fraudulent nucleoside and the action of a nuclease on

specific points along the chromosome might be time dependent,
thus accounting for the dependency of the production of
chromosome breaks on time.
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Although the frequency of Ara C induced aberrations
increases with inereasing period of treatment (tr.ig. 3),
this frequency actually deereases relative to the "expected"
aberration frequency (calculated by assuming a doubling of
aberrations with a doubling of treatment time; see Figs. 3

and 4). The increasj-ng divergence of the expected and
observed may be explained by a decreasing sensitivity to Ara
C in late S - earlV GZ (i.e. the 4 hour treatment time)
relative to late GZ (i.e. the 2 hour treatment time). GZ in
the presence of Ara C is thought to be approximately 3 hours
(Brewen, 1965). Previous studies with Ara C have described
stages of the cell cycle which were more sentitive to Ara C

than others, although none are in agreement with this study.
Benedict et aI. (1970), in their study with hamster fibroblast
cells, reported that maximum sensitivity to Ara C was in the
latter half of S and at the beginning of Gr. Similarly, Ayraud
et al. (1976), using cultured human lymphoeytes, found that Ara
C was most effective during the late S phase as far as the
production of chromatid breaks is concerned. Brewen and
Christie (1967), however, presented data from hunan lymphocyte
studies suggesting that Ara C produced chromatid breaks with
equal efficiency throughout the G., phase.

z
Another explanation for the increasing divergence of the

expected and observed aberration frequencies with increasing
----lreatment time, is that aberrations induced in early G, or

late S have more time to undergo repair than aberrations induced
towards the end of Gr. This would cause a decrease in the
number of aberrations in the late S or early GZ stage of the
cell cycle (4 hour treatment time). Ilowever, this explanation
seems unlikely because Ara C is thought actually to inhibit
repair of danage caused by a wide variety of agents (Iliss and
Preston, L977; Preston, 1980).

Mechanlsms Responsible for Ara C Induced Aberratlons

Interpretation of the dose kinetics of Ara C is difficult
because of the levelling off of the breakage rate wlth increasing
concentratiors(Figs. 2 and 3 ). This prevented any study of
the dose kinetics in relation to the "Breakage First" hypothesis
and "Revell ts Exchange'f hypothesis.
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According to the model proposed by Bender et al. (L9?4),
Ara C induces single polynucleotide strand breaks either
directly or through failure to complete polynucleotide chain
assembly, or indirectly perhaps through stimulation of a
nuclease activity.

The method by which Ara C causes chromosome damage is not
futly'understood. Benedict and Karon (19?I) have shown that
ultra-violet light can reduce the frequency of chromatid breaks
induced by Ara c in both the s and G, phases of the cell cycle.
This effect was correlated with a decrease in the uptake of
tritiated thymidine following ultra-violet treatment and implies
that the production of chromosome breaks by Ara C is closely
related to replicative DNA synthesis. Subsequently, it was

found that l-azacytidine which, like Ara C, is incorporated
into DNA, produced ehromosomal breaks in the G, Fhase of the cell
cycle. Other agents, however, such as hydroxyurea, which
decrease DNA synthesis by inhibiting ribonucleotide reductase'
and are not incorporated into DNA, produced no chromatid breakage
in the GZ phase (Karon and Benedict , L972). These results
suggest that the mechanism by which DNA synthesis is decreased
is important to the cell cycle differences found in the
production of chromosome aberrations caused by the various
inhibitors of DNA synthesis. There is no conclusive evidence,
however, that incorporation into DNA is the basis for chromatid
aberration production by Ara C.

Natarajan and Obe (1978) described a possible mechanism
for the production of chromatid breaks in chromosomes of
chinese hamster cel1s. They showed that the treatment of G,
X-irradiated Chinese hamster cells with Neurospora endonuclease
increased the frequency of all types of chromatid aberrations.
Neurospora endonuclease is specifie for cleaving single stranded
DNA. Therefore, Natarajan and Obe interpreted their results as
being the consequence of the enzyme converting some of the x-ray
induced single strand breaks into double strand breaks, which
could interact to provide aberrations. It is possible that
such a mechanism eould operate in cells exposed to Ara C,

converting directly induced slngle strand breaks or single
strand breaks arising during the repair of base damage, into
double strand breaks.
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There have been numerous reports that the majority of
chromatid aberrations induced by Ara c are of the incomplete
type; i.e. terminal deletions, non union isochromatid
deletions, and a striking lack of chromatid interchanges
(Brewen, 1965; Kihlman et &1., 1969; Niehols and Heneen,
1964). The results of the present study agree with these
reports and may be explained by the observation that Ara c
has been shown to inhibit the repair of damage induced by
urtra-violet irradiation, mitomycin c and g-hydroxyquinoline
in chinese hamster cells and human fibroblasts (Hiss and
Preston, L977 ) and x-irradiation induced damage of human
lymphocytes (Preston, 1g8o). "complete" aberrations (e.g.
exchanges) imply repair of breakage of chromosomes. The
proposed mode of action of Ara C inhibition of repair (preston,
1980) is via the incorporation of several Ara C molecules into
the repaired replicating DNA, distorting the DNA helix and
preventing the polymerase from functioning. \

The frequency of isochronatid breaks (zg%, see appendix b )
was higher than expected considering the period of the cell
cycle during which the celrs were exposed to Ara c (i.e. rate
s and G, ). rsochromatid breaks can be produced "directly" or
"indirectly". However, nearly all chromosome breaking agents,
except for ionizing radiations,4pp€zrr incapable of producing
"directly" induced isochromatid aberratiors(Bender et &1., Lg74).
Therefore isochromatid aberrations produced by Ara c are
probably produced "indirectly". It is unlikely that the
isochromatid breaks are due to the chance occurrence of two
independent chromatid breaks at the equivalent roci, because
of the high frequeney of isochromatid breaks. However, if a
locus on a chromatid is more susceptible to damage than others,
then the corresponding rocus on the sister chromatid would
presumeahly arso be more susceptible to damage. Thus, some
isochromatid aberrations may be due to the occurrence of two
"independent" breaks at the same site of sister chromatlds.
However, the frequency of these breaks was not abre to be
quantified in the present study.

It is unlikely that isoehromatid aberrations are
"chromosome type'r aberrations (i.e. lesions produced before
DNA replication and then replicated into both chromatids) since
the regression of isochromatid aberrations against chromatid
aberratlons does not change significantly with increasing time
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of treatment ( I'Resultsil section, p. L7) Thus the ratio of
isochromatid breaks to chromatid breaks produced in GZ (2 hours
treatment) is no different from the ratio produced in late S

early G, (4 hours treatment ).
fsochromatid aberrations may be produced by a method

similar to that proposed in Revellrs "Exchange Hypothesis"
(see Introduction, p. 3). fn fact, the Exchange Hypothesis
predicts a ratio of L:2.5 of isochromatid breaks to chromatid
breaks, which is very close to that found in this study (I:2.45).
However, when consideration is given to the period of the cell
cycle during which the cells were exposed to Ara C, the ratio
of 1:2.45 is sti1l high. t'Recombination repair" may be
important in the development of isochromatid aberrations.
Indeed, the similarity between exchanges giving rise to
chiasmata during meiosis and the nutagen-induced exchanges in
somatic cells has been long recognized, and it bas been
proposed that normal recombination and induced exchanges make

use of conmon pathways in the cell (Evans , L967).

AM induced Aberrations in Relation to Dose and the Cell Cycle

The frequency of AM induced aberrations rose sharply wirth'
increasing concentrations and then began to level off. Indeed,
after 0.10 Ug/ml the frequency of the total chromosome

aberrations decreased (Fig. 7). This may be explained by the
action of AM on the celI cyc1e. Ilittleman and Bao (1975)
presented data which suggest that cells exposed to AM suffer a

dose dependent mitotic delay, primarily due to the prolongation
of Gr. AM did not affect the progression of G, cel1s into S.

The GZ delay was least in cel1s treated during Gr;
treated during S exhibited a greater
mitosis than did those treated in GZ.

delay in their

would have the effect of increasing the frequency of chromatid
aberrations relative to chromosome aberrations, because cel1s in
G2 produce only ehromatid aberrations. This difference in the
relative frequencies of chromatid and chromosome aberrations
would increase with dose, &s exemplified in thls study (Fig. 7),
because cells would be held in G, for longer periods of time.
The decrease in chromosome aberrations after O.10 ug/ml may be

explained by cells in Gt or early S (a stage of the ce1l cycle
when most chromosome aberrations are produced), being held for
longer periods of time in GZ and not progressing through to

and cells
entry into

The delay of cells in GZ

mitosis.
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Another possible explanation for the 1evelling off of
aberrations with increasing concentrations of AM is one
similar to that given for Ara C. If there are only a

limited number of sites along the chromosome where AM is
able to intercalate (AM is known to intercalate into the
DNA e.g. Di Marco, 1975), a "saturation point" would be
reached, above which any further intercalation of AM could
not be achieved.

It .is of course possible that the cause of the levelling
off of AM induced aberrations with increasing concentration is
a combination of both explanations given here.

Although cells in this study were not exposed to AM for
the final 2O hours before fixation, the effect of AM will
sti11 presumeably be present. This is because AM is retained
within the cells due to its intercalation into DNA and is thus
not easily removed by washing CHittleman and Rao , Lg75).

Mechanisms Responsible For AM fhduced Aberrations

As was the case for Ara C, any interpretation of the dose
kinetics of AM was linited because of the levelling off of the
breakage rate with increasing dose (Figs. 6 and ?). The
statistical analysis (Table 2) shows that the increase in
breakage rate with inereasing concentration of AM fits both
linear and quadr4tic dose kinetics. The effects of a greater
range of concentrations of AM on chromosome breakage need to
be studied before any definite trend can be shown statistically.

As Vig (f971, L973) found, there were significantly more
chromatid aberrations than chromosome aberrations in the
present study (Fig. 7). If isochromatid breaks
were incorrectly classified as chromosome fragments, then this
difference in the frequency of chromatid and chromosome
aberrations would be magnified. The frequency of chromatid
fragments was always lower than the frequency of chromosome
fragments, but was parallel to the frequency of chromatid
exchanges (fig. 7). The chromosome fragment class was unlikely
to contain a high proportion of isochromatid fragments because
the frequency of chromosome fragments is considerably higher
than the frequency of chromattd fragements (Fig. T). The lack
of chromosome exchanges may indicate that AM is capable of
causing breaks in G, chromosomes at a time when reunions are not
easily accomplished, and that exchanges do not reflect the
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expected breakage reunion type of sequence suggested by the
"Breakage First" hypothesis. On the other hand, if the
chromosome fragments s/ere of the isochromatid type, then
their frequency should not exceed that of the ehromatid
fragments on the basis of "Revell's Exchange" hypothesis.
Therefore, neither of the two main chromosome breakage
hypotheses fit the data, as was the case for Ara C induced
aberrations. The two hypotheses, however, were derived from
cells e4posed to ionizing radiation and are thus not
necessarily applicable to chromosome damage induced by chemical
agents.

The model proposed by Bender et al. (L974) provides
possible mechanismsfor the production of aberrations by AM

(see categories 2 and 3, pages 5-7). However, the model does
not take into account the interaction of the various effects
that AM has on the ce1l. AM has been shown to intercalate
into DNA (Di Marco, 1975), inhibit RNA and DNA synthesis 

\
(Meriwether et &1., L972; Di Marco et LL., L97I; Di Marco,
L975) and differentially injure cells with regard to the cell
cycle (Barranco, et &1., 1973). Eowever, it is not known how

these effects are interrelated to produce chromosome
aberrat ions .

Sister Chromatid Exchange

(i) Ara C

As expected (see I'fntroduction[ p. I ), no significant
difference was found in the frequency of SCE's with increasing
doses of Ara C, nor was there any evidence of a significant
difference in the number of SCE's between donors. Raposa
(1978) studied the effect of 2 Ug/ml of Ara C on cultured
human lymphocytes and found two populations of cells. One

population had approximately a two fold increase over the
control level of SCE, whereas in the other population the SCE

frequency was approximately the same as the controls. Although
Raposa offers no explanation for these data, it ls likely that
the two ce11 populations represent the difference between cells
that underwent DNA synthesis in the presence of Ara C and those
that were in GZ in the presence of Ara C. It is possible that,
at a concentration as low as 2.O Ug/nl, some cells may be able
to pass through the S phase into Gr.
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(ii ) AM

The frequency 9f SCE increased with increasing dose of AM.

One major differenee between the effect of AM on the chromosome

aberrati.on frequency and the SCE frequency was that there was

no significant difference in the frequency of SCE,s between
donors, whereas the chromosome aberration frequency was si!n-
ificantly different for some donors. This difference between
chromosome aberrations and SCEfs may reflect the different
mechanisms that cause them. Nevstad (1978) has shown that the
frequency of SCE's is a more sensitive indicator of the absence
or presence of AM, particularly at lower concentrations. It may

be that the increase in frequency of SCE's could be used to
monitor the in vivo concentration for patients undergoing
chemotherapy.

Intra-chromosome Distribution of Aberrations

AII of the aberratlons induced by Ara C and AM were
assigned to either a dark or light band. Eowever, 2o% of the
Ara C induced aberrations and 17% of the AM induced aberrations
were difficult to assign with confidence because the breaks
were close to or at an interface between light and dark bands,
Such aberrations were always assigned to the band that they
were visualized in. If the break appeared at the interface it
was in fact assigned to the light band adjacent to the light/
dark interface. fn the present study, and in agreement with
von Koskull and Aula (L977 ) who studied breaks indueed by
measles and Fanconi's anemia, a large portion of the breaks
occurred close to one end of a light band. However, some

breaks occurring close to or at an interface are possibly
always visualized as occurring in'the lightly stained area
because a small deleted segment of a dark band can remain
microscopically undetectable. Breaks occurring close to or
at an interface and in the distal (relative to the centromere )
part of the dark band will tend to be assigned to the tight
band. This is because confident assignment of such breaks to
the dark band requires conviction that there has indeed been
a loss of a portion of the dark band. This error leads,
therefore, to an over representation of breaks in light regions.
Corresponding breaks in the distal portlon of a light band will,
on the other hand, be correctly assigned, since the absence of
a dark piece distal to the light band is easily determined.
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The problem does not arise for breaks in the proximal part of
light or dark bands. Buckton (f976) studied the effects of
X-imadiation on cultured human lymphocytes and found approx-
imately 3O7o of all breaks occurred at the light/dark interface.
She suggested two possible causes for inereased breakage at the
interface. Visually there is a difference in the chromosome
morphology at the interface; this boundary region may be more
fragile. Alternatively, if a break occurs in a band, that
break might be more readily repaired because the chromosome
structure on both sides of the break is similar. If either of
Buckton's suggestions are correct, aberrations occurring close
to or at an interface should be regarded as a separate class.
However, in the present study breaks were scored either in the
light band they were visualized in or, iD the case of breaks
occurring at the interface, the breaks were scored in the light
band adjacent to the interface. This seemed just as appropriate
as scoring the 'rinterfacert breaks as a separate c1ass, for three
reasons. Firstly, it is not known whether the structure of the
chromosome is different at the interface to either the light
and/or tbe dark band and therefore no justification can be given
to scoring "j-nterface" breaks as a separate class on this count.
Secondly, &DV emor in assigning breaks to a light or dark band
would normally only occur in those breaks close to or at an

interface and i-n the distal part of a dark band; this error is
probably not significant in the present study. Thirdly, the
scoring of aberrations solely in either a light or dark band
allows one to compare the results of the present study with those
of previous ones.

Because the light staining regions of G banded (or Q

banded) chromosomes are estimated to be about 5O% of the
chromosome length (Eolmberg and Jonasson, 1973) one would
expect half of the breakpoints to occur in light staining
regions, if the breakpoints were located randomly. This was

clearly not the case for both Ara C and AM (table 4). Similar
loealizations of breaks in the light G bands (or its equivalent
pale Q bands) have been reported in earlier studies, and with a

variety of agents. It is unclear whether this is partly or
conpletely an artifact of the banding and scoring procedures,
or an indication of a real structural difference in chromosomes.
Seabright (1973) and Savage et aI. (19?3), using G banding and

X-irradiation, found that all chromosome breaks occurred in the
light stsining regions. Holmberg and Jonasson (1973) used Q
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banding with X-irradiation and found 60% of the breaks
occurred in the pale fluorescirig regions. Similarly, Aula
and von Koskull (L976) found all spontaneously occurring
breaks arose in light staining regions of G bands; and Aym6

et al. (L976) using R banding, found between 5O% and 70% of
breaks arose in the light staining regions, i.e. in the dark
staining regions of G banded chromosomes. In the present
study, 67% of breaks induced by Ara C were found in the light
staining G bands, whereas Ayraud et aI. (1976) found nearly
all Ara C induced breaks in the light staining regions of R

banded preparations. Therefore, atrV conclusions regarding
the occurrence of breaks in the light or dark bands should
be treated carefully until a satisfactory explanation can be
given regarding the discrepancies between different studies
that use similar chromosome breaking agents.

Inter-chromosome Distribution of Aberrations

(i) Ara C

The distribution of Ara C induced breaks between
chromosomes was non-random (Figs. 9 and I0). Although it was

not possible to evaluate statistieally the chromatid breaks
relative to individual G bands, particular regions of some

chromosomes were broken more often than others (FiS. 10 ).
Four of these 'rhotspotsr' (3p1a, 3p13, 7q32 and 9q12) either
coincided with or were adjacent to those reported by Ayraud
et al. (1976), who also studied the distribution of Ara C

induced aberrations in cultured human lymphocytes. Ayraud
et al. used R banding to localize their chromatid aberrations;
this may explain the one band discrepancy between some of the
'rhotspots" they found and those found in this study (see the
previous section).

Four of the rrhotspots" (3pl , 3p2, 9ql and l6q2) were
found to be 'thotspots" of spontaneous breakages by Aula and
von Koskull (1976), and four (3p1,7q3,9q1, and L6qZ) were
found to be "hotspotsn of spontaneous breakage by Aym6 et a1.
(1976). 3p1, 9ql and 16q2, therefore, are I'hotspots[ found
in all three studies. These "hotspots" of spontaneous
breakage are probably susceptible to damage and this
susceptibillty may be enhanced in the presence of a mutagenic
agent. The band 9ql is in the region of a secondary
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constriction; and secondary constrictions are, in general,
susceptible to damage by a wide variety of agents (e.g.
Morad et 41., 1973). chromosomasS and 16 also had an excess
of breaks in studies on unbanded chromosomes by Lubs and
Samuelson (L967 ) and Obe and Luers (l.972), and in banded
preparations by San Roman and Bobrow (1928).

In one individual of the present study (donor H(U) ), gB

breaks out of 333 were localized in the 3p1 BpZ region, and
16 others. in the 7p3 region, However, this trend was not
found in the other donors, so that the locarization of these
"hotspotsf'may be a characteristic of the individual
concerned.

The method by which Ara C causes chromosome damage is
not fully understood and consequently it is difficult to
give an adequate explanation of the existence of hotspots
found in this study. Ayraud et a1. (1976) found that nearly
all of their breaks were located in the light regions of R 

\

banded chromosomes. As these are regions of late replicating
DNA these authors suggested that Ara c produced chromosome
damage most effectively during the late S phase of the cel1
cycle. However, the present study showed that GT% of the Ara
C induced breaks occurred in the light staining G bands and,
therefore, no conclusion can be drawn regarding the timing of
Ara C induced aberrations.

(ii) AM

The distribution of aberrations between chromosomes was
non-random for AM induced lesions (Figs. 9 and 11). There
was a significant difference in the mean number of breaks per
unit length between the p and q arms for different chromosomes
(Tab1e 6); i.e. although overall there was no significant
difference between the mean number of breaks per unit length
of the p and q arms, when the chromosomes were considered
separately, some had more breaks per unit length in the p arm
than the q arm, whereas for others the reverse was true. This
inter-arm interaction was a reflection of the overall non-random
distribution of aberrations within the chromosome eouplement.
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A number of "hotspots" induced by AM were located
within the chromosome complement (Fig. 1I). None of them
eoincided with those found for Ara C. Ilowever, some of the
"hotspots" coincided with those from other studies, &s shown
in the Table below:

BAIID AGENT AUTHORS

r4q2 Spntaneous breakage von Koskull and Aula,
L976

lql, lq3, 6p2, 6q2 Fanconits anemia von Koskull and AuIa,
L976

Spontaneous breakage Mattei et al. 1979L4q2

6pZI
1ql I
Iq32

Ip32

Busulphan
Mitomycin C

Honeycombe, 1978

Morad et &1. , L973
X-irradiation Holmberg and Jonasson,

1973
Chlorambucil Reeves and Margo1es,

L974

It is noteworthy that 4 of the 12 "hotspots" found by
von Koskull and Aula coincided with 4 of the t'hotspots" induced
by AM in the present study. Fanconi's anemia is thought to be
associated with a defective DNA repair system (Sasaki , L975) or
possibly L deficiency in an endonuclease necessary for removing
an abnormal DNA strand in the repair process. However, the
important cellular activity of AM is attributed to its
inhibitory action on RNA and DNA synthesis. The basic
mechanism of AM action is thought to be via formation of a
specific complex with DNA, which is then stabllized by a
variety of factors (see Di Marco, 1975). As with many other
chromosome breaking agents, it is difficult to relate the
biochemical activities of AM to the cytogenetic effects (as,
for example, the clustering of aberrations on chromosome 6
and 13).

fn an endeavour to understand the action of AM more
clearly the various types of aberrations lnduced by AM were
studied separately.

(a) Chromosome and Chromatid Aberrations

The different distributions of chromosome and ehromatid
aberrations (fig. 12) nay reflect differences in the mechanisms
that produce chromosome and chromatid aberrations. Other
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studies have shown that the mechani.sms that produee
chromosome and chromatid aberrations are different. For
exampre, Bender et aI. (1974) concluded that the chromosome
aberrations produced by Ara c in G, were of different origin
to the chromatid and isochromatid aberrations produce in s
and Gr.

rf the chromatid aberrations are further divided into
chromatid exchanges and chromatid fragments, the reason for
the non-r.andom distribution of chromatid aberrations is found
to be attributable to the non-random distribution of the
chromatid exchanges (Tab1e 10), since the chromatid fragments
were distributed randomly (Table 9). chromatid exchanges
make up nearly all the exchanges and are discussed in the next
section on "fragment and exchange aberrations".

The chromosome aberrations are nearly all of the fragment
type. chromosome aberrations are distributed non-randomly
(Table 7) and there were signifieantly more breaks per unit
length in the q arm than the p arm. This inter-arm interaction
is discussed in the following section.

(b) Fragments and Exchanges

Fragments and exchanges were distributed differently along
the chromosomes (Fig. 13). This contrasts with the findings
based on g:roups of chromosomes by vig (1921) who concluded that
there was a similarity between the distribution of fragments
and exchanges. rn the present study both types of aberrations
also had significantly different numbers of aberrations per
unit length between the p and q arms.

Fragments had significantly more breaks in the q arm than
the p arm, as did the ehromosome aberrations (see the previous
section), and exchanges had more breaks in the p arms than the
q arms. A difference in the interaction between arms has been
reported to my knowledge in only one other study. Savage et
al. (1973) using X-irradiation reported that the distribution
of exchange points between chromosome arms or chromosomes was
not in proportion to chromosome rength, although distribution
between the arms of a given chromosome is in agreement with
chromosome arm length. They concluded that the discrepancies
arise from between chromosomes and not within them. This
contrasts with the results of the present study, where there
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were significant differences in the number of aberrations
per unit length of chromosome between the p and q arms, i.€.,
there was also a difference between arms within chromosomes.
There is no crear explanation for th'is phenomenon, since p

and q arms are rabelled by convention, with the shorter arm
labelled p. However, one difference between p and q arms is
that points along the p arms are closer to the centromeres
and telomeres than points along the q arms.

comings (1968) suggested that both the centromeres and
telomeres are attached to the nuclear membrane, as well as
being the sites for the initiation of DNA synthesis. Arthough
Buekton (L976) points out that there is no clear evidence for
the attachment of the teromeres and the centromeres to the
nuclear membrane in human lymphocytes, a membrane association
might well be present and night account for the increased rate
of exchange at or near the centromeresand telomeres, due either
to the close proximity of these regions to each other or to a.

greater vulnerability at the periphery of the nucleus. The

croser proximity of points along the p arm to the centromere
and the telomere compared to points along the q arm, and the
greater vulnerability of centromeres and telomeres to damage,
would lead to a greater number of breaks per unit length of
ehromosome in the p arm compared to the q arm. rn the present
study there were more exchanges per unit length of chromosome
in the p arm than the q arm although, Lt least visually (fig.
13), there appears to be no concentration of aberrations at
the telomeres or centromeres. AIso, the above explanation
conflicts with the occurrence of more fragments per unit length
of chromosome in the q arm than the p arm, and gives no
explanation for there being a significant "drug by chromosome
arm" interaction (Tab1e 17) between Ara C induced aberrations,
on the one hand, and AM induced aberrations on the other.

I{hen the total number of fragments is further subdivided
into chromatid fragments and chromospme fragments, it becomes
evident that the non-random distribution of fragment abbrrations
and the inter-arm interaction is due to the distribution of
chromosome fragments, because the chromatid fragments have no
inter-arm effect and are distributed randomly. This di-fference
in distribution of chromosome and chromatid aberrations may again
be due to the difference in origin of the two types of
aberrations. A better comparison between the fragments and
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exchanges, in yiew of the differences between the
distribution of chromosome and chromatid aberrations (Fig.
L2), is one between chromatid fragments and 'rtotal
exchanges" (exchanges are made up mostly of chromatid
aberrations, Fig. 8). Chromatid fragments show a random
distribution (Table 9). The spatial arrangement of some

chromosomes during interphase may a1low for increased
opporiunities for exchange. The satellite chromosomes
(13, L4, .15, 2L, 22) showed a higher susceptibility towards
being involved in exchanges than other chromosomes (Figs.
13 and 15).

Vig (1971), who also studied the distribution of AM

induced aberrations, found that chromosones 2L and 22 had the
highest number of exchanges per unit length. rn the present
study, chromosomes 13 and 14, and 13 and rb were the ones most
likely to be involved in exehanges. This may be a result of
the intranuclear distribution of the chromosomes rather than
an intrinsic peculiarity in the chromosome. Acrocentric
chromosomes are thought to be associated with the nucleolar
organising region of these chromosomes when they combine to
form a conmon nucleolus (schmid, 1969). The close proximity
of the satellite chromosomes may allow for inereased
opportunities for exehanges between members of this group of
chromosomes.

one of the most striking features of the AM data was the
differences in the distributions of the different types of
aberrations over the chromosome complement. Such differences
have been reported in previous studies. Morad et ar. (rg?g)
reported a striking difference in the distribution of mitomycin
C induced chromatid exchanges and chromatid fragments. Cook et
a1. (1975) studied the distribution of X-ray induced
aberrations and also found a marked difference in the
distribution of various types of chromosome aberrations.
They concluded that although different regions of the
chromosome may vary in their abillty to undergo any particular
form of structural rearrangement, many of the observed
deviations could be explained in terms of the differential
accuracy with which some aberrations can be deteeted. rn the
present study the aberrations were divided into four main
classes, and although there was a small bias towards the
exclusion of exchanges rather than fragments, because of the
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difficulty in assigning the aberration to a band, this bias
would not be sufficient to explain the marked difference in
the distribution of the fragment and exchange aberrations.

The exchange aberrations showed a significant difference
in the pumber of aberrations between donors. This was largely
due to chromosomes from donor TI having significantly more
exchanges than those of the other donors. fn the dosage
experiments it was interesting to note that, overall, Donor
It had the greatest number of AM induced aberrations (Fie. 6),
arthough itri" was mainly due to the rarge number of fragments
rather than exchanges (see table of means Appendix 3-3). The
fact that AM induces significantly more exchanges in Donor lv

along with an indication from the dosage experiments that
Donor It is the most susceptible to damage, suggests that
individuals respond di-fferentially to AM. This is supported
by the observation that donors V(C) and X(A) had significantly
fewer aberrations than the others in the dosage experiments.

Relevance of the Present Study to Cancer Chemotherapy

fn vitro cell cultures are one of the most frequently used
cytogenetic test systems. The concentrations of AM and Ara c
used in the present study are similar to those in the tissues
or plasma of patients during chemotherapy (Bachur et 41. ,

1974; Benjamin et &1., 1977; Ho and Freireich, L?TS).
However, in vitro experiments can only be regarded as a
complementary tool to in vivo experiments and not an alternative.
fn vivo conditions cannot be imitated. Schoeller and lTolf (f970)
summarized some of the differences between in vivo and in vitro
conditions. In living organisms, rnetabolic effects may alter
the mode of action of a given compound. Certain agents need
activation within the organism to become effective, while in
vitro the original form ls naintained. Some compounds produce
organ-specific effects while appearing ineffective in in vitro
experiments.

fn achieving the optimum concentration of a chemothera-
peutic agent at the target cel1s of an individual undergoing
chemotherapy, there are two important considerations to be
made. Firstly, tbe characteristics of the individuals under-
going chemotherapy must be known. The capacity of a drug to
have an antineoplastic effect is influenced by lge, sex, race
and previous therapy of the individual. secondly, the anti-
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neoplastic activity of a chemotherapeutic agent is profoundly
affected by pharmacological parameters such as dosage, route
and schedule of administration, the half-life of the drug, and
the amount of the drug excreted in the urine.

The main goal of chemotherapy is to select doses of a
drug that will kill cancer cells faster than they are replaced,
without overdosing the patient (Skipper, 1971). In the present
study, chromosome damage, rather than cell death, was studied.
However, F Bood correlation has been demonstrated between
chromosome damage and ceIl death for AM (Hittleman and Rao,
1975) and for Ara C (Jones et dL., L976).

Overdosing the patient has important considerations in
cancer chemotherapy. One of the major drawbacks of chemo-
therapeutic agents is their relative inability to select
between neoplastic and non-neoplastie cells, thus inducing
the toxic and virtually ubiquitous side effects associated
with most chemotherapeutic agents. Therefore the '1evel1ing
off effect' in the present study (Figs 2 and 6) may have
important implications in cancer chemotherapy if a similar
levelling off can be demonstrated in vivo. Any dose above
the onset of the levelling off of the chromosome breakage
rate would be superfluous and would only increase the chanee
of overdosing the patient.

The Ara C studies suggest that rtreatment time' is an
important factor when considering cell toxicity. Levelling
off of the breakage rate was demonstrated with increasing
concentration of Ara C. However, oo such levelling off was
observed with increasing treatment times (fig. 2). Tbis may

also have important practical applications in cancer chemo-
therapy, because it implies that optimum cytotoxicity can be
induced by using Ara C at 1ow doses for long periods of time.
Ideally the dose at the target ceII should be analogous to
that which initiated the levelling off of the breakage rate
in the present in vitro study.

Inter-individual differences are important in cancer
chemotherapy. A large number of studies have been carried out
on indivldual variation regarding drug metabolism. From such
studies it has been established that drug metabolizing enzymes
are under genetic control and the genetic component is rather
substantial, although they are often affected by other drugs,
Lg€, sex and even physical stress (e.g. Vessell et &1., 1971;
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Ilhitaker and Price Evans, 1970). The present in vitro
studies reflect the individual variatlon regarding drug
metabolism. There was a significant difference between
donors in the amount of AM indueed chromosome aberrations,
although for Ara C there was no such inter-individual
variation.

The existence of 'hotspotst revealed by Ara C and AM

treatdpnt gave no basis upon which any vaIi.d correlations
between the mechanism of activity of Ara C and AM, on the
one hand, and the pattern of distribution of aberrations,
on the other, could be formulated. One possibility is that
drugs which are able to produce thotspots' at any of the
sites along the chromosome that are important, directly or
indirectly, in cell division, may be useful as ehemothera-
peutie agents. Thus 'hotspotst indused by Ara C and AM may

represent points along the chromosome important for cell
division.
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SUMMARY (Compare the "Aims of this study" p. Il)

A study of chromosome aberrations induced by l-B-D-
arabinofuranosylcytosine (Ara c) and Adriamycin (AM) in the
chromosomes of cultured human lymphocytes was made and the
following results were obtained and discussed.

(i) There were significant increases in the frequency of
aberrations with increasing concentrations for both
Ara C (2.5, 5.0 and 1O.O Uglm1) and AM (0.01, 0.0S,
0.10. and O.15 Ug/m1). A "levelling off" was observed
after 5.0 ug/m1 for Ara C and after 0.0b Vg/mL for AM.

It was suggested that the levelling off may have been
a result of there being only a limited number of sites
along the chromosome where either AM or Ara C could
interact to produce aberrations:a levelling off would
be reached when tbese sites are t'oceupied". Other
possibilities are that cells may retain the drugs only
up to a particular concentration or that only certain
amounts of the drug may be altered into forms that are
able to interact with the chromosome to produce
aberrations.
There was no indication of a levelling off in the
frequency of aberrations with increasing treatment tinne.
The levelIing off in the frequency of aberrations with
inereasing concentrations of Ara C superficially appears
to be in conflict with the trend shown by the effect of
increasing treatment times on the breakage rate. It was
suggested that Ara C, rather than directly causing breaks,
may induce points of I'potential breakage" along the
chromosomes. These potential breaks became breaks only
after a given period of time; longer treatment time
converts more potential breaks into actual breaks.

The frequency of Ara C induced aberrations increased
with increasing period of treatment, this frequency
actually deereasing relative to the expeeted aberrations
frequency. This was explained by a decreasing sensitivity

(ii)

to Ara C in late S - early GZ cells, relative to those of
late G2.

(iii) AM increased the frequency of sister chromatid exchanges
(SCE's). Comparable results were not sought for Ara C

because after cells were exposed to Ara C they did not
pass through an S phase of the cell cycle, as was the



88-

case for cells exposed to AM. One major difference
between the effect of AM on the chromosome aberration
frequency and the SCE frequency was that SCEts showed

no significant differences between donors, whereas the
chromosome aberration frequency was different for
different donors.

(iv) There was a linear relationship between the frequency of
chromatid and isochromatid aberrations with increasing
tre.atment tirne and increasing concentrations of Ara C.

AM caused more chromatid aberrations than chromosome

aberrations. The relationship between the frequency of
aberrations and increasing dose was significantly
different for the chromatid versus the chromosome

aberrations. This was explained in terms of AM and its
effect on the eell cycle. There were more fragments than
exchanges induced by AM; and the relationship between
increasing dose was significantly different for the
fragment versus the exehange aberrations.

(v) More aberrations were located in the light G bands than
the dark G bands.

Both drugs showed a distinct clustering of aberrations
in some regions of the chromosomes (hotspots), although
the location of AM induced hotspots was different from the
location of those induced by Ara C. The distribution of
AM induced chromatid aberrations was different from the
distribution of the chromosome aberrations as were the
distributions of the fragment and exchange aberrations.
The different types of aberrations also differed in the
number of AM induced aberrations per unit length between

the p and q arms. There were more aberrations per unit
length in the p arm than in the q arm for exchanges,
whereas for fragments and chromosome aberrations the
reverse was true. For chromatid aberrations, there was

no significant difference in the number of aberrations
per unit length between the p and q arms.

The distribution of the aberrations was discussed in
relation to previous studies. However, no conclusions
could be drawn relating the distribution of aberrations
to chromosome structure.

(vi) The relevance of the present
chemotherapy, was discussed.

in vitro studies to cancer
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APPENDIX 1

{ethod For Culturing Human Peripheral Blood Lymphocytes

Reagents

Hams F1O: (Dry Powder, Microbiological Associates)
- made up and stored at 4oC for up to L4 days.

contains various amino acids, vitamins aud
buffered salts.

AB Sernn: can be stored at -zOoC indefinitely.
supplies serum proteins necessary to
support _the metabolism of cultures.

Phytohaemagglutinin-m: (Dry Powder, Difco).
reconstituted PHA can be stored at -zOoC
for up to 6 months.

- activates ln vitro lymphocytes to start
dividing.

Gentamicin Sulphate: (Roussel)
antlblotic

Colchicine: (Sigma)
added to culture medl-um at a final concentration
of 0.01 mg/ml. A stock soluti.on(0.O1 mg ./ml)
was normally kept at 4oC for up to 6 months.
colebiclne allows ce1ls to accumulate at metaphase.

Eypotonic Solutlon:. A4% KCI made up fresh before use.
- hypotonic swells the cells.and promotes

dLsperslon of metaphase ehromosomes.

Fixatlve: 3 parts of analar methanol: 1 part of analar
glacial acetie acid.

- made up fresh before use and stored in a
refrigerator. I
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10OmIs

2m1s

O. lml

Media: Eams F1O

PHA-m

Gentamiciu

Dispense: 6mls

3m1s

adjusted to pE 7.O using
elther CO2 or NaECO3

media per 2O ml sterile universal
container

AB Serum

1.

2.

To set up Culture

venous blood was drawn off into a vasuotainer containing
Lithium heparin. o.4mrs of whole blood was added to eacb
culture vessel and incubated at gOoC for 66 bours.

To harvest Culture

O.lUg/ml of colchicine was added to each
culture vessel 1| hours prior to harvest.

The contents of the culture vessels were
transferred to 12 ml graduated conical
centrifuge tubes and spuu for 5 minutes
at 8OO rpnr

3. The supernatant was discarded to O.5 mls
and the cells were resuspended in the
remalning supernatant. About B mls of
prewarmed (37oC) hypotonic was added for
15 minutes at 37o.

4. The cells were resuspended if necessary,
theu Smls of chitled fixative was added
by squirting it vigorously into the centrifuge
tube. Thi-s first fixative addition resulted
in hemolysis of the red blood cells and
conversion of the haemoglobin to a dark
brown acid hematin.



5.

- 106

The fixed cells were spun at 8O0 rpm for
5 minutes, then the supernatant was

dlscarded to about 1 nl and fresh fixative
added. This step was repeated unttl the
cells were white and the supernatant was
clear (normally 2-3 times).

As much supernatant as possi.ble, without
disturbing the cell button, lras removed
and the cells resuspended in a few drops
of fresh fixative to produce a cloudy
suspension.

Using a pasteur pipette held 15-20cm above
a slide, the cells were dropped onto a clean
chilled sllde and passed through a small
flame to ignite the alcohol in the fixative.

The slide was examLned under a microscope
(phase contrast) aud the quality of the
metaphase was observed. If the cells were
too scarce, the I'cloudy suspension't in the
centrifuge tube was concentrated; 1f the
cells were too dense the suspension was

diluted.

If the slides were to be banded, the procedure
ln the method section was followed. Otherwise,
the slldes were left ln an incubator overnight
at 6OoC and stained in 1O% Giemsa (B.H.D.) the
next morning.

Slldes were mounted in Dueo Industrlal clear
lacquer (Number, 35-928).

6.

7.

8.

9.

10.
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Appendfut 3

meane'for tables 1-3, 5-15 and 17-19 fr@ the
trresult' sectLon

IcAend

3-1

A

c

c

D

The '1' refers to the table nunber
fron the tresult' section.
Chromosome armB

bhrqooromes

Cublc

Repll.cate (tablea 2 and 3l
or drug (table 171

TLne

Concentratl.on

Ll.near

QnradratLc

Donors

Tlpes of aberratLon

E

L

L,
g

R

T

Analyel.s of variance tablee and theLr tableg of
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Appendlx 3-1

ANALYqTS oF VARIANCE rOR CONCENTRATTONS aND

TREATIIEI{T TrrrES FoR Ara C

SOURCE OF

VARIATION SS DF MS F P

L 27930.53 2 13915.27 37 .07 o.0o
H 2ggg2.g3 2 L4446.47 3g.{9 o.o0

L R 3{19.13 4 954.53 2.2g 0.0g
ERROR 13513.20 36 375.37

TOIAL 7355{.80 11 L673.g7

Table of means

Factor L

CONCENTRATION

2.5p9ln1

5. Opgr/nl

L0.0ygr/ml

Factor E

TI!{E

2 hourg

3 hours

I hours

MB.AII

6.1.60

89.33

L26.27

ME,AN

58.73

105.60

115.97
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Table of neanc (cont. t
t.

L E IIEENS

rIEftoursl'
2.Sgg/nL

1.O$g/'nl

10.Ow,fol

-111-

231
17.20 a4.10 8{.60

59.1,0 105.80 11t,,60
'7'7.2,O ll?.eO ' 152,60
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AppendLeeg 3-2 and 3-3

Agperdtces 3--2 and 3-3 are 'Neg edi nodeils of, fixed
ef,festsi iD' tthe repllcaies are rithin lRr (tne
donoril, withln ,r.' (tDe eoneentrationsf and, within
"T' (tbe abertatlon types) . Any i.nteractLone wlth
t[t are tGgted agalnst the '![' by 'p' LnteractLonr
which Ls aesumed to be the randlot Grror.
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501. lg

5855.03

L5691.27

1735. 36

131. 17

6372.15
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17{.69

L28.26
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lg.0l
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8t1.22

73.25

110. 17
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s8 Dr
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teeted agaLnet T D

109.93 1
tested agaLnet T D

1010.65 L2
tested agaLnat

292.98
teeted agalnet

111.87
teeted agaLnst

275.80
tested agal.nst

1225.00

3t899.20

TD

TD

TD
TD

VIC ii)ill;r.

F

3. {l
33.51

tig. g3

9.93

o.77

10{.0,1

2.85

o.72

o.22

0.93

0.99

2. 09

l.l0
6.22

0.29

6.69

1. 3g

1.20

1.80

1. 13

P

0.03

0.00

0.00

0.01

0.38

0.00

0.02

0.72

0.93

0. {5

0. 13

0.12

0.02

0.02

0.59

0.02

0.26

0.31

0.17

0.37

PLlT
PLqT
PIcT

ERROR

I
I
I

20

79

:. r: .:l i I r' '-'j: !'VhLLlr\lll0N



Appendix 3-2

Tables of means for chromatid
and ctrrorosome tlpe aberrations

Factor R

DONOR

u (Hl

v(c)

w

x (A)

Y

Factor L

CONCENIRATION

0.0lpgr/nl

0.05u9/nl

0.l0yg/nl

0,lSgglml

Factor T

TTPE

Chromatid

Chromosme

R L MEAIIS

DONOR

U (H'

v (cl

w

x (Al

Y

!TEAN

45.69

32.75

t17.69

{0.56
tl6. 31

MEAN

19.15

41. 15

52.20

57.90

UE.AN

51.53

33.68

0.Olpgr/nl

21.23

12.00

15. 00

20.00

24. 50

LL4 -

0.05p9/ml

12.75

30.50

53.75

38. 50

tl0. 25

0.l0ug/nl

60.25

36.75
' 57.75

tl.l.50

61.75

0.lSpg/tnl

55.50

51.75

61.25

59.25

58.75



Appendlx 3-2

Table of neana (cont. )
R T IIiETNS,

DONOR

U (EI

v (cl

w

x (A)

T

L T UEAI.IS

COI$CEI{TRATIOX

0.01p9/m1

0.05tigr/nl

0.l0ygr/nl

0.l5pgr/ml

Chronattd

57 .25

{2.39

5l. gg

f5.50

57.63

Chrormatld

21.50

51, ?0

59.70

7L.20

115

Chromogme

3{.13

23. 13

{0.50

35.63

35.00

Chronogqne

13.90

30.50

15.70

l{.60



116

Appendlx 3-3
AT{ALYSIS OF VARIANCE COITIPARING FRAGMENT AIID
EI(CHANGE TY-PE ABERRATIONS FOR DIFFERENT
DONORS AND DIFFEREITT CONCEI{TRATIONS OF Al,t

SOURCE OF
VARTATION

E

!
L1

Lq

IrC

T

D

RL

RLl
RLq

RLc

RT

LT

Ll T

LqT

LcT

RLT

tested

teeted

tested

tested

tested

tested

tested

tested

tested

teeted

tested

tested

tested

tested

teeted

tested

tested

tested

tested

ss
24 05. 95

against D
17555.10

agaLnst D
L5691.27

against D
1736.35

against D
131. {7

against D
5951. 25

3{94.00
agaLnst D

1504. l5
againet D

152. {l
agaLnst D

653. 02
agaLnst D

598.72
against D

106.75
against T

gL7 .25
against T

935.65
agal.nat T

40.50
agaLnst T

11.00
agaLnet T

656.75
agaLnet T

215.60
agal.nat T

382.99
agaJ.nst T

58. 16
agaLnst T

1211.00

3{113. 20

!ts
601.49

5855.03

L5694.27

1?36.36

L34.47

5951. a5

L7 4.70

125. 35

39.10

163.25

17{.69

101.69

305.75

13. tl6

{0.60

41.00

54.72

53. 90

94.75

11.54

, 52.10

{32. lg

P

3.4{

33.51

89.84

9. 94

o.77

95.83

2.gl

0.71

o.22

0.93

1.00

1.6{

4.92

13. {6

0.55

0.66

0. gg

0.87

1.51

0.23

RLlT

RLqT

RIcT

ERROR

TCTTAL

D

D

D

D

D

D

D

D

D

DF

I
3

I
I
I
I

20

L2

4

4

4

4

3

I
I
I

L2

I
4

I
20

79

P

0. 03

0. 00

0.00

0. 01

0.39

0. 00

0. 02

o.72

0.92

0. tl6

0. {3

0.20

0.02

0. 00

0. {3

0.13

0.58

0.50

0.23

0.93



Appendllx 3-3

Tablea of neane for fracrment
and erchange aberratlons

Faetor R

DONOR

U (EI

v (c)

l{

x (Al

Y

Factor L

CONCE}{TRATTON

O.Olpg/nl

O.05yglm1

0.10p9/n1

0.lSyg/nl
Factor T

TTPE

Fragrnent

Erchange

N L UEANS

DONOR

u (El

v (cl

It

x (A)

T

O.0lyg/nl
21.23

12.00

15.00

20.00

21.50

LL? -

0.05y9/nl

42.75

30.50

53.75

39.50

{0.25

0. l0pg/nl
60.25

36. ?5

57 .7U

11.50

61.75

0. l5yg/ml

55.50

51.75

5{.25

59.25

59.75

lrEAll

15.69

32.7 5

17.69

{0.55

16.31

UEAN

19.15

11.15

52.20

57.90

I{EAN

51.22

33.99



118 -

Appendl.x 3-3

Table of meang (cont.l

R T IITEANS

--.-.-
DOHOR

u (8,

v (c)

tf

x (Al

Y

I. T IIEANS

CONCBIERATION

0. 0lpg7h1

0.05p9/nl

0.10p9/rol

0.lSpg/ml

Fragment

5{.63

37. 63

59.63

51.39

53.89

Fragrment

23. 30

17.70

63.90

70.00

D<change

36.75

27 .gg

36.75

29.75

38.75

Erchange

15. 00

31.60

40.50

{5.90
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AppendLx 3-5

,effALISfS G VARINfCB ?OR TOt[AIr lfo. OF

BREAKS IIIDUCED BT ARA C

Chromosomee 1-12, 1G-20rX

S(X'RCB OP SS DF US F P
VARI,ATION

c

R

A

CR

CA

RA

ERROR

amrl.

Tlbleg of neans

*
DONOR

B(u'

c (vl

I

A (xl

I

}TEAN

2.26

l.11
L.22

2.15

2.13

57.71 l7 3.10 , 2.09 0.02

33.39 | 9.35 5.12 O.O0

2.L7 1 2.L7 1.33 0.25

119.77 6g 1.76 l.0g o.3g

13.12 L7 2.55 1.5? 0.10 , 
I

6.91 | 1.73 1,06 o.3g

110.91 6g 1.63

871.25 l7g 2.0g



t20-,

hblc of ueanr {cont.l
Factor A

-

rnH

P

o

F;q'toT_C

cBslrcsqtrE

I
2

g

a

5

6

7

I
E

tr0

11

12

X,:6

l7
ll
19

20

:r

uEiltt
' 1.95

1,. t5

lGei![

2.01

z.a7

2.7!
L.'92;,

r.82

l.0a
2,35

1. {l
1.89

l.-50

1. {g
'2.{0

2.12

I.52
0.19

2.21

1.16

2.7L



Appendlx 3-5

Table of ueans (cont.l

C A l,tEAlfS

P

1.92

2.13

{ .15

1. gg

2.06

0.90

2.O7

1.55

1.97

1.61

1.6a

3.lg
L.7'
l. ll
0.00

2.15

1.15

3.29

E (ul

2.61

l. g7

o

2.10

r.71

1.30

1.95

1.5?

l.lg
2.52

L.26

l,92
1.59

l.3l
r.30

2.50

2.13

0.99

2.31

1.17

2.13

c (vt

1.57

1.23

-L?L-

B

1.30

1.16

A(x,

2.30

2.03

E

l. 91

2.35

cEROMOSOITE

I
2

3

I
5

6

7

8

9

10

11

12

l6
t7

l8
19

20

I

n A uEAlfs

tnus

P

a
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Appendlx 3-5

Sable of neanc (cont.l

C R IrtE[NS

CHROMOSOITIE

I
2

3

{

5

6

7

I
9

l0
11

L2

16

l7
l8

l9
20

x

B (UI

2.52

3. 5,1

7.29

1.69

l.5g
0.95

1.92

2.55

0.99

1.96

l.3l
2.92

3.8?

0.73

0.00

0. {1

0.81

2.61

c (vl

1.50

o.79

l.2g

1.06

1.00

0.50

0.95

0.76

1.36

l.3g
1.29

2.12

1.70

2.10

0.50

3.65

l.39
1.70

E

L.26

1.69

l.16
2.31

l. ll
0.63

2.00

0.50

1.59

L.22

0.51

1. lg
1.21

0.73

0.50

1.82

0. 19

1.29

A (x)

2.61

2.6.t1

1.59

2.30

2.09

L.17

1.63

1.63

2.61

2.19

2.lL
2.93

1.43

2.00

0.73

2.69

1.79

l.19

B

2.15

1. ?0

2.31

2.20

2.99

1.65

2.2L

1. lg
2.7 g

1.35

r. gl

2.20

2.38

2.55

0.73

2.61

1.30

3.77
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Appendl.x 3-6,

AIIALYSfS OF VARIAIfCE FOR TOTAL No. OF

BREAKS IIIDUCED BI AII

Chrqnosorn€a 1-12, 15-20 rX

60uRcB oF ss Dr us F P
VARIATTON

c

B

A

CR

CA

RA

EBROR

I.lmAL

Tableg of neang

Factor R

DONOR

U (EI

v (c!

n

x (Al

r

61.16 L7 3.62 6.12 o. o0

l.o7 | 1.02 l.gl o.l{
0.53 I 0.53 o.g5 0.33

a2.96 6g 0.53 1.12 o. 32

21.79 17 l.2g 2.27 0,01

3.06 { o.77 1.35 0.26

38.30 6g 0.56

172. 0g 'l7g 
0. 95

llEAtl

I.65

1.65

1.91

l. 13

l.?o
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4,tpendfx_ 1+

lable of ueang tcorit.I.
Faetor I

ARU

P

o

Faetor C

cH8srosori8
a

l
2

I
{

5

6

7

I
I
10

1t

12

l5
L7

t8

t9
2Q

x

IIEAN

I.52
1.72

!TEATf

2.2:,2

2.35

1,.18

1,.98

l.{2
2.53

2.07'

1.83

2il0
2.35

1.71

tr.99

0.gtr,

,1. ul
1.20

0.?g

0.52

e. 07
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Appendlx 3-6

Tab1e of neang (cont.l

E A UEENS

CHR(ITIOSCITiE P

1

2

3

I
5

6

7

I
9

l0
11

L2

l6
17

18

l9
20

x

N A HEANS

ARITS

P

o

2.2L

2.36

L.22

2.00

l.0l
2.52

2.69

1.67

2.51

2.36

1.52

2.21

0.rg

o.22

L.22

0.59

0.38

2.Lg

U (EI

l.lg
l.g2

a

2.23

2.33

1.11

1.96

1.91

2.51

l. 15

1.39

1.6?

2.31

1.89

1.75

1.61

2.Ol

1.19

0.99

0.67

2.01

v (c,

1.71

1.59

w

2.05

1.76

i tal

1.25

1.62

T

l.5g
1.92
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Appendlx 3-6

Table of neans (cont.l

c R rrrarls

crrRoMosouE

1

2

3

I
5

6

7

u (El

2.08

2.09

1.98

2.01

1.03

3. 17

l.5l
0.75

2.36

2.23

1.82

2.21

0.97

L.22

1.96

0.83

0.00

1.50

v (cl

2.61

2. 95

1.02

2.51

l.8g
2.95

2.32

2.11

1.88

l. gl

1.99

1.17

1.21

0.73

1.10

0.50

0. {2

0.48

w

L.72

2.05

1.33

l,39
2.26

1.95

2.55

2.11

2.52

3.02

2.L2

2.85

1.21

1.53

1.60

1.{1

o.12

2.29

x (A)

2.2?

2..51

0.55

2.30

0.69

2.36

2.23

1.01

2.00

0.91

0.67

L.92

0.71

1.20

o. 19

0. 11

0.88

2.51

Y

2.39

2.L2

1.12

1.67

L.26

2.31

1.75

1,63

L.77

3.65

1.92

L.?2

0. ag

0.96

0.85

0.82

0.89

3.36

I
9

10

1I

L2

l6
t7

l8
19

20

x
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AppendLx 3-7

ANALYSTS G VARI,AITE FOR CTIRO}IOS(IIE' TIPE

. ABERRATIONS IIIDUCED BY AIII

ChromoEomea 1-12, 16-20rX

SOURCE OF SS DF tIS F P
VARIATION

c

R

A

CR

CA

RA

BRROR

$mAL

Tables of neans

Pactor R

DONOR I,iEAN

u (Bl 0.75

v (cl 0.?g

w 0.6l
x (Al 0.61

21.06 17 1.21 l.go 0.00

0,55 | o.1l 0.53 0.?1

3.21 I 3.21 L2.17 o. Oo

l2.lg -59 0.lg 0.?l 0.92

11.05 1? 0.65 2.52 o.0o

3.00 | 0.?5 2.g1 0.03

l?.55 5g 0.26

68.93 t?g 0.39

0.59
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APPendf.x 3'7

taDls of 'neanF (cont.l

Factor:,$

^[nu

P

a

taGtof G

cmolro-soDE

1

2

3

a

s

6

1

3

9

10

t1

It
t5
1?

t8

19

20

f,

raEltf

0.57

0.81

t

0.98

1.07

0,35

1.22

0,.5t

1.3tl

0.91

0.45

1.01

0.90

0.?l
0.51

0.18

0.29

0.00

0.71

o.33

0.63
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AppendLx 3-7

Tab1e of ueana (eont. I

c A uEeNs

CEROITIOSCttB

1

2

3

I
5

6

7

I
9

10

t1

L2

16

17

18

19

20

x

R t lrEArfs

AR}IS

P

a

P

0.91

0.96

0.{9

1.25

0.65

1.35

0.83

0. 18

1.ll
0.59

o.00

0,37

0.00

0.00

0.00

0.59

0.00

0.32

U (EI

0.51

0.99

a

1.05

l.1g

o.22

l.19
0.60

1.30

1.05

0.12

0.58

1.20

I. a2

0.85

0.96

0.59

0.00

0.83

0.57

0.91

v (c,

0.80

o.75

w

0.6?

0.62

x (Al

0. ll
0.85

Y

0.43

0.96
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Appendlx 3-7

Table of'ueang (cont.l

c R ttEtrlls

CHROITIOSOITIE

I
2

3

I
5

6

7

I
9

l0
11

L2

l6
17

18

19

20

x

u (E)

o.7g

1.20

0.58

1.80

, 0.56

L.72

0.70

0.15

0. gg

0.80

1.02

0.57

o.7 2

0. 19

0.00

0.93

0.00

0.58

v (cl

1.02

L.52

0.31

1.80

1.00

1.63

1.37

0.60

0.93

L.22

1.02

0.14

0.2{

0.21

0.00

0.50

0. {2

0.16

tt

0. gl

0.53

0.61

0.61

0.98

0.59

0.85

0. {5

1.01

0.53

0.51

0.89

o.72

o.2l
0,00

0.99

o.12

0.85

x (A,

1.1{

1.02

0.00

0. gl

0.23

1.33

0.80

0.30

1.ll
0. l7

0.50

0.73

0. 18

0. {8

0.00

0.11

0. ll
0.94

T

1.11

1.09

o.27

0. gl

0. 16

1.33

0.98

0.71

0.75

1. 16

0.50

0.70

0.21

0.00

0.00

0.82

0.41

0.63
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Appendtx 3-8

AI{ALYSTS OF VAR[AiTCE FOR TCEROIATTDT 1TPE

ABERRATIONS TNDUCED BY AlI

Chromosomes 1-12, 16-20 rX

SOURCE OF SS DF I,IS P P
VARIATTON

c

R

A

CR

CA

RA

ERROR

SOTAL,

Tableg of neans

Factor R

DONOR

U (EI

v (cl

tf

x (Al

T

28.L7 17 l. 56 l.Ll 0. OO

l.ll I l.l1 2.go o.o3

0.50 1 0.50 1.25 0..27

27.96 6g 0.ll l.0l 0.ll
1?.35 17 1.02 2.57 o:00 \

1.t7 | 0"31 0.95 0.lg
27.01 6g 0.10

106.90 179 0.60

tlEAlI

0.90

1.00

L.26

0.79

1.01
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tP.Pendlx 3-8

rable of ,,neang (co+t. I

Faetor l
uBAtt

l. 05

0.91

FraetOt C

emo{osdtE

I
2

3

I
.5

6

7

8

9

lo
11

t2

t5
Ll
t3

l9
20

I

uEeil

1.28

1.36

0.7?

0.?t
0.82

r.32
1. L6

1.05

1.03

1.52

l. l?
1.3?

0.43

0.8t
l.15
0'08

0.27

l.13

An}r

P

o
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Appendix 3-8

Table of neanr (cont.l

C A UEENS

cERO!tosouE

1

2

3

l,

5

6

7

8

9

10

l1
l2

t5

1?

l8

19

20

x

R t LEANS

PO
1.30 L.27

l.{0 1.31

0.?3 0.gl
0.?5 0.81

0.39 1.25

1.17 1.16

1.86. O.l7

1.19 0.91

1.r1 0.96

L.77 L.27

1.52 0.81

l.8l 0.90

0.19 0.67

0.22 1.55

L.22 1.09

0.00 0.17

0.38 0.17

1.80 1.07

U (EI

0.98

0.83

v (cl

0.90

l.l0

tRHS

P

0

ff

1.38

l.ll

x (Al

0.81

o.77

T

1.16

0.86
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Apoendl.x 3-8

Table of meane (cont.l

C R IIIEAIIS

CHRqI|OSO!,tE

I
2

3r
I
5

6

7

I
9

l0
11

l2
l6
L7

u (B)

1.29

0.88

1.30

0.21

o.l7
1. 15

0. gl

0.60

1.36

1. 13

0.81

1.67

o.2a

0.73

1.95

0.00

0.00

1.01

v (cl

l.8l
1.83

0. {{
0.95

1.00

L.77

1.11

1.35

o.72

1.01

1.82

1.03

0.97

0.73

0.86

0.00

0. 12

0.32

ff

0.90

1.52

o.72

0.71

1.38

1.36

1.71

1.66

l.18
2.19

1.61

1.96

0. 18

1.29

1.60

0. 12

0.00

1.{l

x (Al

1.11

1. ?l
0.55

1.35

0. 16

r.02

1. 13

o.7l
0.59

o.17

1.57

1.19

o.2l
o.72

0.19

0.00

o. {8

1.68

T

1.25

1.01

0.86

0.73

0.80

0.98

o'.77 i

0.89

r.02

2.19

1. {2

1.0r

o.2l
0.96

0.85

0.00

0. {8

2.73

18

19

20

x
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AppendLx 3-9 '

AIFLYSIS OF VARTANCE FOR .CHROT{ATrp FRAGUENTST

ABERRATIONS IIIDUCED BT AITI?

Chronosqnes l-12, 16-20 rx

SOURCE Of SS DF l.|S F p
VARIATION

c 3.07 L7 0.lg 1.09 o.3g

R 0.0{ I 0.01 0.06 o.gg

A O.20 I o, 20 1. 23 0.27

c R 10.g2 6g 0.15 0.96 0.56

c A 2.06 17 0.12 0.71 0.76

R A 0.71 | 0.19 1.0? o.3g

ERROR 11.25 6g 0.16

lo|rAL 29.16 179 0.16

fabler of neang

Factor R

DONORS

u (Hl

. v(cl

It

x (Al

v

uEAtf

0.38

0.ll

0.38

0.37

0.38
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Aeqendtx l-9

Tablc of neanr (cont. I
Faetor R

firq llean

P o'35

q o,l2

Factor C

Chrouotme ltTln

I 0.62

2 0.15

3 0.lg
a 0.51

5 0.30

5 0.lg
7 0.lo
t 0.30

t 0.lg
10 0.13

ll 0.33

12 0.3,5

15 0.29

17 0.lo
l8 0.15

lg 0.19

2Q o.lg
r 0.59



Appendix 3-9

. Tab1e of meana (cont.)

C A lleane

Chronosone p qI

0.62

0.57

0.lg
0.50

0.13

0.36

0.51

0. 12

0. ll
0.30

0.38

0.35

o.19

o.22

0.00

0.19

0.38

0.53

U (EI

0.tl
0.52

L37 v

0.61

0.32

0. lg
0.51

0.16

0.60

a.2g

0. {8

0.51

0.57

o.27

0.31

0.39

0.58

0.30

0.17

0.00

0.63

v (cl

0.37

0. 16

r
0.33

0.13

x (Al

0.10

0.31

T

0.11

0.35

I
2

3

I
5

6

7

I
9

10

1t

L2

16

l?

18

19

20

x

R Means

Ar-ng

D

!I
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Appendtx 3-9

. Table of rneans (cont. )

C R Meane

Chrmosome

I
2

3

I
5

6

7

I
9

10

11

L2

16

L7

18

19

20

x

u (Hl

0,81

0.31

o.72

0.21

0.12

1.00

o.2g

0.15

0.76

0.37

0.00

0.28

0.21

0.19

0.50

0.00

0.00

0.58

v (c)

o.92

0.52

0.58

0.61

0. ll
0.53

0. ll
o.76

0.60

0. 16

0. 19

0. r{
0.73

0.00

0.25

o. oo

0.00

0. 16

w

0. rl5

0.53

o.29

0.61

0.35

0.11

0.26

0.15

a.72

0.69

o.65

0.00

o.2l

0.80

0.00

0.ll
0.00

0. {g

x (Al

0.57

0.57

0.29

0.83

0.23

o.27

o.77

0.30

0.16

o.1?

0.17

1.01

0,00

o.ztl

0.00

0.00

0. lg
0.31

Y

0.35

o.32

0.57

0.21

0.31

0. t6

o.26

0.15

0.16

0. 17

0.31

0.29

0.21

0. 18

0.00

0. 19

0. 18

1.37
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Appendlx 3-10

AITALYSIS OF VARTA}ICB FOR ICNROIIIATID EI(CHAIIGEST

ABERRATIONS IIIDUCED BY AIII

Chromoeones l-l2 r 16-20 rX

SOURCE OF 8S DF IITS P P
VARIATION

c 18.98 L7 1.11 5.92 0.00

R 5.20 | 1.30 6.89 0.00

A 2,51 I 2.51 13.31 O.00

c.R 15.07 68 0.22 1.18 0.25 \

c A 13.35 17 0.79 1.17 0.00

R A 1.13 | 0.29 l.5l 0.21

EnROR L2.82 68 0.19

TOTAT, 69.07 L7g 0.39

Table of neang

Pactor R

DONORS I{E,ATT

u (El 0.52

v (cl 0.16

\tf 0.89

x (Al o.l2

r 0.65
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Appendk 3-10.

laLlc of naans (cont.l

Fac'tor e

-

AM
It5

g

F,actor C

tlean

0.71

0.1?

llea|!

0.62

r0.82

0.31

0.25

0.50

0.73

o.73

0.78

o.6e

1.02

Or57

l.0l
0,.11

o. l{
l.oli
0.00

0.00

0.86

C&rouosome

t
2

3

a

5

5

7

8

I
10

l1
l2
l5

.t?
l8
19

t0
x
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Appendlx 3-10

. Table of neans (eont.l

C A Means

Chromoeome

1

2

3

I
5

6

7

I
9

10

11

L2

16

17

18

19

20

x

R I lleans

Ama

P

o.67

0.83

o.2a

0.25

a.26

0.81

1.31

1.07

0.66

1.17

1.{1
l.18
o.00

0.00

1.21

0.00

0.00

L.27

U (EI

o.7 |
0.30

qI

0.57

0.82

0. {3

0.25

o.7a

0.61

0.12

0. 18

0.58

0.57

0.20

0.57

0.28

0.97

0.89

0.00

0.00

0.1{

v (cl

0. 13

0.38

r
1.05

0.73

x (Al

0.ll
0. 13

T

0.81

0.51

P

q
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Appendlx 3-10

. Table of neane (cont.l

C R Dleane

Chror4osome

I
2

3

I
5

5

7

8

9

10

11

l2
16

L7

18

l9
20

x

U (H}

0. f7

0.57

0.58

0.00

0.35

0.15

0.52

0. 15

0.50

l. 06

0,81

1.39

0.00

0.21

l. 17

0.00

0.00

0. 13

v (cl

0.69

0.89

0.1{

0. 11

0. ll
0.59

0.52

0.75

0. ll
0.53

0. 19

0.89

o.2l

0. 19

0.85

0.00

0.00

0.15

If

0. 15

0.98

0. 13

0.11

1.03

L.22

l. l{
1.51

0.76

1. go

0.96

l. 96

0.21

0. 19

1.59

0.00

0.00

0.96

x (A,

o.57

0.91

o.27

0.52

0.23

0.76

0.66

0.ll
0. 13

0.00

0.00

0. ll
0.21

0. lg

0. 19

0.00

0.00

1.36

Y

0.91

o.72

o.29

0.52

0. 16

0.62

o.52

0.71

0.86

1.71

1.11

0.73

0.00

0. 19

0.85

0.00

0.00

1.37
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Appendlx 3-11

AI{ALYSTS OF VTRI.II{CE FOR .'FRAGUENTT 
TYPE

, ABERRATTONS IIIDUCED BY AlI

Chrqnosones 1-12, 16-20 rX

souRcB oF
VARIATION

c

R

A

CR

CA

RA

ERROR

BOTAL

Factor R

DONOR

U (EI

v (cl

lf

x (Al

T

ss

29.15

1.05

1.01

23.37

9.91

1.83

27.7L

97.06

17

I
I
68

17

I
68

179

IrlS

1.71

0.26

l.0l
0.31

0.58

0. l6
0. 11

0.51

r

1.2L

0.61

9.93

0.81

1.lf
1.13

P

0.00

0.53

0.00

0.76

0.15

0.35

Tablee of ueana

nEAtf

1.02

1.13

0.96

0.93

0.93
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. Tablc of neane lcsnt- l
,Factot lr

enil

P

o

fa,qtgt g

cmoirosa|a

1

2

t
I
5

5

7

E

I
10

11 ,

Itr

l5
1?

18

l9
20

x

UEAA

o.8|
1,11

r|EAf,

l.l|
1.32

0.78

r.67

o.88

l.6l
1.15

0.56

l. fz
l. 23

0.97

,0.87

0.63

0.50

o.l5
0.?9

,0.5!

l.16



Appendlx 3-ll

Table of neane (cont.l

P

1.31

l.3l
0.92

1.75

0.78

1.ll
1.l':f

0.18

1.88

0.89

0.38

0.73

0.lg
0.22

0.00

0.59

0.38

o.7 a

o

1.53

1.31

0.65

1.58

0.97

l.8l
l.16
0.85

0.96

1.58

1.55

1.02

1.06

o.97

0.30

0.99

0.67

1.57

145

ff

0.89

1.03

c A uEAtfs

CBRO,IOSdrlE

I
2

3

I
5

6

7

I
9

l0
11

12

16

l7
18

l9
20

T

R I trEtrfs

lRt|s

P

o

U (E}

0.70

1.33

v(cl
1.09

l.lg

'x (Al

0.93

I.03

T

0.71

l.15
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Table of neang (cont.l

C R IIEANS

u (Hl

1.61

1.25

1. 16

1.80

0.55

2. {9

0.70

0.30

1.75

1.01

0. gl

0.95

o.?2

0.73

0.50

0.93

0.00

r.17

v (cl

l. g3

1.79

0.89

2.32

1.32

2.Ol

l.5l
1.36

l,13
1.38

1.50

0.28

0.97

o.2l
0.25

0.50

0.12

0.32

L46

ll
1. ll
0.89

0.75

1.28

1.23

o.72

0.85

0.60

1.76

L.22

1.17
'0.?5

0,97

1.05

0.00

l.11
o.12

1.06

x (A)

1.36

1.50

o.2g

1.79

0.16

1.60

1.57

0. 15

1. 11

0.79

0.67

l.6a
0.21

0. 18

0.00

0.ll
0.89

1.25

T

1.25

1.20

0. ga

1.15

0.80

1.3{

1.09

0.59

0.75

1.78

0.65

0.84

o.2l
0. lg

0.00

0.82

0.89

2.00

CHROMOSOITTE

I
2

3

I
5

5

7

8

9

10

11

12

16

L7

18

19

20

x
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Appendlx 3-12

AIFLYSXS OF VARItrIICE FOR TEXCHANGBT rlpE

ABBRRATIONS IITDUCED 8Y AI.I

Chrmosomes 1-12, 16-20 rx

SOURCB OF SS DF I.tS f P
VARIATTON

c 22.gL L7 1.35 5.g? 0.00

a {.6{ | 1.16 5.05 0.00

A 2.L2 I 2.L2 9.25 0. 00

c R 16.18 6g 0.2a 1.03 0.ll
c A l?.05 L7 l.OO 1.3? O.OO \

R A 1.90 { 0.lg 2.o7 0.09

BRROB 15.61 6g 0.23

TOTAT. 90.{3 l7g 0.15

Tableg of meang

Factor R

DONOR T|EAN

u (El 0.61

v (cl 0;5s

tf 0.95

x (A l. 0.50

r 0.79
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lpperndlr 3.{2,

Eablc gf neanr lconi,I

enu UEn!

P 0.79

o 0.5?

,FaG.tor I,
cmfioso!{E

I
2

3

t
5

'6

7

8

9

1,0

lt
t2

16

It
18

ll
20

x

TIETTN

0.7'8

L0e
0.10

0.r2

0.51

0.gN

0.92

0,.1e7

0.69

1.r!,

o.7l
t.2,t
0,2t
0.st
1.05

0.00

0.00
/ o.g1
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Table of meang (cont.l

c A !|EANS

P

0.86

1.02

0.31

0.25

0.26

1.08

. 1.56

l.19
0.66

1. 17

l.ll
1.85

0.00

0.00

L.22

0.00

0.00

1.31

u (El

0.78.

0.19

o

0.70

1.02

0. 19

0.38

0. gl

0.70

0.29

0.51

0.70

0.?6

0.31

0.52

0.59

1.07

0.89

0.00

0.00

0. ll

v (cl

0.72

0.38

t49 -

tf

1.15

0.73

'x (A,

o.12

0.59

T

0.88

0.67

cHROI.IOSOI,IE

I
2

3

a

5

6

7

I
9

lo
11

L2

16

t7

18

19

20

x

R A UEANS

Anus

P

0
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Table of 'meang '(cont.l

C R UE.ANS

U (HI

o.l7

0. gl

o.72

0.21

0.{7

0.69

0.91

0.15

0.60

1.22

0.99

1.39

o.21

0. 19

0.17

0.00

0.00

0. 13

v (cl

0.81

1. 16

0.11

0.21

0.55

0.91

0.78

0.75

0. ll
0.53

0.19

I.53

o.2l

0. 19

0.86

0.00

0.00

0.16

150 -

w

0.57

1.15

0.58

0. 11

0.99

L.22

l. ?l
1.51

0.76

1.80

0.96

2.10

o.2l

0. 19

1.60

0.00

0.00

1.23

x(A)

0.91

1. Otl

o.27

0.52

0.23

0.76

0.66

0.59

0.59

0.16

0.00

0.28

0. 18

0.72

0. {9

0.00

0.00

l. 37

T

l.13
o.92

o.29

0.52

0. 16

0.90

0.66

1.01

1.02

1.87

1.29

0.97

o.2tL

0. 19

0.85

0.00

0.00

1. 37

cBROUOSct.tE

I
2

3

I
5

6

7

8

9

l0

11

L2

16

17

18

19

20

x
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Appendl.x 3-13

ANALYSTS OF VARTNfCE FOR TCHROIIOSOME FRIGMEI{TSI

ABERRATTONS IITDUCED BY AlI

Chromosmes 1-12, 16-20,X

SOURCB OF SS DF }IS F P
VARHTION

c

R

A

CR

CA

RA

ERROR

TOTAI,

Tableg of means

17.60 L7 1.0{ 3.92 0.00

0.60 I 0.15 0.55 0.70

2.18 t 2.lg 9.05 0.01

10.03 68 0.15 0.51 0.99 r

9.91 L7 0.59 2.15 0.02

1.28^ | 0.32 1.19 0.32

18.{{ 6g 0.27

50.05 L79 0.3,0

Factor R

DONORS IIEA}I

u (El 0.61

v (cl o.72

w 0.59

x (Al 0.56

Y 0.59
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trIlpendlx 3-13

llean
0.50
o.?2

Itean
0.82
0.97
o.30
.1. L6,

0.59
1.16
0.75
o.36
0.gl
o.g0
o.6l
Or52
0.tl
0.lg
0.,00
0.71
0.3,t
0.59

\

Table of neang (cont.l
Pl"Pt t

A,fn
'p

q

Factor G

Chroqogme
I
2
3

I
5

6

1

I
9

t0
11
12

16
1?

18
19

to
x
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Appendl.x 3-13

Table of neang (cont.l

C A Means

ClEomosome

I
2

3

I
5

6

7

8

I
10

11

L2

16

17

18

t9
20

x

R A lleans
,

Ams

p

o.72

o.77

0. 13

1.25

0.65

1.08

0.62

0.36

1. la
0.59

0. o0

0.37

0.00

0.00

0.00

0.59

0.00

0.21

qI

o.92

0.98

0.15

1.06

0.51

L.ztl

0.87

0.35

0. 15

1.01

1.28

0.58

0.57

0.39

0.00

0.83

0.67

0.91

P

q

u (8,

0. 16

o.81

v (c)

0.71

o.72

tf

0.55

0.60

x (Al

0. 13

0.59

T

0.36

0.80
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Appendlx 3-13

Table of neang (cont.)

C R Means

Chromosome

I
2

3

I
5

6

7

I
9

10

11

L2

15

l?

l8

19

20

x

U (EI

0.7 g

0. gl

0. tl4

l.59

0.{{
1. lg
0. 11

0.15

0. gg

0.61

0.85

0.57

0. lg

o.2l

0.00

0.83

0.00

0.59

v (c)

0.90

L.26

0.31

1.69

0.88

1.l0
1.11

0.60

0.83

1.22

1.01

0.11

o.2l
o.2l
0.00

0.50

0. 12

0.15

w

0.69

0.37

o. {6

0.61

0.98

0.59

0.58

0. 15

1.03

0.53

0.51

0.75

o.72

o.2a

0.00

0.99

o.12

0.59

x (A)

o.80

o.g2

0.00

0.91

0.23

l.3l
0.80

0.15

1. 25

0.31

0.50

0.59

0.23

0.2{

0.00

0. ll
0. {1

0. gl

Y

0. gl

0.88

0.26

0.91

0. 16

0.99

0.93

0. l5
0.59

1.31

0.33

0.56

0.00

0,00

0.00

0.82

0. 11

0.53
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Appendlx 3-I{

ANALYSTS OF VARTAIICE POR TOIAL No. oF

EITEAtrS rHpUCEp BY ARA e

Chrqaosmea 13,ll ,15, 2L ,22

SOURCE OF
VARI.ATTON

c

R

ERROR

TOTAI,

ss

1.59

3.61

13.56

2L.76

DF us

1.15

0.90

0.85

0.91

F

1.35

1.06

P

0.29

0. 11

I
I

t6

2l

Tablea of neanc

Factor C

CBR()|'!OSOtrtE

13

tl
15

2L

22

Factor R

DOllOn

E(UI

clvl
B

A (xl

B

IIEAN

1.gg

2.03

o. g5

1,92

1.50

UEIII

I.35

1.69

1.08

2.11

1.95
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Appendlx 3-14

B.ble of neans' (coltql

c R uEAtts

CEROITOSS@.

l3
1l
l5
,L

22

F(UI

0.92

3. t0
o.00

0.o0

2.52

c (vl

2.15

1.32

1.08

l.9l
1.69

E

l'5.t
0.99

1.08

0,.97

o"8l

I (xl

'a.l0
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ANALYSIS OP VARIAIrcE FOR AOTAL No. OF

BRTA.KS INDUCED BY AII

Chromosqnea 13 r l{, 15, 2L 022

SOURCB OF
VARIATION

c

R

ERROR

IOTAI,

Table of

ss

2.09

3.21

11. 92

L7.2a

lnean8

DF IIS

I
a

16

2l

o.52

0.81

o.7tl

o.72

F
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P
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0.l0
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CIIRC.IOSCITIE

13

1f

15
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DONOR

u (El
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T

IIEAN
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2.12

2.37

2.70
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2.91

3.10

2.33

2.32

2.22
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ATTALYSIS OF VARIAI|CB COTTIPARING TRE EFFECDS OF

ARA C Alip AItt ON rlrprlrrpuAls u (Hl ,v (cl , Atrp x (A'

Chromoeomes 1-12, 16-20 rX

souRcB oF
VARTATIOII

D

c

R

A

DC

DR
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CR
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DCR

DCA

DRA

CRA

ERROR

TOTAIJ
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15.27

l0. gl
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.0.35
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11. l0
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29.95

2.68

{9.95
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2.13

0.04

1.59
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Table of neang (cont. l
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Table of neans (cont.l

Factor A

l,tEAtl

1. 52
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x
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lable of ueana (cont.l
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Table of neang (cont.l
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DRUG
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Table of means (cont.)

R A UEilNS

DONOR P O

u (H) 1.67 1.60

v (c) 1. 33 l. 21

x (Al 1.57 1.53
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ANALYSIS OF VARTANCB ON TBE SQUARE ROOr

OF COUIfTS POR SCB I s INDUCED BT AnA C

SOURCE OF
VARIATION

L

R

LR

ERROR

TOTAL

Factor fr

CONCET|TRATION

CONTROL

2.5pgr/nl

l0.0ygr/tnl

Factor 4
DONOR

c (vl

B

A (xl

B

Tables of meang

ss

0.26

1, 11

1, 5l
96.97

100. lg

DF

2

3

6
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Itf;

0.13

0. {7

o.27

o.32
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F

0. 11
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P
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uEAll

2.61
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2.55
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Table of, ueans. (cont.l

-L R.SEAIIS

c (v)

2.93

2,55

z,5I

E
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A(xl
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ANAI,YSIS OF VARIANCE ON TBE SQUARE ROOT
-i

OF COTNITS FOR SCE I g INDUCED BY AlI

SOURCE OP
VARTATTON SS DF IIS F P

L 166.99 2 g3.lg 17?.60 0.00

R L.22 | 0.30 0.65 0.63
L R 2.O7 g 0.26 0.55 o.g2

ERROR 169.23 360 0.t7
TqfAL 339.50 371 0.g1

Tablee of nreans

Factor L

coNcENTRAtTON }|AA]r

cotfTRoL 2 .7 0

0.Olpgr/nl 1.00

0.05y9,/n1 1.20

Factor R

D()NOR

u (El 3.55

v (cl 3. 53

w 3.69

x (Al 3.5?

I 3.69
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Band No.

1q21

1932

3p21

3p1l

3p13

lq31

7qu
7q32

9q12

l,29L2

12q13

16q21

17q21

xp22

Totals

Chrqnatid

8

7

16

10

7

1{

7

1s

9

10

7

7

I
9

131

Isochrdratld

2

I
7

I
I
I
3

5

I
5

3

3

3

3

55

Total

l0
l1
23

1l
11

15

10

20

I7

15

10

10

11

L2

189
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The Nunber of ChrqratLd and IeochromatLd
Aberatl,one at 'Hotspotsr fnduced by Ara C.
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AppendJ.x 7

Summary of the distribution over the chromosomes

of the different tlpes of aberratl.ons Lnduced by Al{

Legend

p !! p arrn of the chromosome \

q - q arn of the chrqnosome

T/E = ChromatLd fragrnent

f/E - ChrornatLd exchange

S/g = Chromosome fragrment

S/E - Chromosome exchange
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