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ABSTRACT

Technical variables in lymphocyte culture, harvest and
differential staining were investigated for their effect on baseline sister chranatid exchange (SCE) levels.

The culture medium,

5 Bromodeoxyuridine (BrdUrd) concentration and method of
differential

staining all influenced SCE frequency, whereas the

method of lymphocyte separation, the mitogen utilized and the
timing of BrdUrd addition did not.
Repeat cultures scored for SCE at varying time intervals
during the course of this study showed that for ITDst individuals,
baseline SCE levels were constant over time.
SCE induction was studied using a range of chemical and
physical agents differing in their interactions with DNA.

The results

suggested that a variety of DNA interactions culminated in SCE
formation.

SCE analysis appeared a useful technique for assessing

many, but not all, classes of chrornoscrne damaging agents and therefore
is best used in conjunction with other test systems in assessing
DNA damaging agents.
Different experimental protocols were utilized to investigate
SCE induction.

Induced exchange levels varied considerably between

resting (G ) lymphocytes and replicating lymphocytes, and between
o
replicating lymphocytes that had incorporated BrdUrd prior to
chemical or physical challenge and those lymphocytes that had not.
It appeared that incorporation of BrdUrd into chranoscrnal
increased lymphocyte sensitivity to damage by ITDst agents.

DNA
These

factors should be considered when assessing induced SCEs and a
testing schedule is described which would take these variables
into account.

xiii

The effect of X irradiation on baseline SCE frequency was
studied in detail.
increase in seEs.

X irradiation caused a small but significant
Although incorporation of BrdUrd sensitizes

chrarrosanes to damage by ionizing radiation, increased BrdUrd
concentrations in the culture medium did not lead to an increase
in X-ray induced seEs.

Results fran fOst irradiation holding

experiments suggested that SCEs represent a form of DNA repair.
This SCE repair was thought to operate on residual damage not
repaired by other DNA repair mechanisms.
A canparison was made between the frequency of induced SCEs
in human lymphocytes and Chinese hamster ovary (CHO) cells.

CHO

cells showed significantly higher seE levels, suggesting that the
results of SCE analysis in CHO cells was not a good indicator of
fOtential seE induction in man.

1

I. INTROOOcrION.

1)

GENERAL INTRODUcrrON.
Metaphase chrollDSOITeS from cells which have undergone two cell

cycles in culture !Tedium containing BrdUrd can be differentially
stained to reflect incorporation of BrdUrd into one, or both strands
of chroIIDsornal DNA.

In differentially stained chroIIDsornes, SCEs are

seen ,as distinct complementary changes in staining between

sister

chromatids .
Methodology for SCE detection is now well developed and has led

to practical studies on chrOllDsorre structure, the rrechanisms involved
in exchange formation, cell cycle

kinetics and the effects of physical

and chemical agents on chrollDsorres.

A large number of mutagens and

carcinogens induce significant increases in SCE frequency, suggesting
that SCE analysis may provide a useful technique for determining
potential genetic hazards in the environment.

2)

NA'IURE AND SmPE OF THIS INVESTIGATION.
The aim of this investigation was to evaluate factors

influencing SCE frequency in human chrOllDSorneS and to assess the
SCE technique as an indicator of DNA damaging agents.
Analysis of SCE requires a precise knowledge of baseline SCE
levels in normal heal thy individuals.

This thesis provides information

on how variables in lymphocyte culture, harvest and staining techniques
effect baseline SCE frequency.

Furtherrrore, repeat cultures were

scored for SCE at varying tine intervals during the course of the
study to determine if an individual's baseline seE level was constant
over tine.

2

Although the occurrence of SCE may reflect DNA damage and repair
processes, the DNA interaction or interactions leading to exchange
forrration are unknown.
a

Since the conversion of a DNA interaction to

SCE may depend on the nature of that interaction, classes of

chemical and physical agents that differ in their interaction with
DNA were assessed for their ability to induce SCEs.

A number of

different experirrental protocols involving both resting (Go) and
replicating lymphocytes were utilized.

Incorporation of BrdUrd into

chrolIDSomal DNA may alter lymphocyte sensitivity to chemical and
physical damage.

Consequently SCE was studied in metaphase

chrolIDsames challenged at varying times after culture initiation
and either before or after addition of BrdUrd.

In addition, the

effect on SCE frequency of altering the pH or the temperature
during lymphocyte culture was investigated.
Finally, because reports of induced SCE in various cell
systems show conflicting results, the frequency of chemically
induced SCEs in cultured human lymphocytes was compared with
that in a Chinese hamster ovary cell line.
During the course of this study, similar investigations and
experimental protocols were reported by a n1Jll1ber of workers.

The

results presented here serve to confirm and expand the current
knowledge of the mechanisms and formation of SCEs and of the SCE
technique in general.
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Diagram to illustrate the autoradiographic labelling pattern of cells
cultured for one cell cycle in the presence of 3H-thymidine and a second
replication cycle in the absence of radioisotope.

Second division

metaphase chromosomes therefore contain one radioactive chromatid and one
non radioactive chromatid, which show a differential autoradiographic
labelling pattern.

3H-thymidine labelled DNA is shown as broken lines.

3
II REVIEW OF THE LI'IERATURE.

1)

1.1)

DEVElOPMENT OF TECHNIQUES.

3H-Thyrnidine Incorporation.
The existance of SCEs was first suggested following studies of

ring chroTIDSOID2s in somatic cells of Zea mays (McClintock, 1938;
Schwartz, 1953).

However it was not until 1958 that SCEs were

denonstrated in autoradiographic studies of Bellevalia romana
chrOTIDSOID2S (Taylor, 1958).

Exchanges were seen as switches in

radioactive label between chromatids at the second mitosis.

This

followed 3H-thyrnidine labelling during the DNA synthesis phase of
the first cell cycle (Figure 11,1 and 11(2).
In early autoradiographic studies SCEs were considered to be
the result of spontaneous crossing over of sister chromatids (Taylor,
1958; Marin & Prescott, 1964), but since their detection depended
upon the use of autoradiography, Wolff (1964) postulated that the
exchanges were induced by the incorporated isotope.

Experiments on

the incidence of 3H-thyrnidine induced dicentric rings in human
chroTIDSOID2s confirmed that many, if not all, SCEs were induced by
the endogenous radiation from the incorporated tritium (Brewen

&

Peacock, 1969).
Extending this work, Gibson and Prescott (1972) showed that
the frequency of SCE was correlated with the aTIDunt of 3H-thymidine
incorporated by the cells.

This correlation was only valid for very

1 85 to 37 • 00 kEg 3H- thynu'd'lne, and sat urati'on
1ow concentra t i'ons,.
was reached at relatively low doses, 74.00 kEg 3H-thyrnidine (Kato,
1973; 1974a).

Figure I I ,2

,

An autoradiograph of chromosomes from the rat kangaroo
(Potorous tridactyl is) at the second metaphase after
labell ing during the first cell cycle with 3H-thymidine.
Four SeEs are present (arrowed) and in one of the
chromosomes the arms became crossed (X) during
preparation.

Reproduced from Gibson and Prescott (1972).

Figure 11,3

SECOND CELL CYCLE

FIRST CELL CYCLE
M

•

Diagrammatic interpretation of the incorporation of BrdUrd
into chromosomal DNA and the BrdUrd - Giemsa staining pattern.
DNA chains unsubstituted by BrdUrd are represented as solid
lines, while those incorporating

BrdUrd for an

entire

replication cycle are represented as broken lines.

4

1.2)

5 Bromodeoxyuridine Incorporation.
The study of SCE was of limited importance until the early

seventies when a convenient high resolution al ternative to autoradiography was developed.

'This involved exposing cells to BrdUrd, a

base analogue that substituted for thymidine in DNA.

ChroTIDsorres

from cells which had replicated twice in a rrediurn containing BrdUrd
possessed one chromatid singly substituted with BrdUrd and its
sister doubly substituted (Figure 11(3).
Zakharova and Egolina (1972) noted that the two chromatids could
be distinguished from each other by their unequal spiralization

patterns and occasionally one chromatid appeared to be weakly stained
with Giernsa.

1. 3)

Sister Chromatid Differential Staining.
In 1973, Latt reported a striking demarcation of sister chromatids

when BrdUrd substituted chrorrosorres were stained with the fluorochrorre
'33258 Hoeschst' and studied by fluorescent microscopy.

Differential

staining of sister chromatids was due to quenching of the Hoechst
fluorescence by introduction of BrdUrd into chrorrosornal DNA.

Other

fluorescent dyes, for example, acridine orange and 4'-6 Diamidino-2Phenyl indole , were also used to show differential incorporation of
BrdUrd (Dutrillaux et ale 1974; Franceschini, 1974; Kato 1974a; Lin

& Alfi, 1976; Lin et ale 1976; Scheid, 1976; Scheid & Traupe, 1977).
SCEs were evident as sharply demarcated, reciprocal alterations
in fluorescence along the chrornosorres.

The fluorescence technique

gave a greater degree of resolution than the grain scatter patterns
of autoradiography, but preparations were photo-unstable and subject
to rapid image fade.

This limitation was overcorre by Perry and

'Wolff (1974) who combined' 33258 Hoechst' and Giernsa staining to

Figure 11,4

,

Chromosomes from cells that have undergone two cell cycles
in the presence of BrdUrd, possess one chromatid singly
substituted with BrdUrd and its sister doubly substituted.
Such metaphase cells can be treated and stained to reflect
this differential incorporation of BrdUrd.
a rrowe d .

Two SeEs are

5

give permanent differentially stained chromatids (Figure 11,4) .
SCEs have since been observed in metaphase chrorrosomes following a variety of pre-treatments and Giemsa staining (Korenberg &
Freedlender, 1974; Fischer & Kim, 1975; Goto et ale 1975; 1978;
Pathak et ale 1975; Takayama

&

Sakanishi, 1977 i Wolff

1977; Burkholder, 1978; Minkler et ale 1978).

&

Bodycote,

In addition to the

use of Giemsa, differential staining was also derronstrated with
various metachromatic dyes or ammmcal silver (Goto et a1. 1975;
Sugiyama et al. 1976; Goyanes, 1978; Vogel et ale 1978).
Reverse differential staining methods were also described.
Instead of chromatids singly substituted with BrdUrd staining
darkly and doubly substituted chromatids staining lightly, the
reverse pattern was derronstrated.

Singly substituted chromatids

stained lightly and doubly substituted chromatids stained darkly
(Scheres et ale 1977; Takayama

&

Sakanishi, 1977; Alves

&

Jonasson,

1978).
Furtherrrore, differential staining has been derronstrated between
chromatids singly substituted with BrdUrd and unsubstituted chromatids.
Cells cultured for one replication cycle in the presence of BrdUrd
followed by a second in its absence show chromatids with one out of
four DNA strands containing BrdUrd.

Using the BrdUrd--Giemsa methods,

unsubstituted chromatids stained rrore deeply than chromatids singly
substituted with BrdUrd (Wolff
Schwartzman

1. 4)

&

&

Perry, 1974; Kato, 1977aj

Cortes, 1977; Michalova et a1. 1978).

Uses of the BrdUrd--Giemsa Techniques for the Differential
Staining of Sister Chromatids.
BrdUrd--Giemsa methodology provides a cytogenetic system for

examining the effect of chemical and physical agents on chrorrosomes

6

(section 11,8 and 11(9).

In addition differential staining has been

used in analysis of cell cycle kinetics (Tice et ale 1976a; Bianchi
& Lezana, 1976; Hatcher & Hook, 1976; Craig-Holmes & Shaw, 1977;
Crossen & Morgan, 1977a,b; 1978;1979bi Vulpis et ale 1978; Auf de
Maur&Berlincourt-Bohni, 1979; Bianchi et ale 1979; Ved Brat, 1979),
studies of DNA replication in rretaphase chronosorres in vitro (Crossen
et ale 1975; Baranovskaya et ale 1976; Latt et aL.1976; v,7ang, 1976;
Willard, 1977 i Latt, 1978) and in vivo (Allen & Latt, 1976b; Allen,
1979), investigation of the segregation of sister chromatids (Morris,
1977) and heterokaryon identification (Wright & Gros, 1978).

2)

2.1)

THE INCIDENCE OF SIS'IER CHROMATID EXCHANGES.

The Question of Spontaneous Sister Chromatid Exchange.
The question of whether spontaneous SCEs occur has never been

adequately resolved.

Since Taylor's (1958) initial denonstration

of the SCE phenorrenon, there has been considerable controversy over
whether SCEs were spontaneous events or radiation induced.

A

nurrber of studies suggested that the majority, if not all, exchanges
were induced by the endogenous f3 radiation from the incorporated

tritium necessary for their detection (Wolff, 1964; Brewen & Peacock,
1969; Gibson & Prescott, 1972; Kato, 1974b).
However Crossen and Morgan (1979a) using BrdUrd-Giemsa methods
showed that low levels of f3 radiation did not increase SCEs in
cultured human lymphocytes.

Assuming the effect of BrdUrd and f3

radiation was additive these authors suggested that many of the
exchanges observed at low levels of f3 radiation with autoradiography
were spontaneous events.
The stability of SCEs at low levels of BrdUrd incorporation led
Tice et ale (l976b) to postulate the existence of spontaneous SCE

Table 11,1.

A sunmary of reFOrted baseline SCE levels in cultured human

1yrrphocytes •

SCE per Nmber of Number of BrdUrd_
1
Cell
Subjects Cells
(~g.ml)

REFERENCE

Kakati et al. 1978

3.28

3

43

1.00

RistcM

&

Beek

Obe, 1975

4.02
4.10

2
2

3.07
3.07

4.57
4.58
4.76

nd

100
100
235
50

&

Obe, 1978

Shiraishi, 1977
Waksvik et al. 1977
Saxholm et al. 1979
Nevstad, 1978

1
1
nd

Sol0n0n & Bobrow, 1975
Ahrarrovsky et al. 1978
Oleng et al. 1979

4.80
5.08
5.11
5.12

Hopkins & Ev?ms, 1979
Daoud et al. 1976

5.25
5.29

2
22

Evans et al. 1977

5.33

9
nd

15

35
nd
436

3.07
5.00
8.00

40

4.68
3.07

30

550
1153

6.14

5.60
5.79
5.80
5.87

nd

152
780
100
100

1
15
3

400
375
115

6.10
6.12

40
3

Nordenson et al. 1979
Crossen et al. 1977

6.35
6.37

7
20

nd
300
749
400

Murty, 1979

6.40
6.69

12
10

300
500

3.07
3.07

200
64

3.07
27.63

80
100
100

7.68

Gebhart

Kappauf, 1978

&

Burgdorf et al. 1977b
Shiraishi & Sandberg, 1976
Shiraishi, 1977
Obe, 1979
Murthy & Prema, 1979
Nicholas et al. 1978
Kurvink et al. 1978b
Becher et al. 1979a
Beek

&

Alhadeff

&

Cohen, 1976

Ray et al. 1978
Olaganti et al. 1974
'!hanson
Hayashi

&
&

Evans, 1979
Schmid, 1975

Craig-Hol.rres

&

Shaw, 1977

5.40
5.40
5.50

3
nd

nd

5.00
1.00
5.00
1.00

6.72
6.90
6.93
7.00
7.05

33
nd

6 (?)
5
4
2
2

6.14
30.70
3.07
1.50
3.07
3.07
3.07
3.07
3.07
307.00 (?)
10.00

3.00
3.07

Bianchi et ale 1979

7.07

6

126

10.00

Mutchinick et ale 1979

7.23

9

5.00

Novotna et ale 1979
Goyanes - Villaescusa et ale
1977

7.25
7.30

4
10

1297
132
144

Hansteen, 1979

7.50

r-burelatos, 1979

7.60

15
nd

otter et ale 1979
Crossen et ale 1978
Shiraishi et ale 1976
Knuutila et ale 1978b

7.60
7.65

r-brgan & Crossen, 1977a
Ghosh & Nand, 1979
Sperling et ale 1975

7.90
7.98
8.02

50
5

1000

3

Hatcher et ale 1976
Hatcher et ale 1979
Littlefield et ale 1979a

8.10
8.32
8.32

7
29
2

30
420
522

Musilova et ale 1979
Liebeskind et ale 1979

8.37
8.38

5
6
1

Friedrich, 1978
Decat, 1979

Gerner-Smidt
Leonard

&

&

7.70
7.90

8.59
8.64

4
15
3
10

4

450
113
354
300
150
939
250

50
nd
nd
223
nd
144
200
100
120

8.77
9.00
9.00
9.16
9.24

1
2
4

9.30
9.40

4
8

118

8

nd

Gibas & Linon, 1979

9.50
9.50

3

Tsuchi.noto et ale 1979
McFee & Sherrill, 1979

9.50
9.54

Gallavay, 1977
Yu & Borganonkar, 1977

9.60
9.60

8
4
1
3
2 (?)

90
360

Bartram, 1977
Prosser, 1978
Soope & RaIy, 1979
Oldfield, 1979
Honeyoorrbe, 1978
German et ale 1977
Kucerova

&

Polikova, 1977

Michalova et ale 1977a

Vblff

&

I«xlin, 1978 .

9.65

6
4

200
400

30.00
10.00
3.00
4.00
30.70
10.00
15.35
8.00
10.00
5.00
3.07
6.14
6.14
10.00
15.00
10.00
15.35
10.00
30.00
30.70
10.00
10.00
3.07
3.07
nd
30.00
10.00

100
25
73

20.00
10.00
7.68
30.70

nd

6.14

Goyanes, 1978

9.80

nd

Schwartz et al. 1978
carter et al. 1978

9.83
9.94

5

430
202

nd

nd

28
10
6
10
1

9.96
10.03
10.41
10.50

Bartram et al. 1976
Haglund & Zech, 1979

10.90

8

167

10.90
11.28

4

nd

9

106

Santesson et al. 1979

11.40

nd

73

Stoll et al. "1976

11.72
11. 72

4
4
6

nd
400
nd

5
5

203
125

nd

91
nd

Schonwald

&

Pas sarge , 1977

Stoll et al. 1977
Hollander et al. 1978

Kim, 1974

11.90
12.10
12.75
13.00
13.10
13.10
14.00

Latt, 1974a
Galloway & Evans, 1975

14.00
14.00

Larrbert et al. 1979a

15.47

Larrbert et al. 1978b

16.00
16.30
22.20
27.33

Latt, 1974b
Lezana et al. 1977
Schnedl et a1. 1976
carter et al. 1976
Larrbert et al. 1978a

Larrbert et al. 1979b
Larrbert et a1. 1976

Dutri11aux et al. 1974
nd = no data.
(?) = data not specific.
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3.07
20.00

10.00
560
10.00
200
120
10.00
50 (?) 0.90
3.00
300
3.07
937

Crossen, 1979
McDonald & Fitzgerald, 1979
Littlefield et al. 1979b
Tice et al. 1975
Raposa, 1978
Latt & Juergens, 1977

10.80
10".88

25.00

30.00
12.28
30.00
15.00
2.76
2.76
nd
3.68
10.00

126

3.00
6.00
30.70
20.00
6.14

248

50.00

4

60
100
219
47

30.70
30.70
30.70
30.70

nd

91

200.00

1
29
5
3
14
3
5
4 (?)

nd
500 (?)

7

in vivo.

While sane of the SCEs observed were induced by the BrdUrd

itself, WOlff and Perry (1974) estimated fram BrdUrd induced exchanges
in Chinese harrster ovary cells, that the rrax:imum nurrber of SCEs occuring spontaneously, in the absence of any inducing agent, was 0.15
per chrorrosorre per division cycle.

This estirrate CX>I11p<3Ied favourably

wi th the yield of SCE rreasured without radioisotope, by the fornation
of dicentric rings in a human ring chrorrosorre (Brewen

2.2)

&

Peacock, 1969).

Nornal Human Lyrrphocytes.

2.2.1)

Baseline Sister Chranatid Exchange Frequency.

The incidence of SCE reported in cultured human lymphocytes shows
wide variation (Table II, 1).

The SCE rate per rretaphase varies

between 3.28 and 27.33 with an average of 9.70.

this variation are discussed in section V, 1.
was independent of age and sex (Galloway

&

Possible reasons for

Baseline SCE frequency

Evans, 1975; MJrgan

&

Crossen, 1977a) and could be reliably derronstrated in duplicate cultures and also after a tllre interval (MJrgan

2.2.2)

&

Crossen, 1977a).

T and B Lyrrphocytes and Sister Chrorratid Exchange.

Differences in SCE frequency between T and B lymphocytes were
recently reported (Shiraishi et al. 197Gb; Santesson et al. 1979).
'!he exchange rate was lower in B lymphocytes than in T lynphocytes
and Santesson et al. (1979) suggested this was due to differential
uptake of BrdUrd.

2.2.3)

Sister Orranatid Exchange Frequency and Cell Cycle Duration.

'!here are confusing reports regarding the relationship between
SCE frequency and the length of the lymphocyte cell cycle.

Snope

and Rary (1979) clairred there were u..o lymphocyte sub-populations

Table II,2.

A stmmary of reported baseline SCE levels in nonral

human bone marrow cells.

REFERENCE

SCEper
CELL

NUMBER OF
SUBJECI'S

NUMBER OF
CELLS

BrdUrd_
(llg.ml

Becher et ale 1979a
Becher et ale 1979a
Becher et ale 1979b

4.03

6

477

4.61

4.10
4.17

6

3.07
3.07

Knuutila et ale 1979b
Knuutila et ale 1978b
Knuutila et ale 1978a

4.30

9
3

507
840

4.90
5.25

8
2

92
258
50

8.00
8.00
8.00

l)

8

which varied significantly in both SCE rate and cell cycle duration.
One sub-population was either slow growing or had a delayed response

to phytohaemagglutinin (PHA) , reaching second division metaphase at
70 to 80 hours.

Such cells showed a higher exchange frequency than

a IIDre rapidly dividing, or IIDre quickly stimulated population,
which reached second division at 58 hours and third division by 70

to 80 hours.
Becher et ale (1979a) however, found only a slight increase in
SCE frequency in second division metaphase at 72 hours compared with
those differentially stained metaphases at 50 hours 1

Similarly Beek

and Obe (1979) showed that SCE frequency remained constant in second
division metaphase occurring 66, 78, 90 and 102 hours after culture
initiation.

Gibas and Lirron (1979) deIIDnstrated that lymphocytes

dividing twice during 72 hours of culture showed a similar number
of SCEs to lymphocytes which divided three times during the same
period.

Possible explanations for these differing results are

discussed in IIDre detail in section V, 1.

2.3)

Normal Human Bone Marrow

Cells.

The incidence of SCE in human bone marrow cells is shown in
Table 11,2.

Exchange levels were considerably lower than those

reported for peripheral blood lymphocytes (Table 11,1).

This may

be partially related to the contracted nature of bone marrow chrorn-osomes or may represent a cell specific phenomenon (Becher et ale
1979a).

2 • 4)

Human Cell Lines.
Many human cell lines have been utilized to study SCE.

A1 though there was wide variation between observed exchange levels,

9

these investigations provided information on the in vitro passage
of cell lines on SCE frequency.

Kato and Stich (1976) found an

increase in baseline SCE levels during the final in vitro passages
of human foetal lung (He-I) fibroblasts.

In contrast, baseline

SCE remained relatively constant throughout the in vitro life span
of human foetal lung fibroblast lines TIm-90 and W138 (Schneider

&

M:::mticone 1978).

2.5)

The Incidence of Sister Chromatid Exchange in Other Marrmalian
Cells.
SCE has been investigated in a wide range of mamna:lian cells

(section 11,9).

The IIDSt comronly used were the Chinese hamster

lines CHO, roN and V79.

In addition to the variation between cell

lines there was considerable variation between individual cells within a particular clone.

For example, the incidence of SCE in

[)ON'

cells varied from 1 to 10, with an average frequency of 4.60
exchanges per cell (Kato, 1977b).

SCE frequency also fluctuated

from cell generation to cell generation and between suD-clones isolated from parental lines (Kato, 1977b).

3)

3. 1)

THE FREQUENCY AND DISTRIBUTION OF SISTER CHRCMATID EXCHANGES.

The Distribution Wi thin The ChrOIIDsome Complement.
The frequency with which a given chroITOsome was involved in

0,1,2 •.... n exchange events conformed to a Poisson distribution,
lirplying a random distribution throughout the chrorrosome complement
(Wolff & Perry, 1974; Carrano & Wolff, 1975; Galloway & Evans 1975;
Schwartzman

&

Cortes, 1977).

10
3.2)

Chromosome Length.
Studies of human metaphase cells indicated that the frequency

of exchanges per chromosome was proportional to chromosome length.
'Ihat is, SCE frequency increased as chromosome length increased.
However on this basis the F and G group chrorrosomes exhibited somewhat fewer exchanges than was expected from their metaphase lengths
(Latt, 1974aj Galloway
et al. 1977; Morgan

&

&

Evans, 1975; Sperling et al. 1975; Crossen

Crossen 1977b; Haglund

&

Zech, 1979).

This

was thought to result from a lower incidence of SCE at the centromeric region which oonstitutes a relati vely larger proportion of
these chromosomes (Chaganti et al. 1974; Latt, 1974a).

However,

differing estimates for the incidence of centromeric exchanges have
been reported, ranging from 5% to 21% (Geard, 1974; Galloway &

Evans, 1975; Tice et al. 1975).

3.3)

DNA Content.
Carrano and Wolff (1975) reported that SCE frequency in each

chromosome of the Indian rnuntjac was directly proportional to the
DNA oontent.

They also claimed a similar oorrelation existed

between SCE frequency and DNA oontent in Chinese hamster and human
chromosomes.

These claims were substantiated by Kato (1977b) for

a number of mam:nalian species.

As previously described (3.2 above)

the number of SCEs was related to chromosome length and thus indirect,...
ly to DNA oontent.

Thi7

relationship was however f not linear over

all values of DNA 'oontent, because the G and F group chrorrosomes of
man seem to have less exchanges than expected (Morgan

&

crossen,

1977b) and the large number one chromosom:s of the Chinese hamster
have more exchanges than expected (Ikushirna

&

Wolff, 1974).

11
3. 4)

Euch.rorratic and HeterochrorrBtic Regions.
There is conflicting data on the frequency and distribution of

SCEs in the euchrorratic and heterochrorrBtic regions of :rretaphase
chrorrosorres .

Analysis of the X autosorre composite chrorrosorre of

rmmtjac showed that SCE frequency in the euch.rorratic region was
proportional to the arrount of DNA, whereas the heterochrorratic
regions contained far fewer exchanges than expected on this basis
(Carrano

&

V\blff, 1975).

A corrparatively lower frequency of SCE was

also recorded in the heterochromatic regions of chrorrosorres from the
kangaroo rat, Chinese hamster, rrontain vole, hurran, Drosophila and
onion (Galloway

&

Evans, 1975; Bostock

Pathak, 1976; Carrano

&

&

Christie, 1976; HBu

Johnson, 1977; Schwartzrran

&

&

Cortes, 1977;

Dolfini, 1978).
However, an increased frequency of exchanges was described in
the heterochromatic regions of Microtus agrestis (Natarajan

&

Klasterska, 1975), the late replicating X of the human female (Schnedl
et al. 1976) and in human chrorrosorres in general (Kim, 1974).

3.5)

The Junction of Euch.rorratic and Heterochrorratic Regions.
Crossen et al. (1977) found a significant clustering of

exchanges in hurran chrorrosorre one, at the junction of the centromeric heterochrorratin and the Giernsa (G) negative band below it.
Similar clusters have been reported in the X-autosorre composite
chrorrosorre of the Indian rmmtjac (Carrano
Johnston, 1977) and
&

i!l

& ~blff,

1975; Carrano

chrorrosorres from the kangaroo rat (Bostock

Christie, 1976), the white-throated wallaby and the rat-like

hamster (Kato, 1979).

3.6)

Giernsa Banding Pattern.
Apart from a single report by Smyth

and Evans (1976) it was

&

12

generally thought that SCEs were located in the pale staining Gnegative bands or at the band interband junctions (Latt, 1974a;
Pathak et ale 1975; Crossen et ale 1977; Morgan & Crossen, 1977b).
However lIDre refined methods for the simultaneous deIIDnstration
of G banding and SCEs showed that SCEs also occured in the late
replicating regions, lIDst of which corresponded to G positive bands
(Fonatsch, 1979; Hoo & Parslow, 1979; Hoo et ale 1979).

4)

4.1)

SISTER CHROMATID EXCHANGE IN ABNORMAL OR PATHOLOGICAL CONDITIONS.

ChrolIDsome Instability Syndromes.
Bloom's syndrane, Fanconi v s aneITlia and ataxia telangiectasia

(Louis - Bar syndrome) are hereditary disorders with known Girranosanal
instability and increased susceptibility to cancer (German, 1978).
SCE rates similar to those of normal individuals were

reported

for patients .with ataxia telangiectasia or Fanconi I s anemia (Chaganti
et ale 1974; Galloway & Evans, 1975; Hayashi & Schmid, 1975; Latt et
ale 1975; Sperling et ale 1975; Bartram et a1. 1976; Hatcher et a1.
1976; Novotna et ale 1979).

However significantly increased SCE

levels were observed in patients with Bloom's syndrome (Chaganti et
al. 1974; Comings, 1975; Schroeder, 1975; Bartram et a1. 1976;
Shiraishi et ale 1976a; German et ale 1977; Hustinx et al. 1977;
Shiraishi

&

Sandberg, 1978; 1979b; Van Buu1 et al. 1978; Bartram et

ale 1979; Ved Brat, 1979).

sOme

individuals with Bloom I s syndrorre show two distinct

populations of cells,

v low'

cells, with a normal SCE rate and 'high'

cells with elevated exchange frequencies (German et al. 1977; Hustinx
et ale 1977; Krepinsky et ale 1979).

Co-cu1 tivation of Bloom's

syndrome cells with high SCE frequencies and cells from normal

13

individuals either significantly increased SCE levels in the no:rma.l
cells (Tice et ale 1978) or reduced the exchange level in the Bloom's
syndrorre cells (Van Buul et ale 1978; Bartram et ale 1979).

4.2)

Malignant Disorders.
Becher et ale (1979b) showed that SCE frequency was significantly

lower in bone marrow chrorrosorres from 12 patients with untreated
Philadelphia positive chronic II¥elogenous leukemia CCJIIpared with that
from a no:rmal healthy control group.

In contrast, others have found

that eXCluding patients in the blastic phase, SCE frequency in patients
with Philadelphia positive chronic II¥elogenous leukemia was similar

to. that in no:rmal subjects (Kakati et ale 1978; Knuutila et ale 1978a;
Cheng et ale 1979).
Baseline SCE levels were also no:rmal in patients with untreated
lung cancers (Hollander et ale 1978), chronic lyrrphatic leukEmia
(McDonald

&

Fitzgerald, 1979), acute II¥elogenous leukemia (Kakati et

ale 1978; Knuutila et al. 1978a; Abe et ale 1979), and in a nurrber
of leukemic cell lines (Michalova et ale 1977a; Shiraishi

&

Sandberg,

1979a) .
Nevertheless ,significantly increased SCE values were recorded
from untreated patients with rralignant lyrrphomas (Kurvink et ale
1978b), roogaloblastic anaemia (Knuutila et ale 1978b), acute
lyrrphoblastic leukemia (otter et ale 1979) and in various lynphoma.
cell lines (Fonatsch et ale 1979).
Patients treated for their rralignant condition invariably
showed high SCE levels, a result attributed to the vard:ous
cherrotherapeutic regirres (Perry

&

Evans, 1975; Kakati et al, 1978;

Kurvink et ale 1978b; Lambert et ale 1978c; 1979c,d; Raposa, 1978;

14
Abe et ale 1979; McDonald & Fitzgerald, 1979; Musilova et ale 1979 i

Otter et ale 1979).

'TIlls was in accord with in vitro studies of

human lymphocytes treated with cytotoxic drugs such as busulphan
(Honeycorrbe, 1978; Raposa, 1978), adriarnycin (Nevstad, 1978),
lycurim (Raposa, 1978) anthramycin (Ved Brat et ale 1979) cyclophosphamide and mitomycin C

4 . 3)

(section 11,9.1).

Miscellaneous .
SCE levels similar to those in normal individuals were recorded

in patients with Down' s syndrome, (Lezana et ala 1977; Yu
1977; Kucerova

&

&

Borgaonkar,

Polikova, 1978), Werner's syndrorre (Bartram et ala

1976), polycythemia vera (Shiraishi et ale 1976a), Cockayne's syndrorre
(Cheng et ale 1978) and in patients with Turner I s or Klinefelter IS
syndrorres (Albadeff

&

Cohen, 1976).

SCE levels equivalent to those

of normal individuals were also noted in persons with either balanced
or unbalanced chrorrosornal trans locations (Albadeff

&

Cohen, 1976;

Michalova et ale 1977b; Stoll et ala 1977; Schober et ala 1979).
Although a normal SCE rate was found in patients with deSanctiscacchione syndrorre, that is xeroderma pigrrentosum with rrental
deficiency (Schonwald

&

Passarge, 1977), differing reports exist

regarding SCE levels in patients with xeroderma pigrrentosum.
line exchange rates similar to normal (Wolff et ale 1975;

Base-

Bartram

et ale 1976; Schonwald & Passarge, 1977; Cheng et ale 1978) and
sorrewh.at higher than normal were recorded in a range of cell types
from these patients, (Alhadeff

&

Cohen, 1976; Wolff et ale 1977;

Perry et ale 1978).
Baseline SCE levels in cells from patients with dyskeratosis
congeni ta were wi thin the range obtained for normal cells (carter
et ala 1978).

However increased SCE levels were also observed in a

single dyskeratosis congenita patient, but this individual had been

15
treated with

corticosteroids and androgens for many years which may

have contributed to the elevated yield of exchanges (Burgdorf et ala
1977b) .

5)

IN VIVO SYS'IEMS.

The first in vivo system for the detection of SCE was described
for the chick errbryo (Bloom

&

Hsu, 1975), but extension of the in vivo

method to intact animals was initially hampered by rapid dehalogenation
of BrdUrd by the liver. (Kriss et ala 1963).

Successful in vivo

techniques involved continuous BrdUrd labelling over two DNA synthesis
periods following either multiple BrdUrd injections or continuous
BrdUrd infusion (Allen

&

Latt, 1976a,b; Pera

et ala 1976; Tice et a1. 1976b; Vogel
i

&

&

Mattias, 1976; Schneider

Bauknecht, 1976).

lYbre recently

depot I methods were reported in which BrdUrd was slowly released from

injected charcoal solutions or from implanted BrdUrd tablets (Allen et
ala 1977, 1978; Kanda & Kato, 1979b).
In vivo SCE has now been recorded from Vicia faba (Kihlman &

Kronberg, 1975), Drosophila melanogaster (Tsuji & Tobari, 1979),
Iocusta migratoria (Tease

&

Jones, 1978, 1979) and the adult mudminnow

Umbra lirni (Kligerman & Bloom, 1976; Kligerwan, 1979), as well as in a
range of organs from mice, rats and Chinese hamsters (Allen

&

Latt,

1976a,b; Pera & Mattias, 1976; Schneider et al. 1976; Tice et ala 1976b;
Vogel & Bauknecht, 1976; Bayer & Bauknecht, 1977; Marquardt & Bayer,
1977; Conner et al. 1978, 1979; Basler, 1979; Basler et al. 1979;
Kanda

&

Kato, 1979a,bi Nakanishi

&

'Schneider, 1979; Schreck et al. 1979;

Shuler & Latt, 1979).
In vivo SCE levels varied considerably.

For example, the reported

rate of SCE in mouse bone marrow cells ranged from 1. 5 to 7.2 SCEs per
cell (Allen & Latt, 1976ai Schneider et ala 1976; Allen et ala 1977;
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Conner et al. 1978; Kando

&

Kato, 1979a).

This variation may reflect

the strain of IIDuse employed or the rrethod of BrdUrd infusion.

In

vi vo SCE frequency also differed between the various organs of the
IIDuse.

Following continuous BrdUrd infusion via the tail vein the

SCE rate per cell was 1. 64 in bone marrow cells, 1. 82 in spermatogonia,
1.99 in splenic cells, 2.89 in intestinal cells and 3.69 in cells from
the lymph nodes (Kanda

&

Kato , 1979a).

In vivo administration of BrdUrd permitted sister chromatid
differential staining in rreiotic cells.

Initial success was achieved

in the X-Y bivalent chroIIDsorre of the IIDuse (Allen

&

Latt, 1976b),

and BrdUrd - Giemsa techniques were also used to study rreiotic
interchange in chrorrosorres from the Armenian hamster (Allen et ale 1978)
and the locust (Tease & Jones, 1978; 1979).

6)

DNA REPAIR AND SIS'IER CHROMATID EXCHANGE.

Three major DNA repair systems have been identified biochemically
in mamnalian cells: photoreactivation, excision repair and post
replication repair (Cleaver, 1974; Strauss, 1975). In addition to these,
other systems or variations on these major systems may operate to
repair genetic damage.

This review however, will be concerned only

with the role of these three major systems in SCE formation.

6.1)

Photoreactivation.
Photoreactivation is a single enzyrre system specific for the

repair of UV light induced pyrimidine diners (Sutherland, 1978).

It

has been derronstrated in human cells only under one restricted
experirrental condition and then only to a small extent (Sutherland,
1974).

Under IIDSt experirrental conditions employed in tissue culture,

the action of this repair system is of no practical concern.

Figure 11,5

ENDONUC-LEASE
BASE
DAMAGE

-

EXCISION

~CHAIN
BREAKAGE

-

MODIFICA-TION

-

POLYNUCLEOT-IDE LIGASE

tREPAIR
/REPLICATION

/

Diagrammatic scheme for excision repair of DNA base damage
or DNA strand breakage_

The initial step for each kind of

damage has some unique features but the excision, replication
and ligase steps may be common.

Note, where there is chain

breakage no endonuclease 'nicking' is necessary.
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6 . 2)

Excision Repair.
Excision repair (Figure 11,5) occurs in a wide range of organisms

and can repair IIDSt forms of base damage.

This system excises damaged

single strand regions of DNA and accurately replaces them with a new
sequence of bases.

Excision repair may occur in cells at IIDSt stages

of proliferation and differentiation (Cleaver, 1974).
The two lines of evidence st.nllITlaI'ised below (6. 2 . 1 and 6. 2 . 2)
suggest that SCE is unrelated to DNA excision repair processes.

6.2. 1)

Sister Chromatid Exchange in ]l..bnormal ChroIIDsorre Syndrorres.

A nurrber of inherited syndrorres with various excision repair
deficiencies provided useful IIDdels for assessing the role of excision
repair in SCE.

6.2.1.1)

Xeroderma Pigrrentosum.

cells from IIDSt xeroderma pigrrentosum patients are defective in
the initial step of excision repair (Cleaver, 1969).

Both nonnal and

increased SCE levels have been reported in cells from these patients
(section 11,4.3).

Perry et al. (1978) suggested that xeroderma

pigrrentosum cells showing an elevated SCE rate were less efficient
than normal in dealing with the type of DNA damage caused by BrdUrd
substitution.

Nevertheless, a number of DNA damaging agents induced

SCEs at a higher frequency in xeroderma cells than in normal cells
(Bartram et a1. 1976;

De-~Veerd

Kastelein et

al~

1977 i Schonwald &

Pas sarge , 1977'1 Wolff et al. 1977; Cheng et ale 1978; Perry et ale 1978).

6 . 2 .1. 2)

Fanconi i s Anemia.

cells from patients with Fanconi i s anemia exhibit an excision
repair defect only after high doses

of UV light (Poon et al. 1974),

al though they are sensitive to crosslinking

agents and are defective
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in repair of crosslinked DNA (Sasaki, 1975; Fujiwara et a1. 1977).
Baseline

SCE

was no:rrna.l in these patients (section 11,4.1) but both

reduced and normal nurrbers of exchanges have been reported following
treatrrent with bi- and poly-functional alkylating agents (Iatt et ale
1975; Novotna et ale 1979).

6 . 2 . 1. 3)

Ataxia Telangiectasia.

In ataxia telangiectasia the rejoining of radiation induced single

and double strand breaks in DNA is normal and the only abnorma1i ty so
far identified is defective excision repair of sorre of the products of
anoxic radiation (Galloway

&

Evans, 1975).

There were no significant

differences in SCE levels in cells from ataxia telangiectasia patients
and no:rrna.l subjects following treatrrent with X irradiation or chemical
agents (Galloway, 1977).

6 . 2 . 1. 4)

Bloom I s Syndrorre.

Bloom's syndrorre cells have normal excision repair processes
despite chromosorre fragility (Cleaver, 1970).

Of all the chromosome

breakage syndromes only Bloom's syndrorre cells show an elevated SCE
rate (section II, 4).

Therefore the yield of SCEs appears unrelated

to the ability of cells to perform DNA excision repair processes.

6.2.2)

Unscheduled DNA Synthesis.

Unscheduled DNA synthesis (DDS., non semi-conservative DNA
synthesis) is the incorporation of DNA precursors into cells which
are not in the normal DNA synthesis (S) phase of their cell cycles.
DDS is a reliable parameter of excision type DNA repair (Strauss,
1975) and has been demonstrated in a variety of marrrnalian cell types
following treatrrent with DNA damaging agents (Connor

& Norman,

1971).

Figure 11,6
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Diagrammatic scheme for post replication repair following
UV irradiation.
(A) and (B)

Repl ication fork moving from right to left,

with gaps appearing in daughter strands in the vicinity
of UV induced lesions (.) on the parental strands.
(c) and (D)

DNA repl icates normally up to the base

damage which acts as a block.

The growing point skips

past the damage leaving a gap approximately 1000 nucleotides

long and resumes replication presumably at the

normal rate until it encounters more damage.

The gap

exists for a finite period of time and is then filled
by de novo synthesis.
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UDS was compared with SCE frequency in various human cell
lines treated with a range of chemical agents.

SCE breakpoints

and UDS were not closely linked, implying that SCEs had occured
independently of excision repair (Shiraishi & Sandberg, 1979a).
This conclusion was supported by De Weerd-Kastelein et al. (1977),
who failed to find a correlation between exchange frequency and
UDS in xeroderma pigrrentostml cells after ultra violet (W)
irradiation.

6.3)

Post Replication Repair.
Post replication repair (Figure 11(6) is confined to the DNA

synthesis period of the cell cycle.

It is a nodification of normal

DNA replication caused by the presence of DNA strand damage
(Cleaver, 1975).
Both caffeine, which inhibits post replication repair, and
xeroderma pigrrentostml variant cells were utilized to examine the
role of post replication repair in SCE formation.

6.3.1)

The Effect of Caffeine on Sister Chromatid Exchange.

caffeine has been extensively employed in studies of DNA
repair processes because it is known to inhibit the gap filling
processes in post replication repair of DNA damage (Kililrnan, 1977).
If a relationship between post replication repair and SCE exists,
inhibi tion of post replication repair 1NOuld be expected to influence
SCE frequency.
A relationship between SCE and post replication repair was
originally suggested by Kato (1973; 1974d) following autoradiographic
analysis of induced SCEs in Chinese hamster cells.

He concluded that

SCEs were the result of errors in a repair process that included a

Table 11,3.

The effect of caffeine post treatrrent on baseline and

induced SCE levels in vivo and in vitro.

CELL 'lYPE

CAFFEINE EFFECT ON EFFECT ON REFERENCE
IDLES PER BASELINE INDlx:ED
GRAM

SCE

SCE

human
lymphocytes

nd

+

+

Faed

human
lymphocytes

5xlO- 4

+

+

r-burelatos, 1979

human
lymphocytes

5xlO- 4

+

+

Ishii & Bender, 1978b

human
lymphocytes

lxlO- 4

o

+

Shiraishi, 1977

o

+

Waksvik et al. 1977

nd

+

Shiraishi et al. 1979

o

nd

Shiraishi

&

Sandberg, 1976

o

nd

Shiraishi

&

Sandberg, 1976

human
lymphocytes
human
lymphocytes.

lxlO- 4

Bloom's

1 - 2

syndrorre

xlO- 4

lymphocytes

r-burelatos, 1978

1 - 2

human
lymphoid
cells

xlO- 4

Chinese*
hamster

lxlO- 4

o

Chinese*
hamster

lxlO- 4

o

Chinese
hamster

lxlO- 4

o

Chinese
hamster
Chinese
hamster

&

o

Kato, 1973

o

Kato, 1974d

+

Kato, 1977a

o

Palitti

Becchetti, 1977

Vogel & Bauknecht, 1978

o

0.1-2.0
xlO- 4

&

Chinese
harrster

5xlO- 4

o

o+

POF€SCU et al. 1979

Indian
mmtjac

5xlO- 4

+

.nd

Ved Brat et al. 1979

rrouse
lyrrphoid

lxlO- 4

o

. . faba°
V1Cla
Vicia faba°

5xlO- 4
5xlO- 4

Chinese
O
hamster

20-400

0

rrouse

t

10-100t

o

0

o

0

o

+
+

= caffeine
- = caffeine
nd = no data.

o

Kram et al. 1979

SCE levels.

post treatrrent did not effect SCE levels.
post treatrrent decreased SCE levels.

-1
reg.kg •

t

=

o

= in vivo.
= autoradiography.

*

Kihlman, 1975
Kihlman & Sturelid, 1978
Basler et al. 1979

+ = caffeine post treatrrent increased
o

Sono et al. 1978
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caffeine sensitive step.

Later work using the BrdUrd - Giernsa.

technique led Kate (1977a) to suggest that SCEs were produced by at
least two different :rrechanisrns with different sensi ti vi ties to
caffeine.
Vogel and Bauknecht (1978) found that caffeine post-treabnent
reduced the nurrber of exchanges induced by W light and triaziquone.
However they suggested that the caffeine mediated decrease in SCE
frequency was due to the selective destruction of those rretaphase
cells otherwise exhibiting a high nurrber of exchanges.

Such selective

destruction was not observed by Basler et ale (1979) who also found a
decrease in the rate of induced SCEs following simultaneous application of caffeine, benzopyrene and cyclophosphamide to Chinese
hamster cells in vivo.
In

contrast, the majority of investigators have found tha.t

caffeine post-treatrrent either had no effect or slightly increased
the nurrber of induced SCEs (Table 11(3).

This led many to suggest

that SCE induction was not a good index of post replication repair
(Shiraishi

&

Sandberg, 1976; Palitti

&

Becchetti, 1977; Faed

&

Moure1atos, 1978; Kihlrnan & Sture1id, 1978).

6.3.2)

Post Replication Repair Deficient Cell Lines.

SCE induction in post replication repair deficient cell lines
also indicated that SCEs were independent of post replication repair
rrechanisrns.

Xeroderma. pigrrentosurn variant cells show baseline SCE

levels not significantly different from these in normal human cell
lines (Wolff et al. 1975; De Weerd - Kaste1ein et al. 1977).

Figure 11,7
SECOND DNA SYNTHESIS PERIOD

1 of 4 DNA strands BrdUrd substituted

3 of 4 DNA strands BrdUrd substituted

+---

L-+~

;

7

/

~,,-------

7

7

The diagram illustrates the BrdUrd labelling pattern of DNA
at the second DNA synthesis phase, and the possible steps in
the initiation of SeE formation following introduction of
strand breaks (arrowed) by photolysis in BrdUrd substituted
DNA.

A single DNA strand break is sufficient to initiate

seE formation.

The free end of the break in BrdUrd substituted

DNA pairs with the complementary sequence of the unbroken DNA
duplex in its sister chromatid.

This pairing induces a second

single strand break in the unsubstituted DNA chain which in
turn results in a SeE.

21
7)

M)DEIS OF SISTER CHROMATID EXCHANGE FORMATION.
Early rrodels of SCE implicated a relationship between SCE and

DNA repair rrechanisms (Kato, 1973; 1974di Bender et al. 1974;
Comings, 1975).

However rrodels based on a simple extrapolation of

concepts from known DNA repair rrechanisms appear inadequate to
account for either the genesis or the induction of SCE. This section
will consider two rrodels of SCE fo:rma.tion: that of Kato (l977a) and
Shafer's (1977) Replication Bypass model.

7.1)

Kato' s MJdel for Sister Chromatid Exchange.
Kato (l977a) examined visible light induced SCEs in BrdUrd

substituted C1rinese hamster chrorrosorres.

From the results Kato

argued that SCEs could arise through at least two different pathways.
The first operated at the replication point and utilized the
machinery of DNA replication.

It was similar to Meselson and

Radding's (1975) model of genetic recorrbination and assumed that one
single DNA strand break was sufficient to initiate the rrolecular
processes leading to SCE fo:rma.tion (Figure 11(7) .
A second pathway operated when the normal repair of induced DNA
damage was disturbed and functioned only in the post replicating DNA
region.

It was based on the model proposed by Whitehouse (1963) to

explain the molecular rrechanism of genetic recombination.

This path-

way required the presence of two DNA strand breaks which were
staggered or in juxtaposition in the two sister chromatids.

The

eventual displacerrent of the free end of one single strand at the
break point enabled the interaction of the two DNA chains which resul ted in SCE fo:rma.tion (Figure 11,8).
X-ray and BrdUrd induced SCEs were thought to arise from the
first pathway (Figure 11,7) , whereas W light stimulated exchanges
followed
1979a) •

the second (Figure 11,8), (Kato, 1977a; Schvartzman et ala ,

Figure 11,8

SECOND DNA SYNTHESIS PERIOD

1 01 4 DNA strands BrdUrd substituted

-'-

3 01 4 DNA strands BrdUill ,"I"tll"\l,1I
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The diagram illustrates the BrdUrd labell ing pattern of DNA
at the second DNA synthesis phase, and the possible steps in
the initiation of SCE formation following introduction of
strand breaks (arrowed) by photolysis in BrdUrd substituted
DNA.

The existance of two single strand breaks is a pre-

requisite to the initiation of the SCE formation process,
and the exchange mechanism acts only in the post replicating
DNA region.

Encircled regions are considered to be the site

of exchange initiation.

Steps a and b are similar to models

proposed for crossing over by Holliday (1964) and Whitehouse
(1963) respectively and do not occur in chromosomes with only
one of four DNA strands labelled with BrdUrd.

Figure 11,9

a b

ab

a b

CL

0-a
A

ali

Ii

c

B

E

D

Diagrammatic illustration of the Replication Bypass model for
SCE.
(A)

DNA duplex with structural polarity.

a - a' BrdUrd substituted strand.

CL

interstrand cross! ink.

b - b' thymidine retaining strand.

~

origin of replicons.

(B)

Bidirectional replication initiated.

(C)

Complementary DNA strands are back filled, until they come

into parallel competition with the parental strands at the crosslink site (arrowed).

At this stage normal repl ication should be

prevented by the crossl ink.

The proposed SCE mechanism would

occur by a two step displacement and rejoining event enzymatically
controlled.

Displacement would occur where the advancing strands

d' and c' reach the crosslink.
(E)

After replication the daughter duplexes form the two

chromatids, which after appropriate treatment will result in the
sister chromatid differential staining effect.

The crosslink

remaining in one chromatid may now be removed by crosslink repair.
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7.2)

Replication Bypass Model for Sister Chromatid Exchange.
Shafer's (1977) Replication Bypass model represented a cellular

mechanism for repairing or bypassing DNA interstrand cross links
(Figure II f 9).

The m:x1el allowed replication to continue past a

crosslink leaving it intact, but resulted in a switching of the
parental DNA strands at the crosslink site, producing an exchange
between sister chromatids.
When examined in detail, aspects of the Replication Bypass model
were inconsistent with available data on SCE (Stetka, 1979).

The

model accounted for SCE induction only by crosslinking agents, whereas SCEs may be induced by agents that do not crosslink DNA as well
as by those that do.

Furthe:more the model did not allow for the

apPearance of ,twin I SCEs in tetraploid cells (Stetka, 1979).

8)

SISTER CHRCMATID EXCHANGE AS AN ASSAY SYSTEM.
The primary use of the SCE technique has been to assess the

effect of chemical and physical agents on chrarosares.

Agents were

investigated in a wide range of cell types and in a variety of
in vivo and in vitro assay systems.

8.1)

In vitro Assay Systems .
. The majority of agents (section II,9) were tested in a range

of in vitro assay systems.

These systems canprised a multitude

of rnarrmalian and non rnarrrnalian cells including :

cultured human

lymphocytes (Table II, 1); Chinese hamster, mouse, rat, and

muntjac

cells (Wolff, 1977; Latt et ale 1977) as well as plants (Kihlman, 1975;
Schvartzrnan

&

Cortes, 1977; Schubert et al. 1979) and fish (Barker

& Rackham, 1979).
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8. 2) In vitro Assay Systems Involving M2tabolic Activation.
Many chemicals require metabolic activation before they bec::nne
effective DNA damaging agents (Miller, 1970).

These metabolic

activating systems utilize mammalian liver extracts for the conversion
of chemicals to their active forms.

The most crnm::mly used systems

employ either rat liver microscrre extracts induced with canpounds
such as polychlorinated biphenyls (S-9 mix; Ames et ale 1975) or
human liver

microscrres fran

kidney transplant donors (Thust et

ale 1978).
Simultaneous application of a metabolic activating system with
an in vitro SCE system provides a useful test for assaying agents
requiring activation as well as for those which do not (Natarajan et
ale 1976; Stetka & WOlff, 1976b; Popescu et ale 1977; Takehisa &
Wolff, 1977; De Raat, 1978; Thust et ale 1978).

8.3)

In vivo Assay System.

In vivo techniques for evaluating the cytogenetic effects of
various chemical and physical agents utilize the capacity of the
host's metabolism to activate compounds and incorporate tissue
response specificity.
Assessment of test cc:mpounds follows either the feeding or
the application of the compound to the live animal after presentation
of the BrdUrd (Shuler & Latt, 1979).
Alternatively an in vivo assay system may involve systemic
application of a test compound, usually by intraperitoneal or
intravenous

injection (Allen

&

Latt, 1976a,b; Schneider et ale

1976; Allen et al. 1977; Basler, 1979; Kligerman, 1979; Schreck
et ale 1979).
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8.4)

Modified Host Mediated Assay System.
Huang and co-workers have described a rrodified host rrediated

assay system which includes implantation of diffusion chambers,
containing either human or Chinese hamster cells, into the peritoneal
cavity of mice.

The induction of SCEs is then investigated in

the human or Chinese hamster target cells after injection of the test

compound into the host (Huang, 1977; Furukawa & Huang, 1978;
Huang. & Furukawa, 1978; Sirianni

8.5)

&

Huang, 1978).

In vivo - In vitro Assay Systems.

8.5.1)

Lymphocytes.

'Following presentation of the test compound in vivo, SCEs are
subsequently studied after peripheral lymphocyte culture in vitro
(Stetka & WOlff, 1976a; Stetka et a1. 1978; Takehisa & Wolff, 1978b).
In this system the subject need not be sacrificed and serial
samples

can be taken from the subject, which also acts as its own

control.

8.5.2)

Urine.
Recently Guerrero et al. (1979a) described a short tenn

bioassay procedure for the detection of activated mutagenic
metabolites in human urine.

SCEs 'Were scored in diploid fibroblasts

cultured in medium containing 5 - 20% urine fran humans exposed
to pranutagens.

This test system was sensitive to ambient exposure

levels of known DNA damaging agents and demonstrated that urine
from srrokers induced significantly more SCEs than urine fran non
smokers.
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9)

SIS'IER CHROMATID EXCHANGE INDUCING

AGENTS.

A wide range of chemical and physical agents significantly
increased SCE frequency.

Induced exchange levels varied considerably

between the agents tested and the cell type utilized.

The following

classes of chemical and physical agents significantly increased SCE
levels in one or more of the assay systems previously described
(section 11,8).

9.1)

Alkylating Agents.
The following mono-, bi-, and poly-functional alkylating agents

were potent inducers of SCEs in a variety of cell types.

ALKYLATING

REFERENCE

CELL TYPE

AGENTS

adriamycin

human lymphocytes

0

human lymphocyte sO
human lymphocytes
human lymphocytes

busulphan

chlorambucil

cycle-phospharnide

0

0

Perry

&

Evans, 1975

Galloway, 1977
Nevstad, 1978
Musilova et ale 1979

Chinese hamster

Perry

human lymphocytes

Honeyoombe, 1978

human lymphocytes

Raposa, 1978

human lymphocyte sO

~rusilova

human lymphocytes

Solomon & Bobrow, 1975

human lymphocytes

Raposa, . 1978

human lymphocytes

Littlefield et ale 1979b

human lymphocytes

0

&

Evans, 1975

et ale 1979

Musi10va et ale 1979

human lymphocyte SO

Raposa, 1978

Chinese hamster+

Stetka & Wolff, 1976b

Chinese hamster+
O
Chinese hamster

Thust et ale 1978
Roszinsky-Kocher

&

Rohrborn,
1979

26
O

Chinese hamster

Shuler & Latt, 1979

o

Allen & Latt, 1976b

o

mouse

Bauknecht et ala 1977

+
mouse

Benedict et ala 1978

mouse

o

Krarn & Schneider, 1978

o

Schreck et ala 1979

mouse
mouse

rabbit+

Stetka & WOlff, 1976a
0

chick errbryo
o
fish
Syrian hamster+

Bloom, 1978

Chinese hamster

Carrano et ala 1979

diethylni trosamine

hlID1aIl lymphocytes

Craig-Holmes & Shaw, 1977

Dirrethylnitrosamine

hlID1aIl lymphocytes

Craig-Holmes & Shaw, 1977

ethyl methane hurran lymphocytes
sulphonate
hurran lymphocytes

Craig-Holmes & Shaw, 1976

dicarbarroyl

Kligerman, 1979
Benedict et ala 1978

mi tornycin C

hlID1aIl lymphoid

Shiraishi & Sandberg, 1979a

hlID1aIl foetal lung
fibroblasts

Schneider

xeroderma pigrrentosurn cell line

WOlff et ala 1977

Chinese hamster+

Stetka & WOlff, 1976b

Chinese hamster

Carrano et al. 1977; 1979

Chinese hamster
Chinese hamster+

Palitti

&

&

Monticone, 1978

Becchetti, 1977

Galloway & WOlff, 1979
Barker

fish
rat+

&

Rackharn, 1979

Galloway & WOlff, 1979
0

lycurirn

Galloway, 1977

chick errbryo

Bloom, 1978

Vicia faba

Kihlman & Sturelid, 1978

hurran lymphocytes

Raposa, 1978
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rrethy lazoxyrrethanol

human lymphocytes

rrethy1 rrethane human lymphocytes
sulphonate
Chinese hamster
O

mitomycin C

Evans et al

1977

q

Craig-Holrres

&

Shaw, 1977

Perry & Evans, 1975

Chinese hamster

Marquardt

&

Chinese hamster

Palitti

Becchetti, 1977

Chinese hamster

Popescu et ala 1979

human lymphoid
o
fish

Shiraishi

Kligerrnan, 1979

fish

Barker

rabbit+

Stetka & Wolff, 1976a

chick embryo0
. . fab a 0
V1.c1.a

Bloom, 1978

human lymphocytes

Latt, 1974b

human lymphocytes

Latt, et ala 1975

human lymphocytes

Craig-Holrres & Shaw, 1976

human lymphocytes

Galloway, 1977

human lymphocytes

Ishii & Bender, 1978a,b

human lymphocytes

Mourelatos, 1979

Chinese hamster

Perry & Evans, 1975

Chinese hamster

Kato & Shimada, 1975

Chinese hamster

Palitti

Chinese hamster+

Galloway & Wolff, 1979

xeroderma pigmentosum cell line

Wolff et al. 1977

Fanconi I S anemia
lymphocytes

Latt et ala 1975

Fanconi I s anemia
lymphocytes

Novotna et ala 1979

human lymphoid

Shiraishi & Sandberg, 1979a

human foetal lung
fibroblasts

Schneider

o
muse

&

&

&

Bayer p 1977

Sandberg, 1979a

Rackham, 1979

Kihlman & Sturelid, 1978

&

Becchett, 1977

&

Monticone, 1978

Allen & Latt, 1976a,b

lIDuse
o
lIDuse

Huttner

lIDuse

Fabricant et ala 1979

lIDuse

Kram et ala 1979

&

Ruddle, 1976

Kram & Schneider, 1978
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rrouse

o

Schneider et ale 1979

o
Vicia faba
o
Vicia faba

Kihlman & Sturelid, 1978

nruntjac

Huttner & Ruddle, 1976

rnuntjac

carrano

O

Schubert et ale 1979
&

Johnstone, 1977

Stetka et ale 1978

rabbit
chick embryoo

Bloom, 1978

human lymphoid

Shiraishi & Sandberg, 1979a

human lymphoid

Umezawa et ale 1979

xeroderma pigmentosum cell line

WOlff et ale 1977

Chinese hamster

Galloway

Chinese hamster

Galloway & WOlff, 1979

Chinese hamster

MacRae et al. 1979b

Chinese hamster

Popescu et al. 1979

rrouse

Raffetto et ale 1979

fish

Barker & Rackharn, 1979

Vicia fabao

Kihlrnan & Sture~id, 1978

N-methyl-Nnitrosourea

human lymphocytes

Thomson

nitrogen

human lymphocytes

Larrbert et ale 1979b

Chinese hamster

Perry

Chinese hamster

carrano et ale 1979

human lymphocytes

Solorron

human lymphocytes
Chinese hamster
Vicia fabao

Crossen, 1979
Perry & Evans, 1975

N-methyl-Nnitro Nnitrosoguanidine

mustard

porfir~

&

&

&

Painter, 1979

Evans, 1979

Evans, 1975

mycin

quinacrine
mustard

&

Bobrow, 1975

Kihlrnan & Sturelid, 1978
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thiotepa

trenirron

human lymphocytes

Littlefield et ale 1979b

human lymphocytes

Mourelatos, 1979

FanCX)ni' s anemia
lymphocytes

Novotna, 1979

Chinese hamster

Pali tti

Chinese hamster
o
Vicia fci.ba
o
Vicia faba

Banerjee

Kihlman, 1975
Kihlman & Sturelid, 1978

human lymphocytes

Beek & Obe, 1975

human lymphocytes

Hayashi & schmid, 1975

Chinese hamster

DeRaat, 1979

+ = rretabolic activation.

o = in vivo.

Becchetti, 1977

&
&

Benedict, 1979
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5 Bramodeoxyuridine.
The halouracil base analogue BrdUrd dramatically increased

SCE levels in the following cell types.

CELL TYPES

REFERENCE

human lymphocytes

latt, 1974a

human lymphocytes

Bartram et al. 1976

human lymphocytes

Lambert et al. 1976

human lymphocytes

latt

human lymphocytes

McFee & Sherrill, 1979

human fibroblasts

Kato & Stich, 1976

Chinese hamster

Kata,

Chinese hamster

WOlff & Perry, 1974

Chinese hamster

Mazrimas & Stetka, 1978

rats

o

&

Juergens, 1977

1974a

Schneider et ale 1978

sheep lymphocytes

McFee & Sherrill, 1979

cattle lymphocytes

McFee & Sherrill, 1979

pig lymphocytes

McFee & Sherrill, 1979

0

chick embryo

Bloom & Hsu, 1975

Allium cepa0

Schvartzman & Cortes, 1977

31
9. 3)

Intercalating agents.
Baseline SCE levels remained constant in human lymphocytes

treated with the intercalating agents acriflavine or quinacrine
dihydrochloride

(Crossen, 1979).

However the intercalating agents

listed below significantly increased SCE frequency in a mmber of

cell types.

IN'IERCALATING

CELL TYPE

REFERENCE

hUIIBn lymphocytes

Crossen, 1979

Chinese hamster

Popescu et ale 1979

Chinese hamster

Speit

AGENT

acridine
orange

4'-(9-acridhuman lymphocytes
my laminahuman
h
methanesulphonlymp ocytes
m- aniside
Chinese hamster

&

Vogel, 1979

Crossen, 1979
Oldfield, 1979
ceaven e"t ale 1978

chlorpromazine

Chinese hamster

Speit & Vbgel, 1979

chlorprothixene

Chinese hamster

Speit & Vogel, 1979

Hoechst chinese hamster

Perry & Evans, 1975

33258

Chinese hamster

Stetka

&

Carrano, 1977

methylene blue Chinese hamster

Speit & Vogel, 1979

proflavine

human lymphocytes

Crossen, 1979

Chinese hamster *

Kato, 1974d

Chinese hamster

Popescu et ale 1977, 1979

Chinese hamster

Speit & Vogel, 1979

*

autoradiography
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Ionizing Radiation.
Ionizing radiation caused a small but significant increase in

SCE frequency in the following cell types.

IONIZING

CEIL TYPE

REFERENCE

hurran lymphocytes

Galloway, 1977

hurran lymphocytes

Kucerova & Polikova, 1978

human lymphocytes

AbraITDvsky et ale 1979

ataxia telangiectasia
lymphocytes

Galloway, 1977

HeLa

Nakatsugawa et ale 1978

ITDuse

Little, 1978

ITDuse

Li tile et ale 1979

ITDuse
o
ITDuse

Nagasawa & Little, 1979
Nakanishi & Schneider, 1979

Chinese hamster*

Marin & Prescott, 1964

Chinese hamster *

Gatti & Olivieri, 1973

Chinese hamster*

Gatti et ale 1974

chinese hamster *

Wolff et ale 1974

Chinese hamster

Livingston

Chinese hamster

Popescu et ale 1979

human lymphocytes

SoloITDn & Bobrow, 1975

human lymphocytes

Crossen & Morgan, 1979a

rat kangaroo *

Gibson & Prescott, 1972

Chinese hamster *

Kato, 1974a

RADIATION
X irradiation

Ganma

&

Dethlefsen, 1979

irradiation

S radiation
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Non Ionizing Radiation.
Fluorescent light, long wave ultra violet light and ultra

violet light significantly increased the level of SCEs in a
number of cell types.

:NON IONIZING
RADIATION

CELL TYPE

REFERENCE

Fluorescent
light

human foetal lung

Monticone & Schneider, 1979

Chinese hamster

Ikushima & WOlff, 1974

Chinese hamster

Kato, 1974c, 1977a

Chinese hamster

Ikushima, 1977

Chinese hamster
o
Allium cepa

Bradley et ale 1979

Chinese hamster*

Kato, 1973, 1974d

Chinese hamster *

Rommelaere et al. 1973

Chinese hamster *

WOlff et ale 1974

Chinese hamster

Vogel & Bauknecht, 1978

Chinese hamster

MacRae et ala 1979a,c

Chinese hamster

Popescu et ale 1979

Chinese hamster

Reynolds et ale 1979

xeroderma pigrnentosum lymphocytes

Bartram et al. 1976

xeroderma pigrnentosum cell lines

Cleaver, 1977

xeroderma pigmentosum cell lines
xeroderma pigrnentosum lymphocytes

De

xeroderma pigrnentosum cell lines

Cheng et al. 1978

rat kangaroo *

Kato, 1974b

. . fab a0
VlCla

Kihlman et al. 1977

human lymphocytes

Mourelatos et ale 1977b

W

light

long wave
ultra violet
light

Schvartzrnan et al. 1979b

Weerd - Kastelein et al. 1979

Schonwald & Passarge, 1977
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Viruses.
It appeared that SCE induction was related to both the viral

agent and the cell type examined since viruses either increased,
decreased or did not effect SCE levels in different host types.
The effect of different viruses on SCE frequency is listed below.

VIRUS

CEIL TYPE

EFFECT REFERENCE

ON SCE
Simian (SV 40)

xerodenna
pigmentosum cell lines

+

Wolff et ale 1975; 1977

Simian (SV 40)

hamster kidney

Kaplan et ale 1978

Simian (SV 40)

human fibroblasts

+
+

Nichols et ale 1978

Rauscher
leukemia

TIDuse embryo
fibroblasts

+

Brown & Crossen, 1976

Herpes simplex

human 1yrnphocytes

Kurvink et ala 1978a

Hepatitis

human 1yrnphocyteso

cold and flu

human 1yrnphocyteso

Kurvink et ala 1978a
Kurvink et ala 1978a

Epstein Barr

human B 1yrnphocytes

+
+
+
+

Small pox
vaccinia

human 1yrnphocytes

+

Knuutila et ale 1978a

+

Lambert et ale 1979a

0

o

measles vaccinia

o
human 1 yrnphocytes

measles vaccinia

o
Down I s syndrome

Kurvink et ale 1978a

Knuutila et al. 1979a

1yrnphocytes
Herpes simplex
human fibroblasts
(type-l & type-2)

o

Kato & Sandberg, 1977a

adenotype-2

ehinese hamster

o

Kato & Sandberg, 1977a

Turkey herpes

chick embryo0

o

Bloom, 1978

Rous sarcoma
(RSV-12)

chick embryoo

o

Bloom, 1978

Marek I s cell

chick embryo

o

Bloom, 1978

(HVT-4)

0

free virus (MDV)

+
o

=
=
=

increased SCE level.
decreased SCE level.
no effect on baseline SCE level.
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Miscellaneous .
The following agents also increased SCE levels in a variety

of cell types roth in vivo and in vitro.

AGENT

CELL TYPE

REFERENCE

acetaldehyde

chinese hamster

Gbe & Ristow, 1977

hllITBIl lymphocytes

Ristow & Gbe, 1978

N-acetoxy-2
and N-hydroxy
-2-

Chinese hamster

Takehisa & Wolff, 1978a

acetylarninofluorene

Chinese hamster+
rabbit+

Takehisa & Wolff, 1978a

rrouse

Schreck et ala 1979

Chi nese hamster+

Takehisa & Wolff, 1977

human lymphocytes

Thorrpson

alkeran

human lymphocytes

Raposa, 1978

9-arninoacridine dyes
C-829 & C-846

hllITBIl lymphocytes

Gibas & Limon, 1979

aniline hydrochloride

Ollnese hamster

Abe & Sasaki, 1977

anthramycin

Indian rnuntjac

Ved Brat et ala 1979

ascorbic acid
bisulfide

Chinese hamster

MacRae

5- aza C
azaserine

Chinese hamster

Banerjee & Benedict, 1979

rrouse

Raffetto et ala 1979

acromatic Ro
10-9359'

hllITBIl fibroBlasts

Rudiger et al. 1979

benzo (a)
pyrene

human lymphoo:ytes

Rudiger et ala 1976

butylhydroxyanisol

chinese hamster

Abe & Sasaki, 1977

aflotoxin Bl

Takehisa & Wolff, 1978b

&

&

Evans, 1979

Stich, 1979

chlorpropamide Chinese hamster

Brown &Wu, 1977

cigarette snoke human lymphocytes

Hopkin & Evans, 1979

condensates

De

Chinese hamster

Raat, 1979

~dsine arabin-human lymphoid
e

Shiraishi & Sandberg, 1979a

daunomycin

Shiraishi & Sandberg, 1979a

OSl

human lymphoid

trans-pt (II)
Chinese hamster
and cis-Pt (II) Chinese hamster
diamine
dichloride

Bradley et ala 1979
Turnbull et ala 1979
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de6xychick errbryo
thymidine
dibutyl phtal- chinese hamster
ate

Bloom, 1978
Abe & Sasaki, 1977

dichlorvos

human lymphocytes

Nicholas et ale 1978

N-diazacetylglycine-amide

mouse

Raffetto et ale 1979

diethylnitrosamine

Chinese hamster+

Natarajan et ale 1976

mouse

Bauknecht et ale 1977

di-(2-ethylChinese hamster
hexyl phthalate

Abe & Sasaki, 1977

diepoxybutane

Chinese hamster
human fibroblasts+

Perry & Evans, 1975

diethylenetriamine-pentaacetic acid

human lymphocytes

Prosser, 1978

dierrethylbenzanthracene

rat+

Galloway & Wolff, 1979

diethylstilbestrol

Chinese hamster+
X
Chinese hamster
d:i.rrethy lni tro- Chinese hamster+
samine
Chinese hamster
mouse
d:i.rrethy Ipheny1- mouse
triazene

Rudiger et ale 1979

Galloway & Wolff, 1979
Sirianni & Huang, 1978
Natarajan et ale 1976
Thust et ala 1978
Bauknecht et ale 1977
Bauknecht et ale 1977

diphenylphenanthrene

Chinese hamster

Abe & Sasaki, 1977

hexavalent

Chinese hamster

Majone & Levis, 1979

hycantone

Chinese hamster

Banerjee & Benedict, 1979

hydrogen peroxide

Chinese hamster

Bradley et ale 1979

malathion

human lung cells

maleic hydrazide

Vicia faba°
o
Vicia faba

Nicholas et ale 1979
Kihlrnan & Sturelid, 1978

rrethylazoxyrrethanol-acetate

Chinese hamster

Abe

human lymphocytes

Evans et ale 1977

rrethotrexate

Chinese hamster

Banerjee & Benedict, 1979

mouse

Raffetto et ale 1979

chromium com-

pounds

Schubert et ale 1979
'&

sasaki, 1977

37
8-rrethoxypsoralen plus
long wave
ul tra violet
light (36 6nm)

3-rrethyl
chlanthrene

human lymphocytes

Carter et ale 1976

human lymphocytes

Latt

human lymphocytes

Waksvik et ale 1977

Chinese hamster

Latt & Loveday, 1978

&

Juergens, 1977

o
human lymphocytes
o
human lymphocytes

Mourelatos et ale 1977a

human lymphocytes

Mourelatos et ale 1977b

Chinese hamster

Shuler & Latt, 1979

Chinese hamster

Popescu et ale 1977

X

Lambert et ale 1978b

Sirianni & Huang, 1978

neutral red dye

Chinese hamster
o
fish

nicotinamide

human lymphoid

Shiraishi & Sandberg, 1979a

Kligerman, 1979

N-ni trosodipheny1- Chinese hamster
amine

Abe & Sasaki, 1977

2-ni tro-p- and
4-nitro-ophenylenediamine

Chinese hamster

Perry & Searle, 1977

ozone

human lung cells

Guerrero et ale 1979b

Phenanthrene

Chinese hamster

Abe & Sasaki, 1977

Chinese hamster

Popescu et ale 1977
-Abe & Sasaki, 1977

potassium
sorbate

Chinese hamster

polycyclic
hydrocarbons

Chinese hamster+

Bayer & Baulmecht, 1977

Chinese hamster+

Takehisa

Chinese hamster

Pal et ale 1978

Chinese hamster

Connell, 1979

potassium
metabisulfite

Chinese hamster

Abe & Sasaki, 1977

1-(Pyridyl)-3,3dirrethy1 triazine

Chinese hamster

Sirianni & Huang, 1978

S proiolactone

Chinese hamster

Abe & Sasaki, 1977

prOpane sul tone

Chinese hamster

Abe & Sasaki, 1977

pyrene

Chinese hamster

X

X

&

W:>lff, 1978a

Popescu et ale 1977

Chinese hamster

Sirianni & Huang, 1978

pyridine

Chinese hamster

Abe & Sasaki, 1977

retinoic acid

human fibroblasts

Juhl et ale 1978

sodium ascorbate

human lymphocytes

Galloway

sodium benzoate

Chinese hamster

Abe & Sasaki, 1977

styrene

Chinese hamster

De Raat, 1978

+
rrouse

Connor et ale 1979

&

Painter, 1979
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sunset yellow
food (X)louring
agent

Chinese hamster

Abe & Sasaki, 1977

4-0-Tolylazo-Otoluidine

Chinese hamster

Abe & Sasaki, 1977

Tris (2, 3-dibro- Chinese hamster
rropropy1) phosphate

Furukawa et al. 1978

urethane

Chinese hamster

Abe & Sasaki, 1977

ultrasound

human lymphocytes

Liebeskind et ale 1979

vitamin A-pal-

human fibroblasts

Juhl et ale 1978

mitate

x=

host mediated assay system.
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Inconsistent Reports of Sister Chromatid Exchange Induction
There are conflicting reports of SCE induction by the compounds

listed below.

COMPOUND

EFFECT CEIL TYPE

REFERENCE

ON SCE
arginine

+

Chinese hamster

Schempp & Krone, 1979

deprivation

0

Chinese hamster

MacRae et ale 1979c

bleomycin

+

chinese hamster

Perry & Evans, 1975

+

Qrinese hamster

Banerjee & Benedict, 1979

+
+

Chinese hamster

Popescu et ale 1979

human lyp:phoid
Chinese hamster

Shiraishi & Sandberg, 1979a

+

Vig, 1979
Gebhart & Kappauf, 1978

o

human lymphocytes
o
Vicia faba

methylene
blue

+

Chinese hamster

Speit & Vogel, 1979

o

dllnese hamster

Popescu et al. 1977

saccharin

+

Qrinese hamster

Abe & Sasaki, 1977

+
+

chinese hamster

Wolff & Rodin, 1978

human lymphocytes

Wolff & Rodin, 1978

o

human lymphocytes

Saxholm et al. 1979

o

human lymphocytes+

Saxholm et ale 1979

+
+

Chinese hamster

Kinsella & Radman, 1978

ITOuse

Nagasawa & Little, 1979

+

Little et ale 1979

o

ITOuse
Chinese hamster

+

Chinese hamster

Banerjee & Benedict, 1979

+
+

human lymphocytes

Kucerova

human lymphocytes

Raposa, 1978

human lymphocytes

Stoll et ale 1976

o

12-D-Tetra

decanoylphorbol-13acetate

Vincristine

Kihlrnan & Sturelid, 1978

Loveday & Latt, 1979

+ = increased SCE over baseline levels.

- =
o =

decreased SCE compared with baseline levels.
no change in SCE over baseline levels.

&

Polikova, 1977
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AGENTS THAT DO NOT INCREASE SISTER CHROMATID EXCHANGE.
The following agents did not increase the level of SCEs over

the control rate.

However negative results based on a single test

system, particulary one not involving metabolic activation should
be viewed as tentative.

TYPE

REFERENCE

AGENT

CELL

acetone

chick embryo

Bloom, 1978

aminopyrine

Chinese hamster

Abe & Sasaki, 1977

barbital

Olinese hamster

Abe & sasaki, 1977

bilirubin

human 1yrnphocytes

Schwartz et ale 1978

benzene

human lymphocytes

Gerner - Smidt & Friedrich,
1978

butanol

Olinese hamster
chick embryoo

Obe & Ristow, 1977

N-n-Butylurethane

Chinese hamster

Abe & Sasaki, 1977

E-Caprolactone

Chinese hamster

Abe & Sasaki, 1977

0

Bloom, 1978

dimethylsulfoxide TIDuse+

Bauknecht et al. 1977

human lymphocytes
X

ethanol

Schwartz et ale 1978

Chinese hamster

Sirianni & Huang, 1978

Olinese hamster

Obe & Ristow, 1977

0

Bloom, 1978

chick embryo
chick embryo0
ethylene glycol
o
8-Ethoxycaffeine Vicia faba

Bloom, 1978
Kililman, 1975

Chinese hamster

Strobel et ale 1979

fluorescent 24

Chinese hamster

Abe

&

Sasaki, 1977

brightners 260

Chinese hamster

Abe

&

Sasaki, 1977

fluorouracil

human 1yrnphocytes
0

0

Musilova et al. 1979

Hanks balanced
salt solution

chick embryo

Hydergine

human 1yrnphocytes

Tsuchinoto et ale 1979

hydroxyurea

Chinese hamster

Popescu et ale 1977

lead acetate

human 1yrnphocytes

Beek & Obe, 1975

Bloom, 1978

maleic hydrazine Chinese hamster+

Stetka & Wolff, 1976b

6 mercaptopurine Chinese hamster

Banerjee & Benedict, 1979

methanol

Chinese hamster

Obe & Ristow, 1977

metronidazole

human 1yrnphocytes

Lambert et ale 1979b
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methylene blue

Chinese hamster

Popescu et al. 1977

N-methylurea

Chinese hamster

Abe & Sasaki, 1977

penicillin

chick embryo

Bloom, 1978

perylene

Chinese hamster

Popescu et al. 1977

0

X

Chinese hamster

Siranni & Huang, 1978

propanol

Chinese hamster

Obe

PSoralen

Chinese hamster

Latt

quinoline

Chinese hamster

Abe & Sasaki, 1977

~odium

human lymphocytes

Beek

acetate

0

Ristow, 1977

&
&

&

Juergens, 1977

Obe, 1975

sodium chloride

chick embryo

Bloom, 1978

sodium

Chinese hamster

Abe & Sasaki, 1977

dehydroacetate
0

streptCl!T!Ycin

chick embryo

Bloom, 1978

tilorone

Chinese hamster

Banerjee & Benedict, 1979

toluene

Chinese hamster

Obe

&

xylene

Chinese hamster

Obe

& Ristow, 1977

Ristow, 1977
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DNA INI'ERACl'ICNS LEADIN; TO SISTER CHRCMATID EXCHAN;E.
'ilie initial DNA interactions leading to SCE fornation are un-

known.

There is a wealth of evidence suggesting that the DNA inter-

actions created by alkylating agents are readily converted to
exchanges and several hypotheses have been fonmlated to explain
alkylation induced SCEs (Cleaver, 1977; Shafer, 1977; Wolff, 1977).
Wolff (1977) suggested that depurination following alkylation
was involved in SCE fornation.

Both Cleaver (1977) and Wolff et al.

(1977) PJstulated that a failure of sore form of DNA repair resulted
in reduced reroval of alkylation products, perhaps unexcised 0

6

alkylguanine fran xercxlerna pigmentosum cells, which in turn was
associated with an increase in SCE.

SeE

Shafer (1977) proposed that

represented a means of bypassing DNA crosslinks (section 11,7.2).
Nevertheless, there is little information on the specific DNA

interactions leading to exchange formation.

DNA - DNA inter- and

intrastrand crosslinks, DNA - protein cross links and DNA strand breakage
were not uniquely involved in SCE fornation (Wolff, 1978; Bradley et
al. 1979; Carrano et al. 1979).

Although such interactions were not

necessary for SCE production, each of them, tog-ether with other interactions, could be sufficient for SCE formation.
DNA interactions in SCE is

The role of various

discussed in rrore detail in section V, 3.

Whatever the interactions leading to SCE formation, they ma.y
reside on one or both DNA PJlynucleotide strands and are only
converted to a SCE during the DNA synthesis pericxl (Wolff et al.
1974; KihJman, 1975; Kato, 1977a).

Analysis of SCE induction by

8-methoxypsoralen and light (366nm) in synchronized Chinese hamster
cells indicated that SCE induction was maximctl at the start of S and
decreased progressively throughout the S phase (Iatt
1978) .

&

IDveday,
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One striking feature of SCE is that their yield must be many times
lower than the number of interactions in the DNA.

Indeed, were there as

many SCEs as there were damaged sites in the DNA, the phenanenon itself
would not be observable.

latt and Juergens, (1977) and latt et al.

(1979) have quantified SCEs induced by 8-methoxypsoralen and long wave
W light, and the data indicated that one SCE was induced for

approximately 200 8-methoxypsoralen-DNA adducts.

Similarly, Reynolds et

al. (1979) estimated that there was one exchange for every 20,000 UV
induced .pyrimidine dimers in the DNA.
SCE involves a break, an exchange of both polynucleotide strands
of sister chromatid DNA and a reunion event between exchanged polynucleotide strands.

Single strand exchanges do not occur (Wolff

&

Perry, 1975), but sub chromatid exchange segments between sister chranatids
have been observed in two plant species, Vicia faba and Allium cepa
(Kihlrnan, 1975; Schvartzrnan & Cortes, 1977; Schvartzrnan et ale 1978).

12)

CHRCMOSCME ABERRATIONS AND SISTER CHRCl1ATID EXCHANGE.

Studies of classical chrorrosare aberrations and SCEs suggested
that there was an independent mechanism for the two phenanenon despite
sare CCImDn features.
SCEs were not correlated in any consistent fashion with the
increased aberrations seen in the chramosare instability syndrares
(section 11,4.1).
Ionizing radiation readily induced large numbers of chrcmosare
aberrations but was a canparatively poor inducer of SCEs (section V,
3.4.2) .

High frequencies of SCE were induced by concentrations of chemicals
that induced few, if any, chrorrosare aberrations (Latt, 1974b; Beek
1975; Abe

&

Sasaki, 1977; Popescu et al. 1977).

&

Obe,

Induction of SCEs and

chrcmosare aberrations were studied in Chinese hamster bone marrow cells
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following in vivo exposure to varying concentrations of cyclophosphamide.
The sensi tivi ty of the two tests was then compared and the results

indicated that the SCE assay system was 10 times more sensitive to
cyclophosphamide than aberration induction (Roszinsky-Rocher
1979).

&

Rohrborn,

The micronucleus test allows quick detennination of gross

chranosomal aberrations, for example, chromatid and chranosc:me breaks
or structural masses resulting from mitotic non disjunction (Schmid,
1975).

A quantitative comparison of the two test systems revealed

that increased SCEs vvere induced at 0.01 - 0.10% of the concentration of
chemical mutagen required for the detection of micronuclei (Bauknecht
et al. 1977).
Aniline hydrochloride is one of the few chemicals reported to
induce SCEs and not generate aberrations (Abe

&

Sasaki, 1977).

In

contrast, a wide range of chemicals stimulated the formation of aberrant
metaphase chranosc:mes, but did not increase SCE frequency (Abe
1977 i Gebhart

&

&

Sasaki,

Kappauf, 1978; Strobel et ale 1979).

Chemical or physical challenge followed by caffeine post treatment
had little effect on SCE frequency in a range of cell types (Table 11,3).
However in all culture systems examined, caffeine post-treatment markedly
increased the yield of chromosome aberrations.
A more direct approach to a possible correlation between chranosorre
aberrations and SCE was to canpare the positional coincidences between
individual break points in aberrant chrornosc:mes and sites of SCE.

Ueda

et al. (1976) found that aberrations and SCEs were. correlated, and
concluded that aberrations represented incanplete SCEs that
repaired.

~e

not

Following treatment with mitomycin C, Latt et ale (1975)

observed that chranosorres from patients with Fanconi v s anemia showed a
reduced SCEfrequency but a significantly increased number of chromatid
breaks canpared with a control group.

They speculated that the increase

in aberrations was related to the reduction in SCEs because many breaks

Table 11,4.

SCE levels follaving· co-exposure of DNA damaging agents

and antimutagens.

CELL TYPE

DNA DAMAGING

AN'I'IMUTAGEf:\

AGENT

BASELINE
SCE

hUffi3Il

x

lymphocytes

irradiation

human
lymphocytes

N-hydroxy-2

REFERENCE

ANTIMUTAGEN EFFOCT ON EFFOCT ON

L-cysteine

nd

scxlium
selenite

+

-acetyliarninofluorene &

INDUCED
SCE

Ahrarrovsky
et al. 1978

Ray et al.

1978

rrethyl rrethane sulfonate
Chinese
hamster

human
lymphoblastoid
cells

N-rrethyl-N'- Vitamin C

N-ethyl-N'- elastatinal
nitro-Nni trosoguanidine & N-

rrethyl-N' nitro-Nni trosoguanidine

= no data.
+ = increased
- = decreased

nd

o

+

Galloway &
Painter, 1979

o

UIrezawa et al.

nitro-Nni trosoguanidine

SCE frequency.
SCE frequency.

= no effect on SCE frequency.

1979
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occurred at the sites of incomplete SCEs.

However the vast majority of

studies indicated only a limited positional coincidence between
chrorrosane aberrations and SCE (Schroeder, 1975; Wolff

&

Bodycote, 1975;

Abe & Sasaki, 1977; Palitti & Becchetti, 1977; Popescu et al. 1977;

Stoll et ale 1977; Connell, 1979; Gallaway & Wolff, 1979).

13)

SISTER CHROMATID EXCHANGE AS AN INDICATOR OF MUTAGENESIS.

The relationship between SCE and mutagenesis was investigated in

Chinese hamster cells by quantifying SCE induction in parallel with
specific locus mutation (carrano et al. 1978; 1979).

Using four

chemicals differing in their interaction with DNA, Carrano et al. (1978)
found a linear relationship between induced SCEs and mutation frequency
and concluded that SCE analysis was feasible as an indicator of
mutagenesis.

These authors cautioned that each chemical, or class of

chemicals, may respond differently and that the SCE : mutation ratio
might also differ with the species, tissue type or the dose rate.
This conclusion was supported by observed exchange levels
following co-exposure of a OOA damaging agent and an antimutagenic agent.
Antimutagenic agents appear to protect cells against the mutagenic
effects of ionizing radiation and chemical mutagens (Gebhart, 1974).
In all instances the frequency of induced exchanges was reduced by

the action of the added antimutagen (Table II, 4).
In contrast to the above findings the report of Bradley et al.
(1979) did not disclose a close correlation between SCE and mutagenesis.
Four of the corrpounds exanrined by Bradley and co-workers were not
detectably mutagenic but increased the SCE frequency in their culture
system.

Similarly, Kinsella and Radman, (1978) observed that increased

SCE was not necessarily correlated with increased mutation frequency.
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In their test system the non-Imltagenic turror proIIDtor 12-0-

Tetradecanoyl-phorbol-13-acetate significantly increased SCE
frequency, a result confi:med by Nagasawa and Little (1979) and
Li ttle et ale (1979) but in contrast to similar experiments by
Loveday and Latt (1979).

Connell (1979) compared the relative

potencies of several reactive polycyclic hydrocarbon metabolites
as inducers of both SCE and Imltagenesis.

Her data indicated that

these two phenomenon were not directly related and she concluded
that SCEs were not a good indicator of Imltagenesis.
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III.

1. )

1.1)

MATERIALS AND METHODS.

MATERIAlS .

Human Peripheral Blood Samples.
Peripheral blood samples were obtained by venipuncture from

normal heal thy blood donors or volunteer laboratory staff.

'The

age of all subjects was between 16 and 65 years.

1. 2)

Chinese Hamster OVary Cells.
An established cell line from the Chinese hamster (Cricetulus

griseus) was obtained from Dr. Y.E. Herman, Diagnostic Virus
Lclboratory, Wellington.

'This was the epitheloid Chinese hamster

ovary cell line, Arrerican tissue culture collection, ATCC-CCL-6l.

1. 3)

Reagents .
Analytical grade reagents were used throughout this investigation,

and the source of supply is shown in appendix VIII, 1.

1.4)

White Fluorescent Light.
o

Two one meter Atlas white fluorescent tubes (4200 K) were used.
The emission range was 390 to 720nm with peaks at 430 and 540nm,
and lymphocytes were illuminated at an incident dose of 2.76 x 10

6

(measured by an Asahi Pentax Spot meter) .

1. 5)

Daylight Fluorescent Light.
o
A single Phillips TLA 30 W/55 daylight fluorescent tube (6500 K)

was used.

'The emission range was 310 to 750nm with peaks at 440 and

580nm, and lymphocytes were illumiriated at an incident dose of

-2

lm.m

48

2.98 x 10

1.6)

6

lm.m

-2

(measured by an Asahi Pentax Spot meter) .

Ultra Violet Light.
Ul tra Violet (W) irradiation was produced by two 30cm

Sylvania germicidal tubes (254nm) that emitted light at an incident

-2
-1
dose of 2. 40 x 10 ergs. mm . sec
(measured by a Black Ray W meter,
rrodel J225).

1.7)

Long Wave Ultra Violet Light.
CUltures \"lere irradiated with two Sylvania F8T5 30cm long wave

ultra violet (UVA) tubes that emitted light predominantly at 366nm,
at an incident dose of 4.00 x 10 ergs.mm- 2 .sec-l (measured by an
International Lights 442A phototherapy radiometer) .

1.8)

X Irradiation.
X-rays were produced by a Phillips RT 100 X-ray rrachine, 100 leV,

8 rnA, using a 0 .40mm copper filter.

2)

METHODS

2. 1)

LYMPHOCYTE SEPARATION.

2.1.1)

Gelatine Sedimentation Method.

The lymphocyte separation technique used, lIDless otherwise
specified, was based on the method of Coulson and Chalmers (1964).
Approximately l5rnl of peripheral blood were collected and
defibrinated in a plastic universal bottle containing glass beads
and a paper clip.

The defibrinated blood was renoved from the

fibrinogen clot and allowed to sediment in 5rnl of sterile 3%
0

gelatine in saline at 37 C.

The majority of red cells settled
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and the lymphocyte rich gelatine serum mixture was transferred to the
culture medium.

The white cell corrponent resulting from this

separation rrethod corrprised approximately 30% neutrophils and 65%
lymphocytes, the remainder being IIDnocytes, eosinophils and basophils.

2.1.2)

Ficoll/Hypaque Method.

Boyum's (1968) technique for the isolation of a pure lymphocyte
sample from peripheral blood involves centrifugation of whole blood
over a Ficoll/Hypaque gradient.
Approximately 15ml of peripheral blood were collected into a
plastic universal bottle containing 0.75ml of 2.7% Disodium
(Ethylenedinitrilo) tetraacetate (EDTA) and diluted 1: 2 with
Dulbecco I s phosphate buffered saline (pH 7. 2).

Approximately 20ml

of diluted blood were carefully layered over 8ml Ficoll/Hypague
solution (density

= 1.077gm.mll )in

a 30ml plastic universal bottle.

'The bottles were centrifuged for 20 minutes at 1000g.

Cells at the

interface were collected with IIDst of the Ficoll/Hypaque solution
above the erythrocyte pellet, and washed once in Dulbecco t s
phosphate buffered saline for 5 minutes at 1000g.

The lymphocyte

pellet was washed twice in a calcium and magnesium free phosphate
buffered saline to avoid cell clurrping and the cells, 80 - 90% of
which were lymphocytes and the remainder nonocytes and polynorphonuclear cells,were transferred to culture rredia.

2.1.3)

Whole Blood Microculture.

Five to 10ml

of peripheral blood were collected into a

sterile centrifuge tube containing 0.1 - O. 3ml of Heparin.

The

tube was shaken to mix the Heparin and the blood sample and three
drops of this whole blood Heparin mixture were cultured.

A white
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cell differential exmnt from a whole blood Illicrocu1 ture indicated
approximately 45% lymphocytes, 50% neutrophils and 5% monocytes
and eosinophils.

2. 2)

CULTURE TECHNIQUES.

2 . 2 . 1)

Lymphocyte Culture.
0

Lymphocytes were cultured at 37 C in Ham's F-IO tissue culture
rredium containing phytohaemagglutinin (PHA, 25]lLrnl- l ).

Since

every experirrent required two or more cultures from each subject,
the lymphocyte rich gelatine serum mixture was added to a

I

stoCk'

h9ttle containing 6 to 8ml of medium for each subsequent culture.
,,-

'rhe lymphocytes were mixed into the culture rredium and equal
quanti ties dispensed into glass McCartney bottles and cultured
for the appropriate tine period.

Unless otherwise specified

BrdUrd was added at a final concentration of 10.00 ]lg.rnl-l, 24 hours
after culture initiation.

'rhus for each individual, the lymphocyte

concentration and the BrdUrd molarity were relatively constant in all
cultures.
All cultures were maintained in the dark to a'JDid photolysis
of BrdUrd substituted DNA (Ikushima

&

Wolff, 1974).

Wi th the

exception noted in section IV,3.2.4,colcemid was added for the last
l
four hours of culture at a final concentration of 0.10 ]lg .ml- .

2.2.2)

Chinese Hawster OVary Cell Culture.

CHO cells were cultured as monolayers in plastic T30 falcoln

flasks at 37 0 C in an atmosphere of 5% CO

2

in air.

Ham IS F-IO tissue

culture medium was used, supplemented with 5% foetal calf serum and
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l

the antibiotics penicillin (62.60 Jlg .rnl- ) and streptanycin

125.00 Jlg.rnl

2.2.3)

-1

).

Chinese Hamster OVary Cell Subculture
Near confluent flasks of CHO cells were subcultured on a

regular basis every two days.

After rerroving the culture medium

and washing the cells in sterile EDTA solution, the cell layer was
treated with the proteolytic enzyme trypsin (0.0025%) in 10rnl of
EDTA solution.

Cells detached after two to five minutes and were

centrifuged for five minutes at 2000g.

The cell pellet was

resuspended in sterile culture medium and a single cell suspension
dispersed into new falcoln flasks (1 - 3 x 10-

5

cells per flask) .

'I\vo hours after subculture, the culture medium was discarded

and replaced with fresh medium containing 10.00 Jlg.ml-

CUltures -were gassed with 5% CO

2

l

BrdUrd.

in air and incubated in a light

proof box for 44 to 48 hours.

2.3)

TREATMENTS WITH CHEMICAL AND PHYSICAL AGENTS.

2.3.1)

Lymphocyte Treatment.

2.3.1.1)

Chemical Agents.

Iijrnphocyte cultures were established as previously described
(section III, 2.1.1) and test chemicals added at different times
after culture initiation.

The experimental protocols are detailed

rrore fully in section IV, 3. 2 .

52

2.3.1. 2)

Non Ionizing Radiation.

Lymphocytes exposed to light (hbite and Daylight fluorescent
light, UV and UVA light) were washed twice in sterile saline and
resuspended in 3ml

of saline in a 35m:n plastic petri dish.

To

avoid cell clumping and shielding,illuminated cultures were
constantly stirred on a magnetic stirrer.

Following illurrd.nation,

lymphocyte culture was resillTEd in glass McCartney bottles containing
PHA

media supplemented with heat inactivated AB serum.

2.3.1.3)

X Irradiation.

Lymphocytes exposed to X irradiation were cultured and Xrayed in plastic T30 falcoln flasks.

2.3.2)

Chinese Hamster Ovary Cell Treatment.

'The effect of each corrpound was investigated in duplicate
cultures from CHO cells.

With the exception of vincristine, which

was added 19 hours before harvest, all test chemicals were added two
hours after sub culture, at the same time as the fresh medium and
BrdUrd.

2.4)

HARVEST TECHNIQUES.

2.4.1)

Lymphocyte Harvest.

Following colcernid treatment lymphocytes were centrifuged at
2500g

and the supernatant discarded.

Lymphocytes were then treated

for 15 minutes in 0.075M KCl and fixed in two changes of chilled
acetic acid: methanol (1: 3).

Chromosome spreads were prepared by

the blaze drying technique of Scherz (1962).

Three drops of the

cell suspension were dropped onto a slide previously wetted with
20% ethanol and IrOITBntarily ignited.
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2.4.2)

Chinese Hamster OVary Cell Harvest.

l
After six hours exposure to colcemid (0.05 jlg.rnl- ) the
rredium was rerroved from the culture flask and cells rinsed with
EDI'A solution.

Following four minutes trypsinization, cells from

the EDTA rinse, the rredium and the culture

flask were

i

pooled i and

rretaphases harvested and slides prepared as described for human
1 yrrphocytes .

2.5)

AurGRADI(X;RAPHY
All procedures were carried out under a Kodak Wratten I

red safe light .

Plates of Kodak AR - 10 fine grain stripping film

were cut into San square sections, imnersed in 75% alcohol for
three minutes and transferred to absolute alcohol until the film
beg~

to lift frain the plate.

Sections of film were then floated

in a sugar: potassium bromide solution (50.0Ogm sugar: 0.025gm
potassium bromide in two litres of water).

Slides were placed

under the film and carefully lifted from the solution so that the
emulsion side of the film was in direct contact with the cells.
Slides were air dried and stored in the refridgerator.
After three days these autoradiographs were developed.
Slides were placed in Kodak n19b fine grain developer (2 minutes
0

at 20 C), rinsed for 30 seconds in distilled water, fixed in
Kodak liquid X-ray fixer (diluted 1:3) for 60 seconds and washed
in running water.

The following day the developed slides were

stained in 5% crestyl violet for 20 minutes, washed in distilled
water and dried in a current of warm air.

Cells were considered

labelled if they contained three times as many silver grains as
their surrounding background area.
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2.6)

DIFFERENTIAL STAINING OF SIS'IER CHRCMATIDS.

2.6.1)

Fluorescent Plus Giemsa Technique
l
Slides were stained in 133258 Hoechst I solution (100.00 ]1g .ml- )

for 15 - 20 minutes, mounted in 0.6M Na HP0 (pH 8.1) and either
2
4
left for 24 hours under daylight conditions, or exposed to
fluorescent light (cool white, 40W, at a distance of lOans) for 4
to 6 hours.

Slides were then heated at 60

0

e

for 10 - 60 minutes in

phosphate buffer (1:1, 0.6M Na HP0 : 0.6M KH P0 ) , rinsed and
4
2 4
2
stained in 5% Giemsa for five minutes, rinsed, air dried and
lacquered.
Differential staining of chranatids was produced by this
method unless otherwise indicated.

2.6.2)

Hot Phosphate Buffer Technique
The hot phosphate buffer technique was based on the method

of Korenberg and Freedlender (1974) slightly modified.
were heated at 85 - 90
rinsed

0

e

Slides

for 5 to 30 minutes in l.OM NaH P0 (ph 8.0),
2 4

in buffered distilled water, stained with 5 % Giemsa for five

minutes, rinsed, air dried and lacquered.

2. 7)

SCORING SISTER CHRCMATID EXaIANGES

Differentially stained slides were independently coded and
scored

I

blind i for the incidence of SCEs.

anIy well spread cells

that showed distinct chromosarre morphology and clear differential
staining of sister chromatids were analysed.

Twenty metaphase

cells were scored for each individual at each treatment.
CHO

In the

cell line utilized, the number of chrarosarres per metaphase

varied between 18 and 23, with an average number of 21.
the yield of SCEs is expressed per chromosane.

Consequently

Fifteen metaphases
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fran each of the duplicate sets of cultures were scored for SCE
and the results pooled for each chemical treatment.
Studies of classical chromosome aberrations and SCEs
suggest an independent mechanism for these two events, despite
same camon features (Galloway

&

Wolff, 1979).

The majority of

agents studied increased aberration frequency, but no attempt was
made to document the number or the nature of these aberrations.
However, second division metaphases with gross chromosomal aberrations
were excluded fran SCE analysis because of difficulty in accurate
scoring.

2.8)

STATISTICAL ANALYSIS
The mean SCE rate and the standard deviation for each

individual at each treatment were calculated using a National
semiconductor 4640 calculator.

When a single treatment group

was canpared with a control group,a paired t test, calculated
using a PDP 11/70 canputing system, with a locally developed
statistical prograrrme (FSTATS), was used.

In cases where more

than one treatment group was canpared with a control, a two way
analysis of variance was used.

This was calculated using a PDP

11/70 canputing system with the Bianedical Ccmputer Programs
P-series statistical package.

This was followed where appropriate,

by Dunnett's test (Dunnett, 1964) for multiple canparisons with a
control, or Tukey's method (Scheffe,1959) when looking at all
pairwise contrasts.

2.9)

PRESENI'ATION OF RESULTS
In the following section (section IV) SCE frequencies for

individual subjects have been pooled and are presented as an average
for each treatment.

The mean and standard deviation (SD) for each

56
individual are detailed in appendix VIII, 4

and table numbers in

the text corresp:md with those in the appendix.
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Iv.

1)

RESULTS.

FACIDRS INFLUENCING BASELINE SIS'IER CHROMATID EXCHANGE lEVELS.
The experiments described in this section were carried out to

investigate how variables in lymphocyte culture, harvest and
differential staining effect baseline SCE levels in rretaphase
chroTIDsorres .

1.1)

Lymphocyte Separation Methods.
Three different rrethods for obtaining lymphocytes from peripheral

blood samples (section III, 2.1) were assessed for their effect on the
baseline SCE rate.

There was no significant difference in SCE

frequency between gelatine sedirrented lymphocytes, Ficoll/Hypaque
separated lymphocytes or whole blood microcultures (Table IV, 1) •

Table IV, 1.

The incidence of SCE in 1yrrphocyte chroTIDsorres

following lymphocyte separation by gelatine sedimentation,
Ficoll/Hypaque or in whole blood microcultures.

Each entry is

the rrean of 5 subjects.

F

LYMPHOCYTE SEPARATION METHOD

SCE

SD

gelatine sedimentation

10.40

3.39

Ficoll/Hypaque

10.25

2.95

whole blood microculture

10.87

3.19

= 1.65

(2,8 degrees of freedom (df)) Not Significant (NS)
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1. 2)

Tissue Culture Media.
The five IIDSt corrm:mly used media, Ham's F-IO, Rosewell Park

Merrorial Institute 1640 (RPMI 1640), Medium 199 (TC 199), Dulbecco's
fudified Eagles Medium

(Dulbecco~s

MEM), and McCoy's SA were

examined for their effect on SCE frequency.

All rredia were

supplerrented with identical armunts of antibiotics, sodium
bicarbonate, heat inactivated AB serum and L-glutamine and adjusted
to pH 7.00

SCEs were scored after 72 hours in culture and a two way
analysis of variance dermnstrated a significant difference (p<O. 05)
in exchange rates between the five tissue culture rredia (Table IV, 2) .
Tukeys rrethod (Scheffe, 1959) for looking at all pair-wise contrasts
showed that lyrrphocytes cultured in McCoy's SA rredia have a
significantly lower SCE rate than those grown in TC 199 (p< 0.05) .

Table IV, 2.

The incidence of SCE in 1yrrphocyte chrormsorres

cultured in five different tissue culture media.

Each entry is

the rrean of 5 subjects.

TISSUE CULTURE MEDIA

SCE

SD

Ham's F - 10

13.35

3.62

McCoy's SA

11. 76

2.97

Dulbecco's MEM

11.98

3.59

TC 199

14.08

4.55

RPMI 1640

12.97

3.78

F= 3.44; (4,16 df) p< 0.05
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1. 3)

Serum.
The incidence of SCE was determined in human lymphocytes

cultured with different sera.

Imrediately after gelatine sedi.r:ent-

ation, lymphocytes were washed twice in sterile saline and
resuspended in rrediurn containing one of: a) 20% autologous serum
(that is, the donork own gelatine serum mixture), b) 20% heat
inactivated AB serum or, c) 20% foetal calf serum (GIECO batch 092,
non heat treated).

There was no difference in the incidence of SCEs

between lymphocytes cultured in media supplerrented with any of the
above sera (Table IV, 3. ) •

Table IV, 3.

The incidence of SCE in lynphocyte chroIlDsomes

cul tured in rrediurn containing autologous,
serum.

F

or foetal calf

Each entry is the mean of 6 subjects.

SERA

SCE

SD

autologous

10.94

2.48

AB

11.10

2.87

foetal calf

10.86

2.73

= 0.06

1. 4)

~B

(2,10 df) NS.

Mitogen Stimulation.
Mitogens are proteins capable of stimulating lymphocytes to

divide.

In this experirrent two mi togens, PHA which stimulates

predominantly T lyrnphocytes, and Pokeweed mitogen (PWM), which
stimulates both B and T lymphocytes were studied to determine
whether the lyrnphocytes they stimulate exhibit different rates of
baseline SCE.

No significant difference in the exchange rate

between PHA and

~lM

stimulated lymphocytes was observed (Table IV, 4) .
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Table IV, 4 .

The incidence of SCE in lymphocyte chrorrosomes

stimulated by PHA and PWM.

t

MITOGEN

SCE

SD

PHA

8.74

3.17

PWM

8.11

2.87

= 1.91

1. 5)

Each entry is the mean of 10 subjects.

(9 df) NS.

Time 5 Branodeoxyuridine Was Added.
In this experiment the effect on SCE frequency of adding

BrdUrd at different time intervals after culture initiation was
studied.

Exchange frequency remained constant when BrdUrd was

added either irnrediately (0 hours), 24 or 48 hours after culture
ini tiation (Table IV,S).

Table IV,S.

The incidence of SCE in lymphocyte chrorrosomes

following addition of BrdUrd at different time intervals after
culture initiation.

Each entry is the mean of 4 subjects.

SCE

SD

o

10.88

2.85

24

10.52

2.90

48*a

11.59

3.51

TIME OF ADDITION OF BrdUrd
(hours after culture initiation)

F

= 0.95

(2,6 df) NS

*a 96 hour culture time.
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1.6)

Differential Staining Techniques.
SCE frequencies 'VVere compared in rretaphase chrorrosorres

differentially stained by either the FPG technique (section III, 2.6.1)
or the hot phosphate buffer technique (section III, 2.6.2. ).

There was

a significant difference (p<O.Ol) between observed exchange levels
(Table IV,6).

Table IV, 6 .

The in cidence of SCE in 1yrrphocyte chromosorres

following differential staining either in hot phosphate buffer or
by the FPG technique.

t

2)

Each entry is the rrean of 12 subjects.

DIFFERENTIAL STAINING 'IECHNIQUE

SCE

SD

Hot phosphate buffer technique

11.11

3.13

FPG technique

12.05

3.25

= 5.05

(11 df) p< 0.01

REPEAT SISTER CHRCMATID EXCHANGE OVER TThIE.
To determine whether an individuals SCE frequency was constant

over tirre, peripheral blood samples 'VVere obtained from 10 subjects
at varying tirre intervals during the 3 years of this study.

Tirre

intervals were never less than 3 rronths and culture conditions 'VVere
the sarre for each sample from each subject.

Table IV, 7. shows the

incidence of SCE in lymphocyte chromosomes from these subjects.
Exchange frequencies from individual cells for each subject
were analysised by a one way analysis of variance.

In the IT'ajority

of cases exchange frequency was constant, however 3 subjects (2,3
and 5) showed a significant difference (p< 0.05)
over tirre.

in SCE frequency
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Table IV, 7.

The incidence of SCE in repeat cultures

SUBJEC1'

SCE

SCE

SCE

SCE

SCE

SCE

F

df

1

10.30

11.55

11.30

10.75

10.70

10.45

0.52

5,119

2

7.85

8.75

11.60

10.35

8.50

5.15

5,114 P < O. 05

3

14.65

10.20

10.70

11.15

9.05

9.68

4,99

4

8.20

9.40

10.30

11.25

9.90

3.75

4,99

5

8.30

7.35

12.90

11.05

12.19

3,79

6

10.90

10.30

8.20

4.46

2,59

NS

7

6.95

8.60

10.55

10.68

2,59

NS

8

9.30

10.05

9.90

0.38

2,59

NS

9

10.80

10.60

8.50

4.14

2,59

NS

10

10.00

9.10

10.00

0.51

2,59

NS

*

p < 0.05
NS
p< 0.05

15 rretaphase cells scored

SISTER CHRCMATID

3)

In
to

9.33 *

NS

EXCHANGE ~ '10

ASSESS CHEMICAL

AGENTS.

addition to a reliable baseline SCE level, the use of SCEs

screen for potential genetic danaging agents requires information

on how classes of chemicals effect SCE frequency in man.

3.1)

CfIE1.'lICAL

AGENTS STUDIED.

Four chemicals with well defined DNA interactions were
studied for their effect on baseline SCE levels.

3.1.1.)

5 Brornodeoxyuridine.

BrdUrd is a halouracil derivative which is readily incorporated
in place of thymidine when new DNA is synthesised.

63

3. 1. 2}

4 Ni troquinoline-N-oxide.

4 Nitroquinoline-N-oxide (4-NQO) is a nitroheterocyclic
cornp:mnd which is activated rretabolically in cells by reduction of
the nitro group.

4-NOO and its rretabolites cause three main

alterations of Dl'-IA.

These are the intercalation of quinoline

between DNA base pairs (Nagata et aL 1966), the formation of
stable covalently bound purine adducts beuveen quinoline and DNA
bases guanine and adenine (Tada

&

Tada, 1971; Nagao

1976), and DNA strand breakage (Walker

3.l.3}

&

&

Sugirnura,

Sridhar, 1976).

Proflavine.

Two types of interaction between proflavine (PF: 3,6,

diaIl'inoacridine) type IIDlecules and DNA have been described.
first is intercalation into the DNA helix.

The

An aminoacridine cation

is inserted between two miA base pairs, and lies parallel to the
plane defined by the base pairs and approximately perpendicular to
the helical axis (Lerman, 1961;1963).

The second is a considerably

weaker bonding and represents an external electrostatic interaction.
The aminoacridine IIDlecules attach externally to the DNA double helix
and stack upon each other in a direction parallel to the helical axis
(Blake & Peacocke, 1968).

3. 1. 4}

Bleomycin.

Bleomycin (BLM) is a corrplex glycopeptide produced by the fungi
Streptomyces verticillus (Urrezawa et aL 1966) which efficiently
induces both single and double DNA strand breaks (Suzuki et al. 1970;
Fujiwara & Kondo, 1973).

BLM also reacts specifically with

D~~

releasing all four DNA bases and may also bind to DNA in a manner
related to intercalation (Haidle et ale 1972; Muller & Zahn, 1977).

Figure IV,l

Treatment protocol used to establ ish the dose response
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3.1.5)

Vincristine and Colcemid.

SCE induction by the mitotic spindle inhibitors vincristine
(VCR} and colcemid was also studied.

Neither compound appears to

interact with DNA, but exerts its effect by interference with, or
inhibition of , mitotic spindle fornation (Cardinali et aL 1963;
George et aL 1965; Kililman, 1966).

Since mitotic spindle

inhibitors were reported to effect SCE frequency (section V, 3. L 5)
these compounds were investigated for their ability to induce SCEs
in chrorrosorres from cultured human lymphocytes.

TREATMENT PROTOCOLS.

3.2)

Four treatment protocols were used to determine haw classes
of chemicals effect SCE frequency and when chemical challenge was
effective in SCE fornation.

3.2.1)

Dose Response.

'The effect of the test chemical on SCE frequency was determined
by establishing its dose response.

'The test corrpound was added at

increasing concentrations 24 hours after culture initiation and the
cultures were harvested 48 hours later (Figure IV, 1).

When a

significantly altered SCE frequency was observed, the dosage that
caused a significant change in exchange frequency was used to

I

pulse I

lymphocytes in the subsequent treatment protocols.

3.2.2)

Treatment of G Lymphocytes.
o

The treatrrent of G lymphocytes utilized two experirrental
o
protocols. After defibrination and gelatine sedirrentation the
lymphocyte rich gelatine serum mixture was added to Ham's F-10
rredium without PHA.

'The test chemical was added immediately for

Figure IV.3

Four hour pulse treatment sometime between 30 and 42 hours

I
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Treatment in the second DNA synthesis or G2 phase
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either four hours (Figure IV,2; Expt.A) or 24 hours (Figure IV,2;
Expt.B).

After four hours, lymphocytes from Expt.A were washed DNice

in sterile saline and reincubated in Ham I s F-IO without PHA for a
further 20 hours.

At the end of 24 hours exposure to the test

corripound, the lymphocytes from Expt. B were washed twice in sterile
saline and all three cultures, the two treatment cultures and the
control, were transferred to culture media containing PHA and heat
inactivated AB serum.

3.2.3)

Four Hour Pulse Sometirre BeD-1een 30 and 42 Hours.

Although relatively asynchronous

the rrajority of lymphocytes

that become second division metaphases at 72 hours begin their first
DNA

syntheses period approximately 24 to 32 hours after culture

initiation (Crossen

&

Morgan, 1979b).

of short term, high dosage exposure

The effect on SCE frequency
to the test chemical was

investigated in replicating lymphocytes by adding the chemical for
four hours sometirre between 30 and 42 hours.
Two cultures from each subject were 'pulsed' at the same time
with the test compound.

BrdUrd was added to one culture at 24 hours

(Figure IV, 3 Expt.A) and therefore the effect of the chemical was
assessed in chromosomes partially substituted with BrdUrd.

However,

BrdUrd was not added to the second culture until immediately after
chemical challenge (Figure IV,3; Expt.B), therefore the effect of
the chemical was assessed in chromosorres unsubsti tuted with BrdUrd.
Following the four hour treatment period, lymphocytes from both
cultures were washed twice in sterile saline and reincubated in fresh
media containing BrdUrd and AB serum.
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3.2.4)

Treatment in the Second DNA Synthesis or the G Phase.
2
The effect of chemical exposure during the DNA synthesis

or the G phase of the second cell cycle was also studied.
2
Recent work in this laboratory indicates that PHA stimulated
lymphocyte cultures contain sub-populations of lymphocytes with cell
cycle times of 12, 16, and 24 hours (Crossen & Morgan, 1977a).
Therefore differentially stained metaphases at 72 hours would
presumably have begun their second DNA synthesis phase (S2)
between 10 and 20 hours prior to termination of culture.
Lymphocytes were treated for the last 12 hours, S2 (Figure IV, 4 :
Expt. A) or the last three hours, G

2

culture period.

(Figure IV,4; Expt. B) of

A one hour colcemid block was used rather

than the usual four hour block for cells exposed in G .

2
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3.3)

3.3.1)

CHEMICAL TREATMENTS.

5 Bramodeoxyuridine
Increasing the BrdUrd concentration dramatically increased

the SCE frequency (Table IV, 8) .

Table IV, 8 .

The incidence of SCE in lymphocyte chrarosanes

exposed to increasing doses of BrdUrd for two cell cycles.
Each entry is the mean of 4 subjects.

BrdUrd CONCENTRATION

(~g.ml

-1

)

SCE

SD

5.00
10.00

13.15

4.23

p< 0.01

20.00

18.01

4.83

p<O.Ol

50.00

22.60

5.09

p<O.Ol

80.00

26.56

4.47

p<O.Ol

100.00
F

= 45.94 (3,9

df) p<O.Ol

BrdUrd concentrations of 5. 00

~g .ml- l did not provide

adequate differential staining of sister chranatids.
concentrations of 100. 00

~g.ml

-1

BrdUrd

and above caused a prolonged

delay in cell cycle progression and after 72 hours in culture
there were no second division metaphase cells for SCE analysis.
Resting or inert lymphocytes (G ) treated for four or 24
o
hours with 50. 00
(Table IV, 9) .

~g.ml

-1

BrdUrd showed no increase in SCE
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Table IV, 9 •

'Ihe incidence of SCE in 1 yrrphocyte chrorrosorres exposed

to 50.00 ]..Ig.ml

-1

BrdUrd for 4 and 24 hours prior to PHA stimulation.

Each entry is the !rean of 4 subjects.

SCE

SD

11. 73

3.67

4 hours

11. 74

3.66

24 hours

12.28

3.47

G

o

TREA'IMENT

Control (no treatrrent)

F

=

0.37 (2,6 df) NS

Replicating lyrrphocytes were challenged with a four hour pulse
of 50.00 ]..Ig.ml-

l

BrdUrd 39 hours after culture initiation.

A

significantly elevated exchange frequency was observed in lyrrphocytes
continously exposed to BrdUrd (10.00 ]..Ig.ml

-1

) and replicating

lyrrphocytes not pretreated with BrdUrd (Table IV, 10) .

Table IV, 10 .

'Ihe incidence of SCE in 1 yrrphocyte chrorrosorres

pulsed with 50.00 ]..Ig.ml

-1

BrdUrd between 39 and 43 hours, both in
-1

chrorroso!res that had previously incorporated 10.00 ]..Ig.ml
(+ BrdUrd) and those that had not (- BrdUrd).

BrdUrd

Each entry is the

!rean of 4 subjects.

F

=

TREA'IMENT

SCE

SD

Control (no treatrrent)

10.38

2.94

BrdUrd (+ BrdUrd)

16.43

5.40

p

BrdUrd (- BrdUrd)

13.81

4.64

p < 0.01

31.26 (2,6 df) p< 0.01

< 0.01
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Lymphocytes treated with 50.00 jJg.ml

~l

BrdUrd during S2 (11.5 hours

prior to harvest) and G (3.5 hours prior to harvest) showed no
2
increase in SCE (Table IV, 11) .

Table IV, 11.

The incidence of SCE in lymphocyte chrorrosorres

exposed to 50.00 jJg.ml
harvest.

-1

BrdUrd 11. 5 hours and 3.5 hours prior to

Each entry is the rrean of 4 subjects.

SCE

TREA'TIYlENT

Control (no treatrrEnt)
S2

G2

SD

9.56

2.83

10.03

3.66

9.84

3.35

F = 0.32 (2,6 df) NS

3.3.2)

4 Nitroquinoline-N-oxide.

4-NQO was dissolved in 10% ethanol in distilled water.

'Ihe

solvent alone caused no alteration in baseline SCE levels. (Table IV, 12) .

Table IV, 12 •

The incidence of SCE in lymphocyte chrorrosorres grown

,in culture rredium containing
water.

t

o. 20ml

of 10% etha.'101 in distilled

Each entry is the rrean of 2 subjects.

SCE

SD

Control

9.63

2.52

Solvent

9.18

2.74

= 0.03

(ldf) NS.

4-NQO induced a significant dose dependent increase in SCE (Table IV,l3).
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Table IV, 13.

The incidence of SCE in lymphocyte chronosorres

continuously exposed to 4-N(p for the final 48 hours of lymphocyte
cul ture.

Each entry is the rrean of 4 subjects.

Control

F

= 17 .62

-1

SCE

SD

0.00

11.24

3.27

0.10

14.73

3.68

P <: 0.05

0.20

17.29

4.17

p<O.Ol

4-NQO mNCENTRATION (llg.ml

)

(2,6df) p<O.Ol

SCE was also significantly increased in Go lymphocytes treated with
a .0.20 llg.ml -1 4-N(p for either four or 24 hoU:r:s prior to PHA culture
(Table IV, 14) .

Table IV, 14.

The incidence of SCE in lymphocyte chronosarres

following Go exposure to 4-N(p for 4 or 24 hours.

Each entry is the

rrean of 4 subjects.

Go TREATI-1ENT

SCE

SD

Control (no treatrrent)

10.85

3.40

4 hours

16.58

4.69

P < 0.01

24 hours

17 .28

4.51

P < 0.01

F= 36.72 (2,6df) p<O.Ol

Exposure to 4-N(p significantly increased SCE frequency in Go
lymphocytes.

In a second e.xperirrent G ,lymphocytes were treated

o

with 0.20 llg.ml- l 4-NQO and left in Ham's F-10 for varying tirre
intervals before culture initiation.

One culture was initiated

i:mrrediately and four others were left in Ham's F-10 rrediurn for
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24, 48, 72, or 96 hours prior to PHA stimulation.

Analysis of SCE

revealed that all cultures showed a significant increase in SCE level
over the control (Table IV, 15) .

Table IV, 15.

The incidence of SCE in lymphocyte clrrOIIDsorres left

for varying tirre intervals following 4 hours G treatrrent with 0.20
o
Jlg . rnl

F

=

-1

4-NQO.

Each entry is the rrean of 4 subjects.

TIME IN HAM'S F-IO

SCE

SD

Contol (no treatment)

11.26

2.26

0

15.93

4.49

p<O.Ol

24

18.05

4.59

p<O.Ol

48

17.81

3.63

p<O.Ol

72

17.38

3.36

p<O.Ol

96

18.08

4.10

p<O.Ol

11.14 (5,15M) p< 0.01

A four hour pulse of 0.20 Jlg. rnl-

l

4-NQO 38 hours after culture

initiation induced a significant inQrease in SCE frequency (p< 0.01) .
This was rrore obvious in lymphocytes continuously exposed to BrdUrd
(+ BrdUrd) than in lymphocytes given BrdUrd after 4-NQO challenge

(- BrdUrd; Table IV,16).
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Table IV, 16.

The incidence of SCE in lyrrphocyte chromosomes

pulsed with 0.20 llg.rnl

-1

4-NQO between 38 and 42 hours of culture.

Each entry is the mean of 4 subjects.

8CE

Control (no treabuent)

F

=

8D

9.71

3.28

4-NQO (+ BrdUrd)

18.44

4.93

p< 0.01

4-NQO (- BrdUrd)

12.71

3.46

p<0.05

26.65

(2,6 df)

0.20 llg.ml

-1

p< 0.01

4-NQO was added to separate cultures 10 hours

(8 ) and 3 hours (G ) prior to harvest.
2
2
that the cultures pulsed in 8

2

Analysis of SCE revealed

showed an elevated exchange rate

whereas those treated in G did not (Table IV, 17) .
2

TABLE IV, 17 .

The incidence of SCE in lymphocyte chranosanes

treated. with 4-NQO for either the last 10 or the last 3 hours of
culture.

Each entry is the mean of 4 subjects.

TREA'IMENT

Control (no treabuent)
8

2

G
2
F= 7.75

3.3.3)

SCE

8D

9.98

3.26

13.10

4.90

9.64

3.13

p< 0.05

(2,6 df) p< 0.05

Proflavine
A significant increase in SCE frequency was observed as PF

concentrations increased between 0.10 and 0.50

llg.rnl

-1

(Table IV, 18) .
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Table IV, 18.

The incidence of SCE in 1yrrphocyte chromosorres

continuously exposed to increasing concentrations of PF.

Each

entry is the mean of 4 subjects.

PF CONCENTRATION
Control

F

= 11.55
G

o

(~g.ml

-1

).

SD

SCE

0.00

9.74

3.23

0.10

11.38

2.91

0.20

13.15

3.71

P < 0.05

0.30

13.89

4.99

p< 0.01

0.40

13.80

3.52

P < 0.01

0.50

17 .04

4.50

P < 0.01

(5,15df) p < 0.01

lyrrphocytes treated with 0.50

~g.ml

-1

PF for four and 24

hours showed a slight but not significant increase in SCE frequency
(Table IV, 19) •

Table IV, 19 .

The incidence of SCE in lyrrphocyte chromosorres following

Go exposure to 0.50

F

=

~g.ml

-1

PF.

Each entry is the rrean of 4 subjects.

Go TREA'l'MEl\l"'T

SCE

SD

Control (no treatment)

10.48

3.38

4 hours

12.04

3.47

24 hours

12.45

3.88

2.44 (2,6df) NS

PF at a final concentration of O. 50

~g.ml

-1

was used to pulse

cultures for four hours 32 hours after culture initiation.

A

significantly increased SCE frequency (p<O.oi) was observed in
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lymphocytes pulsed both in the presence of BrdUrd (+ BrdUrd) and
prior to the addition of BrdUrd (- BrdUrd) (Table IV, 20) .

Table IV,20.

The incidence of SCE in cultures pulsed with 0.50

).lg~ml -1 PF between 32 and 36 hours.

Each entry is the mean of

4 subjects.

SCE

TREA'IMENT

8.61

2.80

PF (+ BrdUrd)

14.96

5.12

pc;; 0.05

PF (- BrdUrd)

16.04

5.08

p

Control (no treatment)

F

SD

= 5.57

<:

0.01

(2,6df) pc;;O.Ol

Lymphocytes challenged in the second S phase (10.5 hours prior

to harvest) or in G (3 hours prior to harvest) showed a slight but
2
significant increase in SCE only in S2 treated lymphocytes (Table IV,2l).

Table IV, 21.

The incidence of SCE in lymphocyte chrorrosomes exposed

to 0.50 ).lg.ml-1 PF for either the last 10.5 hours or last 3 hours of
culture.

Each entry is the mean of 4 subjects.

TREA'll1ENT

=

SD

9.66

2.86

S2

11.01

3.23

GZ

10.29

3.00

Control (no treatment)

F

SCE

4.46 (2,6 df) NS.

p<0.05
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3.3.4)

Bleomycin.

BIM is readily soluble in water and was added at increasing
concentrations for the final 48 hours of 1yrrphocyte culture.

There

was no increase in SCE frequency in cultures exposed to 2.00, 4.00
or 6.00

~g.ml

Table IV, 22.

-1

BLM (Table IV,22).

The incidence of SCE in 1yrrphocyte chrorrosorres exposed

to increasing concentrations of BLM.

Each entry is the rrean of

4 subjects.

Control

F

= 0.59

(~g.ml

-1

SCE

SD

0.00

10.91

4.32

2.00

11.30

3.84

4.00

11.23

3.91

6.00

11.15

3.21

BIM CCNCENTRATION

)

(3,9df) NS

Continuous exposure to BLM at doses greater than 6.00

was toxic to 1ynphocytes.

~g.ml

However cultures with (+) or without (-)

BrdUrd were challenged between 36 and 40 hours with 10.00 llg.ml
BIM.

-1

-1

Once again there was no increase in the incidence of SCEs over

the baseline rate (Table IV,23).
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Table IV,23.

The incidence of SCE in lyrrphocyte chroIIDsorres

with 10.00 ]Jg.ml

F

=

-1

BI11.

pulsed

Each entry is the rrean of 4 subjects.

TREA'IMENT

SCE

SD

Control (no treatment)

8.50

2.33

BIM (+ BrdUrd)

9.91

3.11

BI11 (- BrdUrd)

8.90

3.13

1.38 (2,6df) NS.

3.3.5)

Vincristine and Colcernid.

VCR was added for the final 24 hours of culture period at
concentrations of 0.05, 0.50 and 1.00 ]Jg.ml

-1

.

vlhen longer

incubation tirres were investigated, no differentially stained
rretaphases were found.

No difference in the incidence of SCE

between control and VCR treated cultures was observed (Table IV, 24) .

Table IV, 24.

The incidence of SCE in lyrrphocyte chrorrosorres

exposed to 0.05, 0.50 and 1.00 ]Jg.ml
of culture.

F

= 0.78

VCR for the final 24 hours

Each entry is the rrean of 6 subjects.

VCR CONCENTRATION (]Jg.ml
Control

-1

-1

)

SCE

SD

0.00

10.27

3.08

0.05

10.49

2.65

0.50

10.96

2.98

1.00

10.38

3.35

(3,15df) NS.
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Colcernid was added at concentration of 0.01 and 0.05 llg.ml~l
24 hours after culture initiation and lyrrphocytes harvested 48 hours
later.

Doses greater than 0.05 llg .ml-

l

led to a marked reduction in

the number of second division metaphases.

Colcernid caused no increase

in· SCE frequency over the control level at the concentrations used
(Table N(25).

Table N, 25.

The incidence of SCE in lyrrphocyte chrorrosomes exposed

to 0.01 and 0.50 llg.ml-1colcernid for 48 hours.

Each entry is the

mean of 4 subjects.

COLCEMID CONCENTRATION (llg.ml

Control

-1

) SCE

SD

0.00

10.34

2.72

0.01

10.63

3.39

0.05

10.78

3.00

F == 0.14 (2,6df) NS.
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4)

THE EFFECI' OF pH AND TEMPERATURE ON SIS'IER CHROMATID EXCHANGE.
In this section the effect of pH and temperature on SCE frequency

in cultured human lymphocytes was examined.

4.i)

pH.
'TWo different experirrents investigated the effect on SCE of

altering the pH of the culture rredium.
of the rredia was altered from 7.00.

Firstly:

Changing

the initial pH
the pH caused a

slight but not significant increase in exchange frequency (Table IV,26).

Table IV, 26 •

The incidence of SCE in lymphocyte chrorrosorres grawn

in culture rredium with different initial pH.

Each entry is the

rrean of 4 subjects.

INITIAL pH
Control

F

=

SCE

SD

7.00

11.23

2.67

6.80

11.53

3.45

7.50

12.86

4.29

7.90

13.29

3.72

1.84 (3,9df) NS.

Secondly:

48 hours after culture initiation, alterations in

pH were induced by adding either Hel or NaOH.

A pH change during

culture caused no deviation from the control SCE rate (Table IV ,27) .
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Table IV, 27.

'The incidence of SCE in lynphocyte chrorrosorres grown

in culture rredium where the pH was altered after 48 hours.

Each

entry is the rrean of 3 subjects.

F

=

4. 2)

CHANGE FROM pH 7.00 'ill

SCE

SD

Control (no change)

12.57

3.29

6.80

12.47

2.96

7.70

11. 73

3.24

0.66 (2,4df) NS.

Temperature.
In this experirrent the effect on SCE frequency of short ter:m

exposure to either heat (42°C) or cold (4°C) was assessed after 42
hours of culture.
bottle in a 42

Heat treatrrent involved subrrerging the culture

±. 0.50o C waterbath

for five minutes with approx-

imately two minutes allowed for equilibration.
4°C were placed in the refrigerator
harvested after 72 hours.

Cultures exposed to

for 40 minutes and all cultures

Control cultures were maintained at 37°C.

Short ter:m alterations in temperature caused no change in SCE
frequency (Table IV,28).

Table IV,28.

'The incidence of SCE in lynphocyte chrorrosorres exposed

to different temperature regirres after 42 hours in culture.
entry is the rrean of 5 subjects.

F

TREATMENT

SCE

SD

Control (no treatrrent)

11.96

3.58

Heat (42°C)

11.48

3.03

Cold (4°C)

11.35

3.22

= 0.75

(2,8df) NS.

Each
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5)

SISTER CHRcMATID EXClW\!GE TO ASSESS NON-IONIZING RADIATION.

Fluorescent light (daylight fluorescent light (DFL) and cool
whi te fluorescent light (WFL»; ultra violet (W) and long wave
ultra violet (UVA) light were studied for their ability to induce
SCEs in a range of treatment protocols.
Light interacts with DNA in a nunber of ways depending on
its wavelength and whether exposed DNA had previously incorporated
BrdUrd.
Fluorescent light (FL) illumination of native (unsubstituted)
DNA causes single strand breakage and DNA protein crosslinkage
in a range of cell types (Gantt et al.1979; Bradley et al.1979) .
FL induced damage is greatly enhanced if BrdUrd is incorporated
into DNA (Ben Hur

&

Elkind(1972).

Uracil is produced by de-

bromination of BrdUrd, which ultimately results in a single DNA
strand break at the site of BrdUrd incorporation (Hutchinson,1973).
The primary biological effect of short wave W light (254nrn)

on DNA is the induction of pyrimidine dimers in DNA polynucleotide
strands.

Dirrers are presurred to represent adjacent pyrimidine

residues

in the same nucleic acid strand that are held together

by a cyclobutane ring (Setlow,1966).

Other photoproducts induced

by UV light include DNA protein and DNA interstrand cross links

(Smith,1966).

However, the major photochemical lesion in BrdUrd

substituted DNA following UV irradiation is the single strand
break (Hutchinson,1973).
UVA (366nm) light has little effect on native DNA but
produces single strand breaks exclusively in chranatids containing
BrdUrd substituted DNA (Hutchinson,1973).
Lymphocytes were exposed to light at different times after
culture initiation and in the presence and absence of BrdUrd.

Figure I.V,5

Experimental protocol used to investigate the effect of non ionizing
radiation on SeE frequency in cultured human lymphocytes.

A

__

J~~-----h_~~

~

B

c

I~

o
E
o

24

, . BrdUrd

48

72

/light Exposure

96

hours
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Exposure conditions are described in section I1I,2.3.1.2.
The light treatIrent protocol is summarised diagrarnatically in
Figure IV,S.

5.1)

Fluorescent Light
Lymphocytes were exposed to FL for 20 minutes at a distance of

lOans from the light source.

To avoid clumping and shielding,

lymphocytes were constantly stirred on a magnetic stirrer.

Because

rrechanical disruption of lymphocyte cultures may increase SCE, the
exchange frequency in cultures stirred for 20 minutes on a magnetic
stirrer was examined.

Violent stirring for this time period caused

no change in SCE over baseline (Table IV, 29) .

Table IV, 29 .

The incidence of SCE in lymphocyte chrorrosomes

stirred for 20 minutes after 42 hours in culture.

Each entry is

the mean of 3 subjects.

t

=

TREA'IMENT

SCE

SD

Control

11.87

2.89

Stirred

11. 85

2.67

0.04 (2df) NS.

To rule out the possibility that increased SCEs were due to FL

induced photoproducts in the saline, 3mls of saline was exposed to
WFL for 20 minutes and added either imrediately or 43 hours after
cul ture initiation.

The frequency of SCE was unchanged in both cases

(Table IV, 30) indicating that FL did not induce photoproducts in saline
that led to SCE formation.
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Table IV, 30.

The incidence of SCE in lymphocyte chrorrosomes

treated with \'1FL illuminated saline,
hours after culture initiation.

either llrrnecliately or 43

Each entry is the mean of 2

subjects.

lLilJMINATED SALINE ADDED

SCE

SD

Control (no saline)

12.03

3.41

Imnediately

10.93

2.72

After 43 hours

11. OS

2.63

F = 1.S4

G

o

(1,2 df)

NS.

lymphocytes were exposed to FL for 20 minutes and left in

Ham's F-IO media for varying time intervals before PEA stimulation.
One culture was initiated imnediately (0 hours) and others after
·24 hours, 72 or 96 hours in Ham's F-lO.
FL in G

o

All cultures exposed to

showed a significant increase in SCE frequency (Table IV, 31).

Lymphocytes cultured

in 10 ]lg.rnl

-1

BrdUrd and exposed to

either WFL or DFL, 42 hours or 60 hours (Figure IV,S; B and C) after
culture initiation showed a highly significant increase in SCE
frequency (Table IV, 32).
light

However, replicating lymphocytes exposed to

29. S hours or 44 hours (Figure IV, S; D and E) after culture

initiation and prior to addition of the BrdUrd showed no increase in
SCE over the baseline level (Table IV, 32).
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Table IV, 31.

The incidence of SCE in lymphocyte chranosomes

left in Ham's F-I0 culture medium for increasing time intervals
following G exposure to FL.
o

TIME IN HAM'S F-I0
(in hours)

LIGHT
SOORCE

Control (no exposure)

F

7

11.86

3.06

SUBJECTS

DFL

7

15.64

3.38

p< 0.01

o

WFL

7

16.09

3.76

p< 0.01

4

11. 78

2.97

4

16.71

3.72

p< 0.01

= 13.40

(2,12 df) p< 0.01

o

=

SD

o

Control (no exposure)

F

SCE

NUMBER OF

24

WFL

4

16.01

4.40

p< 0.01

72

WFL

4

16.41

3.52

p< 0.01

94

WFL

4

18.95

3.78

p<O.Ol

13. 09

(4,12 df) P <: 0.01
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Table IV ,32.

'The incidence of SCE in lymphocyte chrCJITDsanes

following 20 minutes exposure to either WFL or OFL.

TIME*a FIGURE
IV,S

NUMBER OF
~S

LIGHT

CON'IROL

TREA'IMENT

SOURCE

SCE

SD

SCE

SO

42

B

4

OFL

10.44

2.92

34.71

7.80

p< 0.01

42

B

4

WFL

10.44

2.92

31.26

7.58

p< 0.01

60

C

4

DFL

10.44

2.92

18.80

4.43

p< 0.01

60

C

4

WFL

10.44

2.92

19.91

5.17

p<O.Ol

(4,12 df)

p<O.Ol

F.=

43.55

29.5

D

5

OFL

12.73

3.17

14.04

3.46

29.5

o

5

WFL

12.73

3.17

13.28

3.04

WFL

11.87

3.42

11.96

3.20

F

= 1.18

44

t

(2,8 df)

5

E

= 0.15

NS.

(4 df)

NS.

*a Time of FL illumination (in hours after culture initiation) .
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5.2)

Ultra Violet Light.
Analysis of UV light induced SCEs followed the same

experimental conditions and treatment protocols utilized to
assess the effect of FL on SCE frequency (Figure IV, 5).

Lymphocytes

exposed to UV light were irradiated for eight seconds at an incident
-2
-1
-2
dose of 34 ergs.rrm .sec , giving a total dose of 272 ergs.rrm .
UV light caused a significant increase in the yield of SCE in
all treatment protocols (Table IV, 33).

Lymphocytes pretreated with

BrdUrd showed a significantly higher SCE level after UV irradiation
than those lymphocytes irradiated prior to BrdUrd treatment (Table
IV,33).

Table IV,33.

The incidence of SCE in lymphocyte chronosomes exposed

to UV light at different times after culture initiation.

Each entry

is the rrean of 4 subjects.

AVERAGE SCE
TIME*a

FIGURE
IV,5

CDNTROL

UV LIGHT

SCE

SD

SCE

SD

A

11.84

3.73

16.30

3.87

p<O.Ol

42

B

11.40

2.61

23.37

9.35

p< 0.01

60

C

11.40

2.61

20.07

6.54

p< 0.01

40

E

11.84

3.73

17.64

4.29

p< 0.01

O*b

F

= see

appendix VIII,4. Tables IV,33a and IV,33b

*a time of UV light exposure (in hours after culture initiation).
*b UV light exposure prior to culture initiation.
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5.3)

Long Wave Ultra Violet Light.
UVA light exposure followed the experirrental protocol described

in Figure IV,s.
dose

0

Seventy seconds exposure to UVA light at an incident

. SCE f requency In
.
f 40 ergs. TIm-2 • sec-1 caused
no 'lncrease In

1yrrphocytes that had not previous 1y incorporated BrdUrd (Figure IV,s;
A and E).

However when BrdUrd substituted lyrrphocytes were

irradiated 42 or 60 hours after culture initiation (Figure IV,s; B
and C), there was a small but significant increase in SCE (Table IV, 34) .

Table IV, 34 .

The incidence of SCE in 1yrrphocyte chrorrosorres

exposed to UVA at different tirres after culture initiation.
Each entry is the rrean of 4 subjects.

TIME*a

CONTROL

FIGURE
IV,s

WA LIGHT

SCE

SD

SCE

SD

A

11.84

3.73

11.14

3.11

42

B

11.40

2.61

14.65

3.28

P <: 0.05

60

C

11.40

2.61

14.25

3.52

P <: 0.05

40

E

11.84

3.73

12.00

3.31

O*b

F= see appendix VIII,4.

Tables IV, 34a and IV, 34b

*a

Tirre of UVA exposure (in hours after culture initiation) .

*b

Light exposure prior to culture initiation.
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6)

SISTER CHROMATID EXCHANGE TO ASSESS IONIZING RADIATION.

Much of the DNA. damage induced by ionizing radiation consists
of single and double strand breaks (Evans, 1977), but in addition
to strand breakage a mrrnber of different kinds of DNA. damage may
occur.

These include the change or loss of a base, hydrogen bond

breakage between the chains, crosslinking wi thin or between DNA
polynucleotide strands and cross linking

to protein (Casarett, 1968).

Two different sources of ionizing radiation were used in this

study, S radiation from tritiated uridine (3H- Urd) and X irradiation.
X-rays produce their effect only at the tinE of irradiation whereas
3H- Urd

is readily incorporated into cellular ribonucleic acid (RNA)

and S radiation is continously present wi thin the cell for the
cul ture period.

6.1)

Tritiated Uridine
The effect of 3H- Urd on SCE frequency in human chronosornes was

investigated in the sane experimental protocols described for chemical
compounds (section IV, 3 . 2; Figures IV, 1 - IV, 4).

SCE frequency was

not increased in cultures continuously exposed to 3H- Urd at doses of
l
0.037 - 0.37 kBq.ml- .

Hbwever a dose of 3.70 kBq.ml-

increased the incidence of SCEs (Table IV, 35) .

l

significantly
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Table IV,35.

'Ihe incidence of SCE in lyrrphocyte chromJsomes

exposed continously to increasing concentrations of

3

H-Drd.

Each entry is the mean of 5 subjects.

3H- Urd mNCENTRATION (kBq.ml.- l )
Control

F

=

SCE

SD

0.000

11. 75

3.54

0.037

11.47

3.81

0.370

11. 71

3.87

3.700

14.37

4.34

p <: 0.01

7.44 (3,12df) p<0.05

Go lyrrphocytes exposed to 37.00 kBq.ml.

-1 3

H-Urd for either

four or 24 hours showed a slight but not significant increase in
SCEs over the baseline rate (Table IV, 36) •

Table IV, 36.
exposed to

'Ihe incidence of SCE in lyrrphocyte chrorrosomes

3

H-Urd for 4 or 24 hours prior to lyrrphocyte

stimulation.

Each entry is the mean of 8 subjects.

SCE

SD

11.58

3.32

4 hours

13.20

3.66

24 hours

13.78

3.60

Go TREA'IMENT
Control (no treatment)

F

= 2.23

(2,14df) NS
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'Ihirty one hours after initiation, cultures Vv'ere pulsed with
37.00kBq.rnl

-1 3H-Urd for four hours.

porated BrdUrd (+ BrdUrd) prior to

Lyrrphocytes that had incor-<

3
H-urd exposure showed a sign-

ificant increase in SCEs (p <: O. 05) ,whereas chrorrosorres from cultures
that did not receive BrdUrd until after challenge with 3H- Urd (- BrdUrd)
showed no increase in SCE frequency (Table IV, 37) .

Table IV, 37 .

The incidence of SCE in lymphocyte chrorrosorres

pulsed with 37.00kBq 3H- Urd between 31 and 35 hours of culture.
Each entry is the rrean of 4 subjects.

SCE

SD

Control (no treat::rrent)

10.88

3.20

3
H-Urd (+ BrdUrd)

13.26

3.10

3
H-Urd (- BrdUrd)

11.81

3.22

TREA'IMENT

F

= 0.97

P <: 0.05

(2,6df) NS

SCE was not increased in cultures treated 10.5 (S2) or 3.5 hours
(G ) prior to harvest with 37.00kBq.rnl2

Table IV,38.
37.00kBq.rnl

l

3H- Urd (Table IV,38).

The incidence of SCE in cultures challenged with

-1 3
H-Urd and 3.5 hours prior to harvest.

is the rrean of 4 subjects.

SCE

SD

10.31

3.25

S2

10.49

3.46

G
2

9.94

3.26

TREA'IMENT

Control (no treat::rrent)

F= 0.94 (2,6df) NS.

Each entry

Figure Iv,6

Experimental protocol used to investigate the effect of X
irradiation on SeE frequency in cultured human lymphoytes.

A

I

B

c
D

E

F

o
~

48

BrdUrd

I

72

96

X Irradlatlan

Hours
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Autoradiographs were made of slides from all cultures treated
with 3H- urd .

with the exception of G treated cultures, all showed
2

a radioactive labelling pattern.

Between 80% and 90% of metaphase

cells from the dose response, 31 to 35 hour pulse and S2 treated
cells were 1abelled,and radioactive grain counts of many metaphases
exceeded 80 grains per cell.

Approximately 60% of metaphase cells

from G treated 1ynphocytes showed autoradiographic label
o

and

metaphases contained between 15 and 50 grains per cell.

6.2)

X Irradiation.
Lynphocyte cultures were treated with X irradiation at different

times after initiation, both in the presence and absence of BrdUrd.
The treatment protocol for X irradiation is sumnarised in Figure IV, 6 .
Since incorporation of BrdUrd into DNA enhances its sensitivi ty to
damage by ionizing radiation (Szybalski, 1974), the effect of an
increased dose of BrdUrd on irradiation induced SCE was also investigated.
Lynphocytes exposed to X irradiation were cultured in plastic
T 30 falcoln flasks and irradiated through these.

To eliminate the

possibi1i ty that the T 30 flask may be a factor in SCE induction,
1ynphocytes from three subjects were cultured in both glass McCartney
bottles and plastic T 30 fa1coln flasks.

There was no significant

difference in the rate of SCE between 1ynphocytes from either of the
different culture vessels (Table IV, 39) .
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Table IV, 39.

The incidence of SCE in lymphocyte chrc:mosomes

cultured in either McCartney bottles or T 30 falcoln flasks

0

Each entry is the mean of 3 subjects.

SCE

SD

McCartney bottle

11.17

3.15

T 30 falcoln flask

11.53

3.51

CULTURE VESSEL

t

=

0.48

(2df) NS.

X-ray exposure up to 4.0Gy

immediately after culture

init±ation (G ; Figure IV, 6 A) did not alter the incidence of
o
SCEs over the baseline rate (Table IV, 40).
in 10.00 Jlg.ml

-1

Lymphocytes cultured

BrdUrd and irradiated at either 42 hours or 60

hours (Figure IV,6 B and C) showed an X-ray dose dependent increase
in the frequency of SCEs (Table IV, 40).

When lymphoyctes were

irradiated 3.5 hours prior to harvest and one hour prior to the
addition of colcemid (G ; Figure IV,6 D) no increase in the number
2
of exchanges was found (Table IV, 40).

Lymphocyte viability was

markedly decreased at irradiation doses above LOGy in G lymphocytes,
2
whereas viability figures for irradiation at other stages of the
oell cycle (excluding Go) did not drop noticably until doses above
2.0Gy were used.
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Table N, 40.

The incidence of SCE in lymphocyte chromosomes

grown in 10.00 J1g .ml-

l

BrdUrd and X irradiated at different

times after culture initiation.

TIME*

0
F

FIGURE

NUMBER OF

N,6

SUBJECTS

A

=

AVERAGE SCE

CrnrROL

1.OGy

9.87

6

2.0Gy

4.OGy

11.10

10.72

3.16 (2,10 df) NS

42

B

7

10.66

14.99

16.96

p< 0.01

9.99

12.66

14.25

p< 0.01

12.17

12.22

F= 29.86 (2,12 df) p< 0.01
60
F

C

=

25.33 (2,6 df) p< 0.01

68.5
t

*

=

4

D

3

0.10 (2 df) NS.

Time after X irradiation (in hours after culture initiation) •

When lymphocytes cultured without BrdUrd were irradiated
with l.0Gy and 2.0Gy 42 hours after culture initiation and BrdUrd
added immediately for a further two cell cycles (Figure N,6 E) ,
a significant increase in exchange frequency was observed (Table
N,4l).

In a similar experiment, duplicate sets of cultures were

irradiated at 42 hours.

BrdUrd was added irrmediately after

irradiation to one set of cultures while the other was held for a
further five hours before BrdUrd was added (Figure N,6 F).
cultures were harvested after 96 hours.

All

CUltures given BrdUrd

imnediately showed a significant increase in SCE frequency (p

< 0.05),

but the cultures held in a BrdUrd free medium for five hours post
irradiation did not show an increase (Table N (41) .
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Table IV, 41.

'Ihe incidence of SCE in lymphocyte chrarosorres

irradiated at 42 hours and prior to the addition of BrdUrd (10.,00 llg .ml-1 )

FIGURE

SUBJECI'S

12.74

6

E

AVERAGE SCE

CONTROL

NUMBER OF

IV,6

l.OGy

2.0Gy

14.70

15.08

po:::O.01

F = 9.09 (2,10df) po:::O.05

F

F

4

7.74

9.66*a

F

4

7.74

8.01*b

=

po::: 0.05

3.61 (2,6df) NS.

*a X irradiation at 42 hours then BrdUrd irrrrEdiate1y.
*b X irradiation at 42 hours, 5 hours in Ham's F-10 (47 hours)
then BrdUrd added.

'IWo experirrents investigated whether an increased concentration

of BrdUrd in the culture rrediurn increased the incidence of X-ray
induced SCEs.
(1)

Lymphocytes cultured in 10.00 or 50.00 llg.rnl

-1

BrdUrd and

irradiated at 42 hours (Figure IV, 6 B) showed an X-ray dose dependent
increase in the frequency of SCEs (Table IV, 42).

As expected, increasing

the BrdUrd concentration increased the SCE rate.

However the percent

increase in X-ray induced SCEs over the control rate at 50.00 llg.ml
BrdUrd was lower than at 10.00 llg.rnl

-1

BrdUrd.

-1

Likewise lymphocytes

irradiated at 60 hours, that is l2 hours prior to harvest (8 ; Figure
2
IV,6 C) showed an increase in SCE frequency as X-ray dosage increased.
Once again the percent increase in SCEs was 1cl'V'ier at 50.00 llg.ml
than at 10.00 llg.ml
(2)

-1

-1

Brdurd. (Table IV,42).

'Ihe effect of very low doses of X-rays (0.5Gy) administered 42

hours after culture initiation (Figure IV,6 B) were evaluated in
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-1

lyrrphocytes grcwn in 10.00 and 50.00 jJg.rnl

BrdUrd.

There was no

increase in SCE frequency in treated cultures over the controls
(Table IV, 42) .

Table IV, 42.

The incidence of SCE in lyrrphocyte chromosomes

cuI tured in medium containing different concentrations of BrdUrd
and X irradiated.

TIME *

FIGURE

Brdur~l

NUMBER OF

jJg .rnl

IV,6

AVERAGE SCE

SUBJECI'S
mNTROL

X-RAY

% INCREASE

0.5Gy
42
t

= 0.53
42

t

= 0.87

B

10.00

6

10.33

10.75

50.00

5

18.68

19.43

(5df) NS
B
(4df) NS

l.OGy
42

B

10.00

7

10.66

14.99

41

42

B

50.00

4

17.89

22.30

18

60

C

10.00

4

9.99

12.66

26

60

C

50.00

4

17.53

18.33

5

42

B

10.00

7

10.66

16.96

59

42

B

50.00

4

17.89

22.73

27

60

C

10.00

4

9.99

14.25

42

60

C

50.00

4

17.53

23.80

36

2.0Gy

-1

F= (50.00 jJg.rnl

-1

F= (50.00 jJg.rnl

*

BrdUrd)

=

8.10 (2 ,6df) P <: 0 • 05

BrdUrd)

::::::

15.51 (2,6df) p<:O.Ol

Time of X irradiation (in hours after culture initiation).
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SIS'lER CHROMATID EXCHANGE IN CHINESE HAMSTER OVARY CELLS FOLI"CW[NG

PHYSICAL AND CHEMICAL CHAILENGE •

. Six agents that either did not effect or caused only a small
increase in baseline SCE levels in human chroITOsomes were examined
for their effect on SCE frequency in CHO cells.

Induced SCE levels

in CHO cells were then compared with those found in identically
treated human lymphocytes.
Culture, sub culture and treatrrent conditions for CHO cells were
described in section 111,2. 2.2 and 2.2. 3.

SCE was scored in duplicate

cuI tures for each treatrrent and since the mnrber of chrorrosorres per
rretaphase varied between 18 and 23, the yield of exchange is
expressed per chroITOsorre.
Table TV, 43 st.llllTlarises the observed rate of SCEs per chroITOsorre
following treatrrent.

A one way analysis of variance showed that the

rrean SCE rate per chroITOsorre for the treatrrent groups differed from the
control (H

=

191.50;p <0.001).

using Dunn's test for multiple

comparisons (Dunn, 1964) it was possible to detennine which groups
differed from the control group.

l
Colcemid (0.01 and 0.05 ]Jg.ml- )

and the lowest doses of BIM and VCR (2.00 and 0.05 ]Jg.rnl
did not significantly increase SCE levels in CHO cells.

-1

respectively)

All the other

agents tested, and the higher concentrations of BLM and VCR, significantly
increased the frequency of exchange over the control level (Table TV, 43) •
A comparison of induced SCE frequencies in CHO cells and hunan
lymphocytes is given in Table TV, 44.

The observed increrrent in SCE

levels in treated cultures over controls is expressed as a percentage.
In the majority of cases SCEs were induced at significantly higher
levels in CHO cells than in hunan lymphocytes (see percent increases
Table TV,44).
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Table IV, 43.

'Ihe incidence of SCE per chrorrosome in CHO cells

exposed to various chemical and physical agents for the duration
of culture period.

AGENT CONCENTRATION NUMBER OF
-1
CHROMS.
flg.ml

BrdUrd
(control)
BrdUrd

SCEs
PER CHROM

SCEs

10.00

1184

956

0.82

50.00

452

902

2.00

p<O.OOl

0.20

417

490

1.18

P < 0.001

0.50

394

550

1.40

P < 0.001

2.00

412

418

1.02

4.00

402

426

1.06

P < 0.01

6.00

408

554

1.36

p <: 0.001

0.05

397

338

0.85

0.50

409

446

1.09

p <: 0.01

1.00

442

479

1.14

P < 0.001

0.01

395

337

0.85

NS

0.05

394

306

0.78

NS

0.37*

385

415

L08

P < 0.01

3.70*

414

503

1.22

P < 0.001

7.40

426

675

1.58

P < 0.001

PF

BIM

VCR

Colcemid

3H- Urd

*

NUMBER OF

kBq.ml- 1

NS

NS
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Table IV,44.

'!he percent (%) increase in induced SCEs in CHO cells

and lynphocyte chrorroscrres following treatrrent with different
chemical and physical agents.

'!he % increase was determined by

corrparing control and treatrrent cultures.

Control SCE levels in

CHO cells were established by scoring exchanges in repeated
cultures at different tirre intervals throughout the duration of
this study.

AGENT

In man each subject served as their awn control.

OJNCENTRATION

. J.lg.ml -1
BrdUrd
(control)
BrdUrd
PF

BIM

VCR

Colcemid

3H-Urd

l
* kBq.ml-

HUMAN LYMPHOCYTES
SCEper

% increase

CHO
SCEper

% increase

Chrom.

Chrom.

10.00

0.29

0.82

50.00

0.49

69

2.00

144

0.20

0.29

28

1.18

44

0.50

0.37

76

1.40

71

2.00

0.25

4

1.02

24

4.00

0.24

0

1.06

29

6.00

0.24

0

1.36

66

0.05

0.23

5

0.85

4

0.50

0.24

9

1.09

33

1.00

0.23

5

1.14

39

0.01

0.23

0

0.78

0

0.05

0.23

0

0.85

4

0.37*

0.25

0

1.08

32

3.70*

0.31

19

1.22

49
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V,

1)

DISCUSSION

FACIDRS INFLUENCING BASELINE SIS'lER CHROMATID EXCHANGE LEVElS.
Reports of baseline SCE levels in cultured human lymphocytes

shoW wide variation (Table II, 1).

This variation partially reflects

the BrdUrd concentration used, the ntTITlber of subjects analysed, the
nurrber of cells scored or possible difference in scoring.

Yet the

observed variation seems too great to be accounted for by these
factors alone.
In the first series of experiments, aspects of lymphocyte
""

culture, harvest and <ffifferential staining were studied in detail.
The results indicate that factors in rrethodology may explain
sorre of the observed differences in levels of baseline SCE.
Examination of the five rrost frequently used tissue culture
rredia showed that the SCE frequency was significantly lower in
lymphocytes cultured in McCoy I s SA than in TC 199 (Table IV, 2) .
Recently Bianchi et al.

(1979) reported a higher SCE rate in

lymphocytes cultured in Parkers 199 when compared with Ham's F-IO.
Ham's F-IO contains O. 7

~g.ml-l of thymidine which may compete with

the BrdUrd leading to a lower SCE rate in these cultures.

However in

this study there was no difference in SCE frequency between lymphocytes
cultured in RPMI 1640; Dulbecco's MEM; McCoy's SA or Ham's F-IO.
Ham's

F~lO

Only

contained thymidine suggesting that probably not thymidine,

but one or a combination of the many other rredium constituents was
responsible for the differing SCE rates.
Whatever the explanation, this finding indicates that for corrparative studies of SCE frequency, the sarre culture rredium must be
for all experiments.

used
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SCE frequency was also influenced by the method of differentially
staining metaphase chranosanes.

SCE levels were scored for 12

individuals fran whan separate slides were stained by either the
FPG technique (Perry

& ~\Iolff,

1974) or the hot phosphate buffer

technique of Korenberg and Freedlender (1974).

The hot phosphate

buffer technique resulted in a significantly lower level of exchanges
than did the FPG technique (Table IV, 6).

Phosphate buffer at 90

0

e

may have rEmOVed or obliterated some of the small terminal exchanges
readily observed with the FFG technique.
A review of 200 subjects studied for SCE in this laboratory
showed that when using the hot phosphate buffer technique the
average SCE rate for 100 individuals was 7.92.

One hundred

individuals studied using the FPG technique, showed an average
yield of 10.98 SCEs per metaphase (Morgan & Crossen, 1980).
The difference in SCE between slides treated by the phosphate
buffer and FPG techniques was only one exchange while the
difference described above was three exchanges.

Although the

technique of differential staining can influence SCE frequency, sane
other as yet unidentified factor must be responsible for the higher
SCE rate.
Foetal calf serum and human AB serum may also influence SCE
levels.

CUltivation of Chinese hamster cells in medium

supplemented with various batches of foetal calf serum resulted in
different yields of SCE (Kato

&

Sandberg, 1977b).

Human lymphocytes

cultured in medium containing foetal calf serum of unspecified origin
or human AB serum showed a higher yield of SCE than those cultured with
autologous serum (Ghosh

&

Nand, 1979).

Neither of the two sera tested

(foetal calf serum, GIBCO, batch 092 or heat inactivated AB serum)
altered the baseline SCE level (Table IV ,3), indicating that not all
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batches of serum contain factors which increase SCE.
Nevertheless, analysis of SCE in cultured human lymphocytes
should utilize autologous serum.

This would give a rrore accurate

assessrrent of an individual's SCE level and would avoid the possibi1ity of supplementary serum factors affecting SCE levels.

In

si tuations where it is not possible to use autologous serum it would
seem prudent to pretest the serum and if possible use a batch that
does not increase SCE.
Table IV, 1 clearly derronstrates that the method of obtaining
lymphocytes from peripheral blood samples does not influence SCE.
Consequently the presence of peripheral blood cells such as neutrophils
and. rronocytes in gelatine sedirnented lymphocyte cultures or whole
blood rnicrocultures,does not effect baseline SCE in lymphocyte
chrorrosomes.
SCE frequency remained relatively constant irrespective of the
time of addition of BrdUrd to the. culture medium (Table IV, 5).

Thus ,

second division metaphases showed similar rates of exchange regardless
of whether cultures were continuous 1y exposed to BrdUrd, exposed for the
last 48 hours of a 72 hour culture, or for the last 48 hours of a 96
hour culture.
bili ty .

This provides the SCE technique with a certain flexi-

For comparison of baseline SCE levels, it is not essential that

BrdUrd be added at exactly the same time for each separate experiment.
No significant difference in SCE was observed between PHA and PVJM
stimulated cultures, indicating that lymphocyte populations stimulated
by these rni togens exhibit similar rates of SCE (Table IV, 4).

Convent-

ional lymphocyte cultures comprise a heterogeneous mixture of BandT
lymphocytes, and recently a lower exchange rate in B lymphocytes than
in T lymphocytes was derronstrated (Santesson et ala 1979).

Their

study also illustrated the considerable difference in the ratio of
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of first, second and third division :rretaphases between B and T
enriched lymphocyte cultures.

B lymphocytes either respond rrore

quickly to mitogen stimulation or have a shorter cell cycle tine
than T lymphocytes.
Snope and Rary (1979) have also reported subpopulations of
lymphocytes (not necessarily B or T lymphocytes) which vary
significantly in both SCE rate and cell cycle duration.

'Ihey

found that one subpopulation was either slow growing or had a
delayed mitogen response and showed a higher SCE frequency than a
rrore rapidly dividing or rrore quickly stimulated lymphocyte
population.
In contrast, the majority of authors have derronstrated that
the incidence of SCE in cultured human lymphocytes was independent
of cell cycle length, response to PHA or the number of in vitro
divisions (Becher et ale 1979a;
1979; Giuotto et ale 1980;

Beek

~rgan

&

Obe, 1979 i Gibas

&

Lirron,

Si Crossen, 1980).

'Ihe reason for the difference between these results and those
of Snope and Rary (1979) is unknown.
Baseline SCE levels also depend on the subject sample group. '
Increased levels of SCE were recorded in warren using oral contraceptives (Murty

&

Prema, 1979), patients with either Herpes simplex,

hepatitis or unspecified cold and flu viruses (Kurvink et al. 1978a)
and in srrokers compared with non srrokers (Lambert et ale 1978ai Murty F
1979) .
Only healthy individuals were utilized in this study and at no
tine was a woman v s oral contraceptive history investigated.

However

a study of 120 individuals including the majority of subjects from
this thesis showed no difference in SCE rate between srrokers and non
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srrokers (Crossen

&

Morgan, 1980).

This result compares well with

the findings of Hollander et ala (1978) and Husum and Wulf (1980).
For a reliable and accurate assessment of baseline SCE in
cultured human lymphocytes it is essential that control group
indi.viduals be rigorously selected, and that the culture media, the
batch of foetal calf or human AB serum and the rrethod of differential
staining be the same.

For IIDre consistent results it is advisable,

although not imperative, that the rrethod of lymphocyte separation,
the mitogen utilized and the tirre of addition of BrdUrd be the same
in all experi.rrents.

2)

REPEAT SISTER CHROMATID EXCHANGE OVER TIME.
Repeat blood samples were collected from 10 individuals and

baseline SCE levels scored at varying tirre intervals over the three
years of this study.

Teclmiques of lymphocyte culture, harvest and

differential staining were constant for all samples.

Repeat cultures

from the majority of individuals showed Iittie variation in SCE
frequency over tirre (Table IV, 7).

This confirms earlier observations

from subjects analysed after a three or four IIDnth interval (Morgan

&

Crossen, 1977ai Hansteen, 1979).
However three of the subjects showed statistically significant
variation with tirre.

Extension of this study to include another 10

individuals indicated that only the three presented here showed
statistically significant variation in baseline SCE frequency (Morgan
&

Crossen, 1980).

other workers have also found sorre variation in

repeat cultures from the sarre subject (Latt
et ala

1979).

Bianchi et al.

changes in the rredium and serum.

&

Juergens, 1977; Bianchi

(1979) attributed this variation to
In this study all parameters remained

the same, and since SCE is not influenced by the age of the subject
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(Galloway

&

Evans, 1975; Morgan & Crossen, 1977a) , it is difficult to

pin-point specific reasons for variability in baseline SCE levels.
At the tine of sampling all subjects were in good health and not tmder
any IIEdical treatIIEnt.
igation

SOIIE

Nonetheless, during the course of this invest-

factor such as a sub clinical viral infection or an

unrecognised exposure to an SCE inducing agent may have occurred.

Table V, 1.

The classes of chemical and physical agents studied,

their effect on SCE frequency (dose response) and their prinary
DNA interactions.

AGENT

EF'F.OCT ON SCE

PRIMARY

DNA IN'I'ERACTION

BrdUrd

++

Thymidine base analogue

4-NOO

++

Purine adducts
M:mofunctional reactive group
DNA strand breakage

+

PF.

Intercalation
DNA strand breakage

BI.M

0

DNA strand breakage
Release of free bases

VCR

0

Mitotic spindle inhibitor

Colcemid

0

Mi totic spindle inhibitor

WFL and DFL

++

DNA - DNA crosslinks
DNA - protein crosslinks
DNA strand breakage

++

tN

Pyrimidine diners
DNA strand breakage

twA

+

DNA strand breakage

3H- Urd

+

DNA strand breakage

X irradiation

+

DNA strand breakage

+ +:

significantly increased SCE frequency over the baseline rate.

+:

increased SCE frequency over the baseline rate.

0:

no increase in SCE frequency over the baseline rate.
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3)

SISTER OfRCMATID EXCHANGES TO ASSESS CLASSES OF CHEMICAL AND
PHYSICAL AGENTS.

SCEs are extensively used to assess the impact of clastogens on
chrorrosorres.

In this section the role of physical and chemical agents

wi th differing nodes of interaction with DNA were studied for their
effect on SCE formation.

'This was to provide information on the classes

of chemicals and types of physical challenge the SCE technique could
rreasure.
All the agents studied caused varying degrees of delay in cell
cycle progression and it is therefore important to stress that cells
scored for SCE may represent selected lymphocyte subpopulations.

The

SCEs observed could also be the result of an interaction between the
agent tested and BrdUrd.
/

'This section of the discussion is divided into two parts.

The

first deals with the roles of specific agents, their interaction with
DNA and SCE formation; the second with experirrental schedules and the
relationship between tirre of treatrrent and SCE formation.
Table V, 1. lists the agents investigated, their effects on SCE
frequency (as deduced from the dose response experirrents) and their
primary DNA interactions.

3.1)

Chemicals.

3.1.1)

5 Bronodeoxyuridine.

The thymidine base analOgue BrdUrd significantly increased SCE
frequency (Table IV, 8) •

This finding confirms the results of others

who have also studied the effect of increased BrdUrd concentrations
on SCE frequency in human chrorrosorres (Bartram et ale 1976; Lambert
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et ale 1976; McFee & Sherrill, 1979).
The rrechanisrn goveIT1ing SCE induction by BrdUrd remains to be
elucidated.
&

Stetka and co-workers (Stetka

&

carrano, 1977 i Mazrimas

Stetka, 1978) denonstrated that the yield of SCEs was dependent not

only on the concentration of BrdUrd in the culture rredium, but on the
anDunt of BrdUrd available per cell (the BrdUrd : cell or BrdUrd : DNA
base pair ratio).

In contrast, Davidson et ale

(1980) found that the

major factor in determining BrdUrd induced exchanges was the concentration of BrdUrd in the rredium and that the anDunt of BrdUrd incorporated into the DNA had only a small role in determining SCE frequency.
This implied that events outside the DNA, possibly perturbations in
polynucleotide precursor pools could lead to SCE formation.
Regardless of how BrdUrd and other base analogues exert their
effect, for comparative studies of SCE it is essential to minimize
the background level of SCEs by working at the lowest BrdUrd
.concentration.

In the present study the concentration of BrdUrd was

l
10 )1g.ml- , a slightly higher anDunt than used by rrost other authors
(Table 11,1).

However Ham IS F-IO culture rredium was used in this

investigation and Ham's F-IO contains 0.7 )1g.mlcompete with BrdUrd for incorporation into DNA.

l

thymidine, which may
Others using this

rredium have also employed BrdUrd concentrations between 10 and 15
)1g .ml-

l

(Bianchi et aL 1979; Leonard

Fitzgerald, 1979; Oldfield, 1979).

&

Decat, 1979; McDonald

&

Furtherrrore control and treatrrent

cultures should contain approximately equal nmbers of cells (section
III, 2. 2.1).

Therefore the BrdUrd : base pair ratio and the BrdUrd

concentration are as similar as possible in all cultures from each
subject.

106

3. 1.2)

4-Ni troquinoline-N-oxide.

The potent mutagen and carcinogen 4-NQJ was a very efficient
inducer of SCEs in all treatrrent protocols (Tables IV,12-IV,17).

This

confinns the results of others who also fOlmd increased SCE levels
after 4-NQJ treatrrent in a range of cell types (Kato, 1974d; Perry &
Evans, 1975; Palitti

Becchetti, 1977; Popescu et al. 1977; Shiraishi

&

& Sandberg, 1979a).
The primary DNA interactions caused by 4-NQJ or its metabolites
include, the formation of stable covalent bonds between intercalated
quinoline nolecules and DNA purine bases, and DNA strand breakage
(section IV, 3.1.2).
agent (Sasaki

&

4-NQO also functions as a nonofunctional reacting

'Ibnomura, 1973) and therefore may behave in a similar

manner to nost nonofunctional alkylating agents .. Monofunctional
alkylating agents carry a single reactive alkyl group, and their main
effect on DNA is alkylation of the DNA base guanine, predominantly at
the 0

6

7
or N positions.

Thus guanine may form a base pair with thymine

instead of cytosine during replication.

Alternatively alkylated

guanine may be lost leaving an apurinic site which ultimately results
in a single strand break (Brookes & Lawley, 1964; Freese, 1971).
Monofunctional alkylating agents are extremely efficient inducers of
SCEs in a range of cell types (section II, 9.1).
The precise 4-NQJ - DNA interaction leading to SCE formation is
unknown.

Nevertheless 4-NQO significantly increased SCE levels in

human chronosomes indicating that analysis of SCE may be useful for
assessing 4-NQJ type compounds.
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3.1.3)

Proflavine.

Like IIDst other intercalating drugs and dyes (section II, 9.3)
PF significantly increased SCE levels.

At a concentration near that

which produced cytotoxic effects, PF alrrost doubled SCE frequency in
cul tured human lymphocytes (Table IV, 18) .
In addition to intercalation between adjacent base pairs, IIDlecules
like PF can attach externally to the double helix (Lerman, 1961; Blake
Peacocke, 1968), and recently Ross et ale (1979) reported both single
strand breaks and DNA protein crosslinks following treatrrent of manrna.lian cells with various intercalating agents.
With the exceptions noted by Crossen (1979) the majority of
intercalating agents increased SCE frequency (section II, 9. 3) .

How-

ever these exceptions indicate that intercalation induced unwinding
of the DNA helix was, in itself, insufficient for SCE induction.
Intercalating agents may also bind to DNA, but once again agents
with this property show no clear relationship to SCE induction.

Both

'33258 Hoechst'and di-tert-butyl proflavine bind specifically to
adenine-thymine base pairs but only the Hoechst dye increased the
exchange frequency (Perry

&

Evans, 1975; Stetka

&

carrano, 1977;

Crossen, 1979).
Many intercalating agents do increase SCE levels, due probably
to one, or a corrbination, of the secondary effects of intercalation.
The inhibition of specific DNA polyrrerases (Hurwitz et al.

1962),

or IIDre probably the formation of DNA-protein crosslinks (Ross et al.
1979), may be responsible for exchange fonration.

Such secondary

effects need not necessarily be produced to the sane extent by all
intercalating agents, which would explain the observed difference in
SCE induction by these compounds.

&
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For this reason SCE analysis is probably not the best rrethod
for assessing genetic damage caused by intercalating agents.

Although

PF increased SCE frequency in this investigation, the SCE technique is
best used in conjunction with other genetic assay systems for evaluating
the effect of intercalating agents.

3.1.4)

Bleomycin.

The frequency of SCEs observed after either continuous or short
term exposure to BIM did not exceed that of the untreated controls at
any of the BIM concentrations used (Tables IV,22 and IV,23).

This

result confinns and extends the findings of Gebhart and Kappauf (1978)
and Kihlman and Sturelid (1978) who used cultured human lymphocytes
and Vicia faba chrOITDsorres respectively.

However this finding conflicts

with those results obtained in various cloned Chinese hamster cell
lines (Perry

&

Evans, 1975; Banerjee

&

Benedict, 1979; Popescu et ale

1979; Vig, 1979) and in human lymphoid cell lines (Shiraishi & Sandberg,
1979a) .
The reason for these conflicting results is unclear but may
reflect the cell type used (section V,S) .
BIM primarily induces both single and double DNA strand breakage
and because BIM is, at best, a poor inducer of SCEs it appears that
SCE analysis is not a good rreasure of chemically induced DNA strand
breakage.

This finding also indicates that strand breakage is

probably not a major pathway in SCE production.
Furtherrrore indirect or secondary effects of BLM such as release
of free bases and DNA binding (Muller & Zahn, 1977; Haidle et ala
1972) are probably not involved in SCE formation.
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3.1.5)

Vincristine and Colcemid.
'!he mitotic spindle inhibitors VCR and colcanid caused neither

an increase nor a decrease in SCE frequency (Tables IV, 24 and IV, 25).
'!here is evidence that VCR can only enter a cell between prophase
and metaphase (George et al. 1965; Annstrong, 1968), and once in the

cell

causes irreversible arrest of cell reproduction at metaphase

(Cardinali et al. 1963; George et al. 1964; 1965).

Since SCE

fo:rrna.tion requires the cell to pa.ss through a subsequent S period.
following initial damage (Wolff et al. 1974), it is unlikely that
VCR is able to interact with the DNA in such a way that would result
in a SCE at mitosis.
Published reports of SCE induction by VCR are confusing.

A

highly significant increase in SCE was reported in human lymphocytes
treated for the final 19 hours of culture (Raposa, 1978), while
treabrent With 10-

7

11g.ml-

increase in SCE (Kucerova

&

l

did not convincingly daronstrate an
Polikova, 1977).

A small increase in SCE

was also observed in the cloned hamster cell line A(T )C _ following
l l 3
l
exposure to VCR at 0.05 or 0.10 11g.ml- (Banerjee & Benedict, 1979).
In contrast, Stoll et a1.

(1976) found a significant decrease in the

number of SCEs in human lymphocyte chrarosares treated with VCR at
concentrations of 1. 25 - 5.00

11 g .ml

-1

•

The range of SCEs per cell

was decreased and chraooscrres with rrore than tv.u exchanges w=re seldon

found.
In view of the critical timing of cell wall penreability and the

fact that VCR causes irreversible metaphase arrest, reports of SCE
induction or inhibition are difficult to explain.
Colcllicine and colcemid block cell division by effecting the
mitotic spindle (Kihlman, 1966).

Colcemid can also prevent the onset
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of DNA synthesis, reduce the rate of synthesis of cells already in S
phase and inhibit the progress of cells through G (Hell & Cox, 1965;
2
Fitzgerald

&

Brehaut, 1970).

Despite its ability to interfere with

DNA synthesis, colcemid does not increase SCE in human lynphocyte
cultures (Table IV,25).

Similar results were reported by Geard and

Peacock (1969) and Sparvoli and Gay (1973), using Vicia faba and
Haplopappus gracilis respectively.
On the other hand there is evidence that colchicine can

SCE fornation.

effect

Taylor (l963) treated Bellevalia romana root tips

wi th colchicine two hours prior to the addition of 3H-thymidine
necessary for the autoradiographic detection of SCEs.

He observed

that the frequency of exchanges occurring during the first interphase
!

(twin exchanges) and second interphase (single exchanges) was' similar
in second division metaphases.

When colchicine was applied only during

the second interphase, the mmber of twin exchanges was five tirres
greater than the nurrber of single exchanges.
±he primary effect of both VCR and colcemid appears to be
metaphase arrest by interference with, or inhibition of, mitotic
spindle fornation, with little interaction with DNA.

The .results

presented in tables IV, 24 and IV, 25 indicate' that neither of these
mitotic spindle inhibitors effect SCE fornation in human lynphocytes.
SCE is therefore a poor assay of chrorrosome damage by these compounds.

3. 2)

pH and Temperature.
Changing the pH of lynphocyte culture media imrediately prior to

culture, or 48 hours after culture initiation, did not alter SCE
frequency (Tables IV, 26 and IV, 27).

Although alterations in pH did

not affect baseline SCE frequency, Ford (1973) found that raising the
pH of actively dividing human foetal fibroblasts induced numerical

III

chromosome errors,including polyploidy and aneuploidy,in up to 60% of
the cells examined.

The above reault suggests that the cellular

mechanisms involved in aneuploidy and polyploidy are unrelated to SCE
formation .
. Short tenn alterations in terrperature (40 minutes at 40 C or five
0

minutes at 42 C after 44 hours in culture) did not effect SCE levels

in human lymphocyte chroIIDsomes (Table IV(28).

Heat treatment is

thought to produce lesions in chromosomal protein and these lesions

in turn interact with the DNA during replication, resulting in
chroIIDsome aberrations and cell death (Dewey et ala

1971).

Heat

induced aberrations have not however been observed in ch:torrosomes
from human lymphocytes (Vig, 1978).
Livingston and Dethlefsen (1979) found that hyperthermia (20, 40
o
and 60 minutes at 44 C) significantly increased SCE frequency in CHO
cells.

This result is in contrast to the present study.

CHO cells
0

were able to survive for up to one hour in temperatures of 44 C
whereas in this study, lymphocytes were exp::>sed to 420 C for only five
minutes because higher temperatures or longer treabnent periods
invariably caused cell death.
The findings summarised in Tables IV,26 - IV,28 indicate that
altering the pH or the terrperature of replicating lymphocytes does
not effect baseline SCE levels in human chroIIDsomes.

Non-Ionizing Radiation.

3.3)

3.3.1)

Fluorescent Light.

FL significantly increased SCE frequency in all treatments except in
replicating lymphocytes exp::>sed 29.5 or 44 hours after culture
initiation and prior to addition of BrdUrd (Table IV(32).

This finding
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suggests that SCEs may be used to assess FL induced damage, but only
in G or replicating cells pretreated with BrdUrd.
o

Elevated exchange levels were not attributable to perturbations
induced by stirring the cell suspension during illumination (Table
IV, 29) or to induced photoproducts in the saline (Table IV, 30) .
Two explanations for FL induced SCEs have been proposed.

(1)

FL stimulates the formation of photoproducts in the culture

medium and these photoproducts give rise to SCE formation. This
explanation was based on experiments in which FL illuminated culture
medium significantly increased SCE levels in ill1exposed marrmalian cells
(Estervig & Wang, 1979; Monticone & Schneider, 1979).

Estervig and Wang

(1979) denonstrated that this elevated exchange rate was reduced by the
enzyme catalase and suggested that hydrogen peroxide generated in the
exposed medium accounted for IIDSt of the light induced SCEs.
In this study lymphocytes were" illuminated in sterile saline and
showed a significant increase in SCE levels.

Therefore FL induced

exchanges are not solely due to photoproducts in illuminated media.
FurtherIIDre addition of FL illuminated saline caused no change in
baseline SCE levels in cultured human lymphocytes (Table IV, 30) .
Although it is possible that photoproducts produced within the
cell give rise to SCEs, there is no evidence that this occurs in
human lymphocytes.

If increased SCE levels were due to production of

photoproducts within the cell, then it is difficult to explain why
replicating lymphocytes exposed to light before the addition of BrdUrd
did not show increased SCE levels.
(2)

Incorporation of BrdUrd into chrcrnosomal DNA sensitizes the DNA

to FL induced damage.

Schvartzman et al. (1979b) grew onion

plants

(Allium cepa) in tap water and exposed the root rneristerns to FL at
different times throughout three cell cycles.

The results showed
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that FL illumination before BrdUrd substitution did not increase SCEs
in replicating cells, whereas illumination during BrdUrd exposure
significantly elevated the exchange frequency.

This finding led

Schvartzman et ale (1979b) to postulate that BrdUrd substituted DNA
was the target of FL.
Table IV,31 clearly shows that lymphocytes illuminated in G
o
have significantly increased SCE yields.

Thus FL did increase SCE

frequency in lymphocytes illuminated prior to the addition of BrdUrd,
demonstrating that BrdUrd substitution was not essential for the
induction of SCEs by FL.
Neither of the two proposed theories accounts for the results
presented in this thesis.

The nature of the FL - DNA interaction

leading to SCE formation and the reasons it does not elevate exchange
levels in replicating lymphocytes unsubstituted with BrdUrd are
unknown.

The results presented in this study together with reports

that FL induces photoproducts in culture medium which increase SCE
frequency (Estervig & Wang, 1979; Monticone & Schneider, 1979), suggest
that for canparative studies of baseline SCE, it would be advisable to
minimise exposure of cells and medium to FL.

3.3.2)

Ultra Violet Light.
W light dramatically increased SCE frequency in all experimental

protocols examined (Table IV, 33).

This confirms the findings of others

who have shown that W light increases SCE frequency in chrc:mosanes fran
Chinese hamsters (Kato, 1973; 1974d; Rcmmelaere et al.1973; WOlff et ale
1974; Vogel & Bauknecht, 1978; MacRae et ale 1979a,b,c; Reynolds
et ale 1979), the rat kangaroo cell line PT-Kl (Kato, 1974b; Ishizaki
et ale 1980), chick embryo cells (WOlff, 1978; Natarajan et ale 1980)
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and xeroderma pignentosum patients (Bartram et ale 1976; De WeerdKastelein et ale 1977; Schonwald

&

Passarge, 1977; Cheng et ale 1978).

The major lesion induced by W irradiation in unsubsti tuted DNA
is the pyrimidine d.irrer (Setlow, 1966).

Elevated SCE levels were

observed after W irradiation of G and unsubsti tuted proliferating
o
lymphocytes (Table IV, 33).

These results indicate that the pyrimidine

d.irrer was involved in SCE formation.
The role of pyrimidine d.irrers in SCE formation has been the
subject of many investigations, the rr.ajority of which involved
photoreactivation of W light induced damage.

Photoreactivation is

a single enzyme system which is specific for the repair of W light
induced pyrimidine d.irrers (Sutherland, 1978).
A reduced frequency of W light induced SCEs following photo-reactivation was derronstrated in Pt-Kl (Kato, 1974b; Ishizaki et ale
1980), errbryonic chick (Natarajan et ale 1980) and CHO cells (Reynolds
et ale 1979).

This was interpreted to indicate that a photoreactivation

photoproduct, the pyrimidine dimer

was responsible for W light

induced exchanges.
Further evidence for the role of pyrimidine d.irrers in SCE
formation was provided by MacRae et ale (1979a,b).

They showed that

SCE yields induced by W light could be reduced by post irradiation
incubation in an arginine deprived rredium. MacRae et aL (1979a,b) concluded that during the holding period pyrimidine d.irrers were excised
from the DNA.
In contrast, Wolff (1978) was unable to repeat Kato's (1974b)

experirrent with rat kangaroo cells.

He carried out further photo-

reactivation experirrents on chick errbryo cells, in which it was
possible to rreasure not only SCEs but also the loss of d.irrers the:m.-selves.

These experirrents showed that in chick errbryo cells,
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photoreactivating light did not reduce the yield of W light induced
SCEs, even though it did reduce the residual arrount of cii..rrers in the
DNA.

Studies with DNA repair deficient Chinese hamster Cells (WOlff

et aL 1974) and xeroderma pigrrentosum cells (De Weerd-Kastelein et
aL 1977) derronstrated that W light induced SCEs were independent
of the repair capacities of the various cell types.

'Ihese studies

led WOlff (1978; 1979) to postulate that although pyrimidine dimers
were the IIDSt comronly encountered W light induced lesion, they were
not the lesion that led to SCE formation.
In BrdUrd substituted DNA the major lesion induced by UV light

changes from the pyrimidine cii..rrer to the single strand break
(Hutchinson, 1973).

When UV irradiation occurred after BrdUrd incor-

poration a highly significant increase in exchanges was observed
(Table IV,33).
W irradiation of DNA pretreated with BrdUrd would presumably

lead to a marked decrease in pyrimidine dirrer production.

L'1 BrdUrd

substi tuted chronosorres the increase in UV light induced SCEs was
substantially greater than in unsubsti tuted chrorrosorres (Table IV, 33) .
Consequent!y the role of pyrimidine cii..rrers in SCE formation is
doubtful.

DNA strand breakage, the primary lesion in BrdUrd substi t-

uted DNA following W irradiation, was probably not a significant
contributor to SCE formation (section V, 3 . L 4).

Instead one of the,

as yet unidentified, photolesions induced by W light may be responsible
for the exchanges observed.

3.3.3)

Long Wave Ultra Violet Light.

'Ihere was no change in SCE frequency over baseline if UVA (366nm)
illumination occurred either imrrediately (G ) or 42 hours after culture
o

ini tiation and prior to addition of BrdUrd (Table IV, 34).

Havvever a

small, but statistically significant increase in SCEs was observed in

116
BrdUrd substituted chrcmosanes exposed after 42 or 60 hours of culture
(Table IV(34).
'These results canpare well with others who have investigated the
effect of OVA light on SCE frequency.

Carter et al. (1976)

likewise

observed no change in SCE level in cells not substituted with BrdUrd,
and sllnilar increases in SCE were found in !:oth Vicia faba (Kihlman
et al.1978) and human cells (Mourelatos et al. 1977b; Waksvik et al.
1977) following OVA treatment of BrdUrd substituted DNA.
OVA is thought to have little or no effect on native or unsubstituted DNA but will produce single strand breaks in
substituted DNA (Hutchinson, 1973).

BrdUrd

However other DNA strand breaking

agents caused little or no increase in exchange levels (Sections V,
3.1. 4 and V, 3. 4.2).

'Thus we can assume that OVA produces other DNA

interactions that lead to SCE fornation, for example photoproducts
within a cell.

Waksvik et al. (1977) suggested these photoproducts

may include pyrllnidine dimers, but in view of the conflict outlined
in the previous section this seems unlikely.

3.4)

3.4.1)

Ionizing Radiation.

Tritiated uridine.
Table IV, 35 clearly indicates that SCE frequency was not increased

in human lymphocytes exposed to S radiation fram 3H- Urd at levels
between 0.037 and 3.700kBq.

However continuous exposure with

37.00kBq resulted in a significant increase in SCEs.
An increase in SCEs due to

S radiation fram incorporated 3H_

thymidine at levels sllnilar to those used in this study (0.081 - 0.370
kBq) was observed in Pt-Kl and CHO cells (Gibson & Prescott, 1972; Kato,
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1974d).

In both these studies

exchanges were detected by auto-

radiography, a technique that lacks the reliability and precision of
the BrdUrd-Giemsa rrethod.

In addition, all cells studied by the above

authors had incorporated tritium, whereas in this investigation, the
exchange rate in cells that had incorporated tritium could be compared
with those which had not.
In this study, 3H- Urd was used as the source of 8 radiation

rather than 3H-thymidine, which may explain the differing results.
Although not incorporated into DNA, but into RNA, 3H- Urd might be
expected to be less efficient in inducing SCEs.

Bender et ale (1962)

showed that 3H- Urd was an extrerrely efficient inducer of chrorrosorre
aberrations in human cells. Crossen and r-Drgan (1979a) also observed
a significant nurrber of both chrorrosorre and chromatid aberrations at
doses identical to those used in this study, indicating that 8
radiation from incorporated 3H- Urd does cause chrorrosorre damage.

3.4.2)

X Irradiation.

X irradiation caused a small but significant increase in SCE
levels only if BrdUrd was present at the tine of or .:i.m:rediately after
treatrrent (Tables IV,40-IV(42).
Small increases in SCE were also found after X irradiation of
Chinese hamster cells (Wolff et aL 1974; Perry
Livingston

&

&

Evans, 1975;

Dethlefsen, 1979), mice in vitro (Little, 1978 ) and in

vivo (Nakanishi

&

Schneider, 1979), HeLa cells (Nakatsugawa et ale 1978)

and lymphocytes from normal humans (Abran6vsky et ale 1978) and from
ataxia telangiectasia patients (Galloway, 1977).
Much of the DNA damage induced by both 8 and X irradiation
consists of single and double strand breaks (Casarett, 1968; Evans,
1977).

Like other DNA strand breaking agents, for example BIM

l
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_

(Tables IV, 22 and IV, 23), ionizing radiation was a poor inducer of
SCEs in human chrcmosanes.
is

These findings indicate that SCE analysis

not a good index of genetic damage due to chEmical and physical

agents causing DNA strand breakage and that DNA strand breakage is not
a major contributor to SCE production.

In addition to strand breakage

many different kinds of DNA damage occur after irradiation, including

change or loss of a base, hydrogen bond breakage between chains, crosslinking wi thin or between DNA molecules, and crosslinking to protein
(Casarett, 1968).

Anyone or canbination of these may be responsible

for the observed increase in SCE following radiation exposure.

Table V, 2.

A surrmary of SCE induction in the various experirrental

protocols utilized.

FOUR HOUR PUlSE BE'IWEEN

30 and 42 HOURS
TRFA'IMENT

+ BrdUrd

- BrdUrd

BrdUrd

0

+++

++

0

0

4-NQ)

++

+++

++

+

0

PF

0

++

++

+

0

0

0

HIM
WFL

++

+ + +

0

++

DFL

++

+++

0

++

W

++

+++

++

++

OVA

0

+

0

+

3
H-Urd

0

+

0

0

0

X irradiation

0

++

+

+

0

+ + +:

highly significant increase in SCE frequency over the
baseline rate.

+ +:

significant increase in SCE frequency over the baseline
rate.

+:

increase in SCE frequency over the baseline rate.

0:

no increase in SCE frequency over the baseline rate.

-:

not tested.
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4)

EXPERIMENTAL PROl'OCOIS.

Analysis of induced SCE usually involves the addition of the
test corrpound for the duration of culture period, as with the protocol
for dose response used in this thesis (section IV,3.2.li Figure IV,l).
'Ihis. determined whether or not a corrpound could effect SeE frequency,
but only in replicating cells and in BrdUrd substituted DNA.
Since SeE as an assay technique requires an accurate knowledge
of SCE induction both in G and in replicating lymphocytes, the effect
o

of various classes of chemical and physical agents on SCE frequency
was investigated in a number of experirrental protocols.

SCE was

studied at varying tirres after culture initiation and because incorporation of BrdUrd may alter lymphocyte sensitivity to chemical and
physical challenge, SCE was assessed both before and after addition
of BrdUrd.

Table V,2 sumnarises the effect on SCE frequency of the

agents studied in the different experirrental protocols.

4.1)

Treat:rrent of G Lymphocytes.
o

Of the chemicals studied only 4-NQO interacted with Go
lymphocytes to produce SCEs after lymphocyte culture.

However it is

possible that despite the rigorous washing schedule, 4-NQO entered
the lymphocyte at the tirre of G challenge and persisted within to
o
becorre effective in inducing SCEs during S.

'1he non-ionizing

radiations DFL, WFL and UV light significantly increased SCE frequency
in G lymphocytes (Tables IV,31 and IV,33), whereas UVA light caused
o

no significant change in SCE levels over 'the baseline rate (Table IV, 34) .
G exposure to 3H- Urd caused a slight but not statistically significant
o
increase in SCE over the baseline level (Table IV, 36).

Likewise no

increase in SCE was observed when G lymphocytes were exposed to
o
X irradiation up to 4. OGy (Table IV, 40).

'1his result confirms the
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findings of others who have irradiated resting cells (Galloway, 1977 i
Kucerova

&

Polikova, ;1978; Bianchi et al. 1979; Littlefield et ala

1979a) .
Despite significantly increasing exchange frequencies in proliferating lymphocytes, BrdUrd, PF, UVA light, 3H-urd and X irradiation
did not increase the yield of SCEs in G lymphocytes.
o

The reasons

for this are unknown but may be related to several factors:
(1)

The test agent interacted with the DNA but the induced damage

was repaired in G lymphocytes prior to mitogen stimulation.
o

Consequently interactions that result in SCEs were repaired prior
to DNA synthesis, and therefore could not give rise to an exchange
in the S phase.
(2)

The dosage of PF, UVA light, 3H-urd and X irradiation used was

insufficient to elicit a response in a G lymphocyte.
o

This is un-

likely because, at the dosages tested, 'proliferating lymphocytes
showed a highly significant increase in SCEs.
(3)

SCE induction may depend not only on the dosage of the test agent

but also on the length of the exposure period.

However in proliferating

lymphocytes,four hours exposure to PF or 3H-urd was sufficient to
increase baseline SCE levels.
(4)

Lymphocytes bearing the necessary DNA interaction for SCE

formation did not respond to PHA or reach second division mitosis.
Since all cultures showed a reasonable mitotic index, including many
second division rretaphases, this possibility is

(5)

unlikely.

It is possible that the agent tested did not interact with G

o

DNA in such a way that would eventually give rise to an SCE.

This may

explain why BrdUrd, but not necessarily any of the others, failed to
increase SCE levels in Go lymphocytes.
by cells actively synthesising DNA.

BrdUrd is only incorporated

Go (resting) lymphocytes are by
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definition not synthesising DNA and therefore it is

unlikely that

there was a BrdUrd-DNA interaction in a G lymphocyte that would give
o

rise to an exchange.
However autoradiographs of slides from cultures challenged with
3H- Urd showed that the majority of second division metaphase chrorrosorres
contained radioactive label.

This derronstrated that 3H- Urd was

incorporated by G lymphocytes and was present within the lymphocyte
o
throughout the culture period.

The reason

G

o

exposure to 3H- Urd

did not increase SCE levels in human chronosomes is unknown.
Since peripheral lymphocytes in the circulating blood are in a
Go or a protected G phase, these findings are highly relevant to the
l
use of the SCE technique in nom toring man's in vivo exposure to
potential genetic damaging agents in the environment.

The data indicates

that not all chemical and physical agents which induce SCE in
proliferating lymphocytes were capable of increasing SCE frequency in
G lymphocytes.
o

Littlefield et al. (1979b) also studied the effect

of chemicals on SCE frequency in G lymphocytes.
o

These authors reported

a dose related increase in exchanges in G lymphocytes exposed to the
o
alkylating chemicals mitoIlW'cin C, chlorambucil, and thiotepa, while
no increase was noted in cultures exposed to methotrexate, cytarabine
or BIM.

These findings, in addition to those presented in this study,

indicate that of the chemical agents examined, only alkylating agents
or compounds acting like them, for example 4-NQO, increased SCE
frequency in Go lymphocytes.

Since SCEs can only detect Go exposure

to alkylating agents or compounds acting like them, this severely
limits the use of SCEs to assay mans in vivo exposure to potential DNA
damaging agents.
Tables IV, 15 and IV, 31 derronstrate that 4-NQO and FL induced
damage can persist for up to 96 hours and give rise to SCEs when
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peripheral

lymphocytes are subsequently cultured.

corrpares well with the findings of others.

'!his result

Ishii and Bender, (1978a)

shcMed that after mitomycin C treatment in vitro, induced DNA lesions
persisted for at least 72 hours and could cause SCEs over three cell
cycles in human lymphocytes.

Using Chinese hamster cells, Kato (1974d)

found that SCEs were induced continously for six to eight cell generations following a single pulse of either UV light, 4-NQO or mi to:rtycin

c.

'!he persistence or accumulation of DNA damage indicates that following in vivo challenge, elevated exchange levels may be found when
peripheral blood lymphocytes are subsequently cultured in vitro.
Littlefield et ale (1980) observed significantly increased
nunbers of SCEs in lymphocytes from a single patient for the first eight
days of mi to:rtycin C treatment.

Increased SCE levels were found to

persist in cancer patients for three to four IIDnths after discontinuation of various rroO_es of cytostatic therapy.

(Lambert et ale 1979c;

MUsilova et ale 1979).
Elevated exchange levels were also found in chrorrosomes from
rabbits exposed in vivo to mito:rtycin C (Stetka et ale 1978),
methane
(Stetka

sulfonate,
&

ethyl

methyl methane sulfonate and cyclophosphamide

Wolff, 1976a).

However the dramatic increase in SCEs was

only transitory and subsequently dropped to a constant level at
approximately twice the control rate (Stetka et ale 1978).

A similar

pattern was reported by Ohtsuru et ale (1980) who examined SCE in
lymphocytes from cancer patients receiving mito:rtycin C treatment.
Because of the transient increase in SCE frequency reFOrted by
some authors (Stetka et al. 1978; Ohtsuru et ale 1980) samples from
persons with suspected environmental exposure should be obtained as
soon as FOssible after exposure.
Resul ts from this study also highlighted problems of predicting
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potential in viva SCE induction following in vitro laboratory
experirrents.

WFL, DF'L, and W light dramatically increased SCE

frequency in G lymphocytes (Table IV,31 and IV,33).
o

In the

laboratory G lymphocytes exposed to light were suspended in sterile
o

saline, constantly stirred and illuminated 10crns from the light source
in plastic petri dishes, conditions which hardly relate to mans
environmental exposure to light.

Nevertheless phototherapy, a comron

method for reducing serum - bilirubin levels in jaundiced infants, was
reported to either increase (('.,oyanes-Villaescusa et ale 1977) or have
no effect (Schwartz et ale 1978; Hatcher et ale 1979) on SCE frequency
in circulating lymphocytes.
SCE has been widely heralded as a sensitive method of detecting
"
genetic damaging agents in the environment (Wolff, 1979). However
the findings presented in this thesis and by Littlefi~ld et ale
(1979a,b) indicate that some DNA damaging agents do not
increase SCE in cultured human lymphocytes.

This severely limits the

use of SCE analysis for the detection of in viva genetic damaging
agents.

In particular, this observation must be considered when

interpreting the lack of induced exchanges in persons with suspected
exposure to chemical or physical agents in the environment.

4.2)

Four Hour Pulse Treatment Between 30 and 42 Hours.
The effect on SCE of short term high dosage exposure to different

classes of chemical and physical agents was investigated by challenging
lymphocytes for four hours at some stage between 30 and 42 hours after
cu1ture initiation.

Each agent was examined in lymphocyte s pretreated

wi th BrdUrd, and in lymphocytes unsubsti tuted with BrdUrd (section IV, 3.2.3 ;
Figure IV,3).
With the exception of PF, induced SCE frequencies were significantly
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higher in lymphocytes pretreated with BrdUrd.

Why this did not hold

for PF is unclear, but may be because prior incorporation of BrdUrd
reduced the nurrber of sites in DNA for the PF - DNA interaction that
leads to SCE formation.
BrdUrd, 4-NQO, and PF all increased SCEs both in the presence and
absence of BrdUrd, indicating that four hours exposure to these
compounds was sufficient to initiate SCE formation (Tables IV, 10; IV, 16 i

and

IV,20 respectively).

W, UVA and FL significantly increased

SCE frequency in BrdUrd substituted DNA, but of these non-ionizing
radiations only W light increased SCE levels in chromosomes not
pretreated with BrdUrd (Tables IV,32 - IV(34).

A four hour pulse of

37.00 kBq 3H- Urd increased SCE only in lymphocytes which had previously

incorporated BrdUrd (Table IV,37).

Likewise, lymphocytes replicating

in BrdUrd and X irradiated after 42 hours of culture showed elevated
yields of exchange (Table IV, 40). . Unsubsti tuted lymphocytes irradiated
after 42 hours also showed increased SCE but only if BrdUrd was added
imrediately after irradiation (Table IV, 41) .
These results suggest that analysis of SCE in cells pretreated
with BrdUrd represents an artificial assay system.

Incorporation of

BrdUrd into DNA prior to chemical and physical challenge increased
the sensitivity of lymphocytes to the interaction that leads to SCE

formation.

Many cells within the human body are actively dividing,

for example bone marrow cells, and therefore the use of SCEs to assess
DNA damaging agents must include challenge to replicating cells prior
to the addition of BrdUrd.
In addition to increasing induced SCEs, incorporation of
halopyriroidines into DNA sensitizes both plant and animal cells to
chrorrosorre damage by X-rays (Szybalski, 1974).

Galloway (1977)

found that the increase in radiation induced SCE in normal lymphocytes
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was more obvious in cells grown with 16011M BrdUrd (50.00

llg.rnl~l)

l

than with 25 llM (10.00 llg.rnl- ) and speculated that this might be

due to heightened irradiation sensitivity of BrdUrd substituted DNA.
This phenomenon was· investigated by increasing the BrdUrd concentration
available in the culture medium.

The expected effect on baseline

SCE frequency of increased amounts of BrdUrd was observed, but
the percent increase in irradiation induced exchanges was lower at
50.00 llg.ml

-1

BrdUrd than at 10.00 llg.ml

-1

BrdUrd (Table IV(42).

Furthermore, increasing the BrdUrd concentration frc:m 10.00 to
50.00 llg .ml-

l

only slightly increased the sensitivity of human

lymphocytes to irradiation doses of O. 5Gy (Table IV ,42) .
Together these results suggest that heightened radiosensitivity
due to increased BrdUrd available in the culture medium does not lead
to an increase in X-ray induced SCEs.

A similar conclusion was

reported by Ishii and Bender (1978a), who found that the yield of
rnitanycin C induced exchanges was independent of the BrdUrd concentration
in which the cells were grown.

However, 133258 Hoechst i and BrdUrd

react synergistically to increase SCEs (Stetka

&

Carrano, 1977) thus

the possibility of such synergism must be considered in cc:mparisions
of SCE yields

4.3)

Treatment of S2 and G2 Lymphocytes.
4-NQO f PF f W, WAf FL and X irradiation all induced the type

of DNA interaction during the S phase of the second cell cycle that
led to increased SCE yields.
However, the reason why cultures exposed to increased amounts of
BrdUrd and 3H- Urd for the last 10 hours of culture did not show
elevated exchange levels is unclear.

Both BrdUrd and

3

H-Urd were

available to the majority of second division metaphases for at least
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part of the S2 phase.

SCEs occur during S (Wolff et aL 1974) and

because these agents induce exchanges in other treatment protocols, an
elevated SCE frequency was expected.

It is possible that rrore prolonged

e2q)0sure of 3H- Urd and BrdUrd was required for SCE induction.
Alternatively both compounds may have interacted with the DNA in such a way
as

to produce an exchange but this interaction required another S phase

to manifest as an exchange.
In general lymphocytes challenged in S2 showed fewer induced

exchanges than lymphocytes pulsed some time before 42 hours of culture.
'!his was not surprising because sane parts of the chrorrosarne may have
already corrpleted replication before S

treatment, and SCE formation
2

requires a subsequent passage through the S phase (WOlff et ale 1974;
Kihlman, 1975).

This was consistent with the failure to find increased SCE in
lymphocytes treated in the G phase.
2

None of the agents investigated

at this stage were effective in elevating exchange yield (Table V,2) ,
a result in agreerrent with the observations of Perry and Evans (1975)
and Solorron and Bobrow (1975).

5)

SISTER CHROMATID EXCHANGE IN CHINESE HAMSTER OVARY. CELIS.

The rrost comronly encountered test systems for analysis of SCE
following challenge by chemical and physical agents are the Chinese
hamster cell lines, (section 11,9).

However reports of SCE induction

in these cells were often in disagreement with the results presented
in this investigation

and other reports of SCE induction in cultured

human lymphocytes.
BIM significantly elevated exchange frequency in a number of
Chinese hamster cell lines (Perry & Evans, 1975; Banerjee & Benedict,
1979; Popescu

et ale 1979; Vig, 1979).

In contrast,. BIM caused no
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significant change in baseline SCE levels in normal human chrcmosanes
(Tables IV,22 and IV,23) .
VCR induced a small increase in SCEs in the cloned hamster cell
line A(T )C _ (Banerjee
l l 3
to increase (Kucerova

&

&

Benedict, 1979), but has been reported

Polikova, 1977; Raposa, 1978), decrease

(Stoll et ale 1976) and have no effect (Table IV,24) on SCE frequency
in human lymphocytes.
Carrano et al. (1978) found that PF did not significantly increase
SCE frequency in CHO cells at doses between 0.50 and 1. 60 TIM.

Popescu

et ale (1977) showed PF to increase SCE levels in V 79-4 Chinese hamster
cells but the lowest concentration used (1.00 llg.ml

-1

) produced 16.5 SCEs
l

per metaphase whereas the highest concentration (2.50 II g .rnl- ) produced

only

13.1 SCEs per metaphase.

Other authors however, have observed

a dose dependent increase in PF induced exchanges in chinese hamster cells
(Kato, 1974d; Speit & Vogel, 1979) and human lymphocytes (Table IV,18).

S radiation fran incorporated 3H-thyrnidine (0.19 - O. 37kBq)
significantly increased SCE frequency in chrcmosane 1 fran the pseudodiploid 0-6 Chinese hamster cell line (Kato, 1974a), but not in
human metaphase chrcmosanes treated with 0.037 - 0.370kBq 3H- Urd
(Table IV, 35) .
Consequently, induced SCE levels in cultured human lymphocytes
and CHO cells were compared after challenge with six different
canpounds.

Only colcemid did not increase SCE frequency in either cell

systEm. ,It is irrmediately obvious that CHO cells show a 'markedly
greater increase in SCE levels than do human lymphocytes following
treatment with IIDst agents (Table IV, 44) .
The results obtained for 3H-Drd, BIM and VCR require special
attention.

At the dosages used, these three compounds had little or no

effect on SCE levels in human chrcmosanes.

With the exception of
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the lowest doses of VCR and BIM,all agents significantly increased
the yield of exchanges in

CEO

The significantly higher

cells (Table IV,43).
SCE

levels observed in

CEO

cells

compared with lymphocytes may be due to one or a corrbination of the
following factors :
(1)

Dramatically increased nurrbers of

in CHO cells (Table IV,43).

SCE

were produced by BrdUrd

CHO cells may be rrore sensitive to

BrdUrd, and consequently BrdUrd substituted DNA might be rrore
susceptible to cherrui;cal interactions leading to
(2)

SCE.

Chrorrosorres from CHO cells are on the whole much longer than

those of man.

SCE

frequency is proportional to chrorrosome length,

al though the smaller chrorrosorres of man have fewer exchanges than
expected on this basis. (Crossen et al. 1977; Morgan

Crossen, 1977b).

&

Chrorrosorres from CHO cells may therefore show significantly rrore
induced exchanges than chronosorres from man, because of

mans

greater

proportion of relatively small chrorrosorres.
(3)

It is possible that CHO is a transforrred cell line.

CHO cells

are reamly cultured in liquid suspension culture, in soft agar, on
top of soft agar and in rrono layers (Thompson, 1979).
increases in

SCE

The observed

may therefore reflect the interaction between the

test chemical, the BrdUrd and the transforming principle.
(4)

CHO cells may in fact be rrore susceptible than human lymphocytes

to the

DNA

interactions required for

SCE

formation.

Nevertheless, the results presented here suggest that SCE analysis
in CHO cells was not a good indicator
in man.

of potential SCE in induction
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6)

SISTER CHROMATID EXmANGE

TO ASSAY GENETIC DAMAGE.

1he early and efficient detection of genetic damaging agents has
becorre a matter of great urgency during recent years.
Tests for genetic damage fall into two groups:
loci and tests in the whole genorre.

tests at individual

Included in the latter class are

analysis of gross chrorrosomal aberrations and micronuclei, both of
which are important rrethods of detecting genetic damage in higher organisms.

With the developrtEIlt of SCE rrethodology, a new cytogenetic

teclmique becarre available for examining the effect of INA damaging
agents on chrorrosorres.
Many different agents with varying nodes of DNA interaction
significantly increased SCE frequency (section 11(9).

'Ihis indicated

that many DNA interactions culminate in SCE formation.

Induction of

exchanges, particularly in xeroderma pigmentoslllTI cells, occurs at
very much lower chemical concentrations than those at which positive
effects can be detected by other cytogenetic tests (section 11,12).
'Ibgether these observations led to suggestions that SCEs were a very
sensi tive marrmalian system for determining the effects of genetic
damaging agents (Wolff, 1979).
In addition, SCEs may be induced by compounds that do not directly
damage DNA.

Such compounds may disrupt DNA synthesis or cause

perturbations in DNA polynucleotide precursor pools.

These include DNA

synthesis inhibitors (Kato, 1977b; Sclmeider et ale 1978), antirretabolites
(Raffetto et ale 1979), hypertheTIT'ia (Livingston

&

Dethlefsen, 1979) and

amino acid deprivation (Schempp & Krone, 1979).
However not all genetic damage gives rise to SCE.

DNA strand

breakage appears unrelated to SCE formation, and agents with this
property, Bll1 and ionizing radiation were, at best, poor inducers of
SCE (Tables IV,22; IV,23;and IV,40).

Figure V,l
Suggested treatment protocol for assessing induction of SeEs by potential
genetic damaging agents in chromosomes from cultured human lymphocytes.

A

Control

B

t

D
o

24

~ Treatment with

chemical agents

t

Treatment with
physical agents

t

48

72

84 Hour.

~ BrdUrd
-

Medium containing PHA

- - - Medium without PHA
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While a very sensitive assay of some forms of genetic damage,
SCE analysis should not replace conventional cytogenetic assay systems.
Rather SCEs should be used in association with other suD-ffi3lTID3.lian and
rnarrmalian test systems for assessing in vitro and in viva genetic
damage.
SCE formation can be studied in cultured cells, in intact animals,
or in conbined systems in which cells from treated animals are cultured
in vitro.

SCE methodology is well developed, relati vely simple and

exchanges are easy to score.

Furtherrrore, statistically significant

resul ts can be obtained by scoring between 10 and 20 ceJ Is.
To evaluate potential SCE induction by chemical and physical

agents in man, it is advisable that a htnnan assay system be used, for
example, cultured human 1yrnphocytes.
Since SCE induction depends on: (1) whether cells are resting
(Go) or replicating and (2) whether ·cells have or have not incorporated
BrdUrd prior to treatment, it is recommended that SCE levels be
evaluated in an experimental protocol siwilar to that in Figure V, L
A.

Each individual be used as their awn control.

B.

The dose response be established.

c.

Treatment of Go cells, prior to mitogen stimulation.

D.

Treatment of replicating cells prior to addition of BrdUrd.

Such an experimental protocol would allow a precise determination
of an agent v s ability to induce SCEs.

7)

SISTER CHROMATID EXCHANGE AND DNA REPAIR.

Section IV, 6.2 describes experiments where replicating
chronosomes were X irradiated after 42 hours in culture and either
given BrdUrd immediately following irradiation,or held for a

further
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five hours in Ham's F-IO medium (Figure IV,6;F).

Only lymphocytes

irrmediately given BrdUrd showed increased exchange levels (Table IV ,41) .
SiIDilar results from HeLa cells (Nakatsugawa et al. 1978) and nouse
10

T~

cells (Little, 1978; Nagasawa

&

Little, 1979) led those authors

to suggest that some of the X-ray induced damage which leads to SCE
formation was repaired during post irradiation holding in a BrdUrd free
medium.

Although other forms of repair may occur, the results in Table

IV,40 suggest that during the holding period lymphocytes continue DNA
synthesis, and the damage is repaired in the form of sister chromatid
exchanges.

Because BrdUrd was not available in the culture medium

until after the SCE repair had taken place, these exchanges were not
observed in metaphase chrarrosomes.

When BrdUrd was present, as in the

experiments outlined in Figures IV~ 6; B,E, and F, the same SCE repair
does occur and after two cell cycles

an increased SCE rate was apparent.

Assuming excision and post replication DNA repair mechanisms
operated

normally

in lymphocyte cultures, the result described

above suggests that SCEs represent a DNA repair mechanism.

SCE repair

appears capable of eliminating a range of DNA interactions induced by
different classes of chemical and physical agents and operates on
residual damage not repaired by other DNA repair mechanisrna.
This theory is supported by studies of SCE induction in various
repair deficient xeroderma pigmentosum cell lines.

While baseline

SCE levels were similar to those in normal human cells, xeroderma cells
were significantly nore sensitive to SCE induction by W light and
many chemical coqxJunds (Bartram et ale 1976; De Weerd-Kastelein et ale
1977; Schonwald

&

Passarge, 1977; Wolff et al. 1977; Cheng et ale 1978;

Perry et ale 1978).

This was thought to result from a

of slowly repaired -damage persisting in xeroderma DNA.

small fraction
This
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unrepaired damage is ccrnparatively long lived and may stimulate
exchanges during subsequent semi -conservative replication, suggesting
a correlation between SCE frequency and the amount of unrepaired
damage in the DNA (Cleaver, 1977; WJlff et ala 1977; Wolff, 1979).
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VI. SUMMARY.

(1)

The literature on the development of techniques for SCE

detection, the information derived from application of SCE
rrethodology, the mechanisms of SCE formation, and SCE induction by
various agents is reviewed and discussed.

(2)

Technical variables in lymphocyte culture, harvest and

differential staining were investigated for their effect on baseline
SCE levels.

The culture rredium, BrdUrd concentration and method of

differential staining were all found to influence SCE frequency.
~1hereas

the method of lymphocyte separation, the mitogen utilized and

the time of addition of BrdUrd did not significantly effect SCE levels.

(3)

Repeat cultures from 10 subjects were studied over a three year

period.

Only three subjects showed significant variation in baseline

SCE levels over time.

(4)

Different classes of chemical and physical agents with differing

DNA interactions varied in their ability to induce SCEs in human
chroTIDsomes.

The DNA strand breaking agent BIM and the mitotic spindle

inhibi tors VCR and colcemid did not increase SCE frequency over the
baseline level.

Both X irradiation and

(3

radiation from incorporated

3H- urd , caused single and double DNA strand breakage and both agents
were poor inducers of SCE.

The intercalating agent PF significantly

increased SCE levels as did the non-ionizing radiations DFL, WFL, and
UV light.

OVA light however, only increased SCE levels when BrdUrd

substituted chroTIDsomes were illuminated.

Significant increases in

SCE were also observed after treatment with the base analogue BrdUrd
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and the potent mutagen and carcinogen 4-NQO.

'Ihese findings showed that SCEs were induced by many different
classes of chemical and physical agents, and suggest that a variety
of rnA interactions culminate in SCE formation.

(5)

Different experimental protocols were utilized to investigate

SCE induction by chemical and physical agents.

G or resting
o

lymphocytes treated prior to PHA stimulation showed elevated exchange
levels only after challenge by 4-NQO and the non-ionizing radiations
FL and W light.

'Ihese findings indicated that not all agents which

induced SCEs in proliferative lymphocytes interact with G lymphocytes
o
in a manner that can lead to SCE formation.

Replicating lymphocytes

challenged with BrOOrd, 4-NQO, PF, non-ionizing and ionizing radiations
showed significantly increased SCE levels in lymphocyte chrorrosorres
pretreated with BrdUrd.

If BrOOrd was added irrmediately after

challenge, the majority of those agents showed reduced nurrbers of
induced SCEs.

It appeared that incorporation of BrdUrd into chrOIIDSOmal

rnA increased lymphocyte sensitivity to SCE induction by these agents.

Lymphocytes treated in S2 showed increased exchange levels after
treatrrent with 4-NQO, PF, W, UVA, FL and X irradiation.

In general

lymphocytes challenged in S2 showed fewer induced exchanges than
lymphocytes pulsed sometirre before 42 hours of culture.

G treated
2

I yrnphocytes showed no change in baseline SCE levels following chemical
or physical challenge.

(6)

A detailed examination of X irradiation and SCE in human chrorrosomes

revealed that X-rays caused a small but significant increase in SCEs.
Although BrdUrd incorporation sensitizes chrOIIDsorreS to X-ray induced
damage, increased BrdUrd concentrations in the culture rredium did not
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increase the nurrbers of X-ray induced SCEs.

Results from experiments

in which lymphocytes were held in a BrdUrd free Irediurn following
X irradiation suggested that SCEs represent a fonn of DNA repair.

'!his

SCE repair appears to operate on residual damage not repaired by other
DNA repair rrechanisms.

(7)

'!he frequency of chemically induced SCE was compared in human

lymphocytes and CHO cells.

CHO cells showed significantly higher

levels of SCE following chemical treatrrent.

'!his result indicated

that SCE analysis in CHO cells was not a good indicator of potential
SCE induction in man.

(8)

SCE appeared a useful technique for assessing many, but not all,

genetic damaging agents.

Analysis of SCE should be included in any

assay programre but must be used in conjunction with other cytogenetic
tests for assessing in vivo and in vitro genetic damage.

An experimental

protocol for examining SCE induction by chemical and physical agents
in human cells is described.

VII
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VIII.

1)

APPENDICES

MATERIAlS.

1.1)

Lymphocyte Separation

Gelatine

Davis Ltd. (New Zealand)

Ficoll

Pharmacia Fine Chemicals (Sweden)

Hypaque 50% (sodium diatrizoate)

Winthrop Lab. (Australia)

Dul.becco's Phosphate buffered

Oxoid Ltd. (England)

saline
Disodium (Ethy lenedinitrilo)

J. T. Baker Chemical Co. (United

tetraacetate

States of America, U.S.A.)

Heparin

Ccmronwealth Serum Lab. (Australia)

1. 2)

Cell CUlture

Dul.becco's Modified Eagles Medium

Grand Island Biological Co. (GIECO)

Ham's F-IO Tissue CUlture Medium

GIECO (U.S.A.)

Medium 199

GIECO

RosewelL Park Memorial

GIECO

Insti tute 1640
Garamycin (Gentamicin sulphate)

Essex Lab. (Australia)

Sodium bicarbonate

Wellcane Reagents Ltd. (England)

Hepes buffer

Wellcorne Reagents Ltd.

Pokeweed mitogen

GlBeO

Phytohaemagglutinin

Wellcane Reagents Ltd.

5 Brc:rrodeoxyuridine

Sigma Chemical Co. (U.S.A.)

Foetal calf serum (batch 092)

GIECO

Benzylpenicillin (sodium) B.P.

Glaxo Lab. (England)

Strep~cin

Glaxo Lab.

sulphate B.P.

Trypsin

GIBCO

Coloemid

Ciba Lab. (England)
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1.3)

Cell Harvest.

Potassium chloride

B.D.H. Chemicals Ltd. (England)

Methanol

H.F. Stevens Ltd. (New Zealand)

Acetic acid (Glacial B.P.C.)

Stevens Chemicals Ltd. (New Zealand)

1.4)

Differential Staining of Sister Chranatids.

33258 Hoechst

Hoechst Chemical Co. (Genn:my)

Sodium phosphate (Na HPO 4)
2

Fisher Scientific Co. (U.S.A.)

Potassium phosphate (KH PO 4)

Fisher Scientific Co.

Sodium clihydrogen phosphate

May

2

&

Baker Ltd. (England)

(NaH P0 )
2 4

Giemsa (R 66)

1. 5 . )

G. T. Gurr (Eng land)

Culture Vessels.

McCartney bottles (glass)

Watson Victor Ltd (New Zealand)

Universal bottles (plastic)

Laboratory Services (New Zealand)

Falcoln 3013 tissue culture flasks

Becton, Dickinson & Co. (U.S.A.)

Plastic petri dishes (35rrm)

Kayline (Australia)

1.6)

Autoradiography.

Kodak fine grain autoradiographic

Kodak. (Australia)

stripping plates (AR 10)
Kodak. D19b developer

Kodak.

Super Amfix

May

&

Baker Ltd.

Ethanol (96% v Iv)

May

&

Baker Ltd.

Potassium bromide

B.D.H. Chemicals Ltd.

Crestyl fast violet

B.D.H. Chemicals Ltd.
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Treatment Chemicals.

L 7)

4 Ni troquinoline-N-oxide

K

&

K Labs. (U.S.A.)

Proflavine (Proflavine hemisulphate) Sigma Chemical Co.
Bleomycin (Blenoxane)

Bristol Lab. (England)

Vincristine (Oncovin)

Eli Lilly

Tri tiated Uridine

Radiochemical Centre, AIrersham

&

Co.

(U.S.A.)

l
(specific activity 0.97 TBq.mrol- ) (England)
saline (0.9% sodiur.1 chlchride)
2)

I4cGaw Ethicals Ltd. (New Zealand)

PREPARATIOO OF CULTURE MEDIUM.

All tissue culture

medilll!l were purchased in powder fonn

containing L-Glutamine and
water.

recon~tituted

with one litre of distilled

To 200ml of this nutrient mixture were added

0.2ml Garamycin (Gentamicin sulphate)
0.5ml 4.4% sodium bicarbonate and
5. Oml reconstituted phytohaemagglutinin

The pH was adjusted to 7.00 with Hepes buffer and medium
sterilized by membrane filtration.

3)

PREPARATION OF FICOIL/HYPAQUE SOImION

27.2ml of 50% Hypaque were made up to 40ml with distilled water
and added to 96ml of 9% Ficoll in distilled water.

This was dispensed

in 8ml aliquots into universal bottles and autoclaved.

4)

DATA FROM INDIVIDUAL SUBJECI'S.

The mean SCE rate and the, standard deviation for each
individual subject scored in this investigation are listed below.
Table numbers correspond to those in the text, section IV.

( * = number

of metaphase cells scored if +ess than 20).
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Table IV,1.

Lyrrphocyte Separation lVIethods.

Ficoll/Hypaque

Gelatine sedimentation

SCE

SO

10.50 2.80

9.75

3.73

3.43

10.60

2.72

10.95

3.25

9.65

3.41

9.70

2.45

11.35

3.25

WFM

11.55

3.50

10.50

3.71

11.40

2.60

787

9.95

3.28

9.95

3.07

10.9 *113 .11

Ave

10.403.39

10.25

2.95

10.87

Table IV,2.

Tissue CUlture lVIedia.

Donor

SCE

SO

SCE

971

10.40

3.33

598

10.45

786

HAM'S F-10

McCoy's SA

Dulbecco's

So

Whole Blood
Microcul ture

TC

199

3.19

RPMI 1640

MEM

Donor SCE

SO

SCE

So

SCE

so

SCE

so

SCE

SD

083

15.10

4.59

11.25

2.78

14.25

3.87

14.75

5.66

13.90

5.43

084

10.70

2.97

11.50

2.32

11.30

3.16

12.90

4.30

14.05

3.31

085

13.95

3.64

13.20

3.92

11. 70

4.09

14.70

5.60

12.40

3.61

088

13.75

3.97

10.55

3.20

9.15

2.90

12.85

3.89

11.25

3.16

086

13.25

2.95

12.30

2.65

13.50

3.92

15.20

3.28

13.25

3.41

Ave

13.35

3.62

11.76

2.97

11.98

3.59

14.08

4.55

12.97

3.78

170

Table IV,3.
Donor

Serum.
AB serum.

Autologous serum

Foetal calf serum

SCE

SD

SCE

SD

SCE

SD

729

10.55

1.87

11.20

2.56

10.30

2.99

73i

11. 70

1. 75

12.15

2.66

10.00

1.86

732

11.50

3.23

10.10

3.65

10.05

3.73

730

9.90

3.09

11. 75

3.05

9.45

2.25

Alex

14.15

3.13

13.60

3.29

17.25

3.83

7.85

1.81

7.80

1.98

8.10

1. 74

10.94

2.48

11.10

2.87

10.86

2.73

Baines

Ave

Table IV,4.

Mitogen Stimulation.
PHA

PWM

Donor

SCE

SD

SCE

SD

0

9.90

3.27

8.90

2.44

4

8.30

2.36

7.60

2.92

8

8.90

3.67

7.85

2.71

9

8.00

3.74

8.10

2.14

14

7.40

2.23

8.30

2.93

16

9.60

4.05

6.85

2.45

31

9.55

3.80

9.80

4.16

77

8.65

3.26

8.65

2.99

80

8.95

1.87

7.35

2.81

81

8.15

3.43

7.70

3.13

Ave

8.74

3.17

8.11

2.87
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Table IV,8.

BrdUrd dose response.
BrdUrd Concentration (]Jg.ml
20.00

10.00

-1

)

80.00

50.00

SCE

SD

SCE

SD

SCE

SD

SCE

SD

68

16.65

5.01

19.35

5.14

23.65

5.00

24.95

4.55

Baker

14.65

3.48

22.45

5.68

27.25

6.16

32.60

6.02

355

8.95

2.01

12.60

3.67

18.20

4.11

21.85

2.84

66

12.35

Ave

13.15

Table IV,9.
Donor

21.30

17 .65

4.23

18.01

4.83

22.60

26.85

5.09

26.56

BrdUrd in Go
Control

4 hours

24 hours

SCE

SD

SCE

SD

SCE

SD

80

12.20

3.96

12.00

3.19

13.25

3.87

81

16.15

4.93

16.90

4.51

17.60

4.62

82

8.85

3.63

10.60

3.06

8.75

2.95

83

9.70

2.17

7.45

3.87

9.50

2.43

11.73

3.67

11.74

3.66

12.28

3.47

Ave

4.47
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Table IV, 10.

BrdUrd 39-43 hour pulse.
Control

+ BrdUrd

- BrOOrd

Donor

SCE

SD

SCE

SD

SCE

SD

486

10.95

3.01

18.30

9.86

16.40

4.44

487

10.90

2.97

14.35

3.78

12.50

4.62

488

10.55

2.81

18.10

4.35

14.15

5.19

490

9.10

2.97

14.95

3.61

12.20

4.29

10.38

2.94

16.43

5.40

13.81

4.64

Ave

Table IV, 11.

BrdUrd in S2 and G2 •
Control

G
2

S2

Donor

SCE

SD

SCE

SD

SCE

SD

46

9.55

2.89

8.65

3.29

10.30

3.36

49

8.40

2.33

8.80

3.46

8.30

2.83

50

9.25

3.09

9.85

3.28

8.30

2.75

51

11.05

3.01

12.80

4.60

12.45

4.45

9.56

2.83

10.03

3.66

9.84

3.35

Ave
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Table IV,12

4-NQO solvent.

o. 2rnl

Control

10% Ethanol

Donor

SCE

SD

SCE

SD

355

8.70

2.63

8.25

2.82

354

10.55

2.41

10.10

2.65

9.63

2.52

9.18

2.74

AVe

Table IV,13

4-NQO dose response.
-1
4-NQO concentration (]lg.rnl )
Control

0.10

0.20

Donor

SCE

SD

SCE

SD

SCE

SD

811

10.15

3.29

14.00

3.75

19.15

4.31

809

11.65

3.45

16.00

4.29

19.25

4.51

812

12.05

2.76

14.05

3.37

15.40

4.10

810

11.10

3.58

14.85

3.29

15.35

3.51

11.24

3.27

14.73

3.68

17.29

4.17

Ave
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Table IV, 14.

4-NQO in

G •
0

Control
SCE

SD

SCE

SD

SCE

SD

730

12.85

4.31

21.90

6.18

20.85

5.10

733

10.25

3.36

14.50

3.96

16.55

4.90

735

10.75

2.93

16.10

4.85

16.70

4.13

736

9.55

3.01

13.80

3.75

15.00

3.89

10.85

3.40

16.58

4.69

17.28

4.51

Table IV, 15 •

4-NQO Long term G •

o

742

Control

24 hours

Donor

Ave

TinE

4 hours

SCE

744
SD

SCE

741
SD

SCE

9.25 2.24 11.70 2.73 12.80

SD

WFM

SCE

SD

AVE

SCE

SD

11.30 2.17 11.26

2.26

o

14.05 2.78 17.05 3.47 14.45 4.79 18.15 6.90 15.93

4.49

24

18.30 4.63 19.45 4.07 16.15 5.17 18.30 3.10 18.05

4.59

48

17.45 2.83 17.70 4.26 18.35 3.78 17.75 3.66 17.81

3.63

72

16.65 3.51 21.70 3.71 15.30 4.18 15.88 2.31 17.38

3.36

96

18.05 5.52 20.00 3.44 18.00 4.24 16.25 3.20 18.08

4.10

1~90
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Table IV, 16 .

4-NQO 38-42 hour pulse.
- BrdUrd

Control

+ BrdUrd

Donor

SCE

SD

SCE

SD

SCE

SD

613

8.70

2.63

12.25

2.86

18.05

4.79

614

10.10

3.86

12.45

3.33

21. 75

5.64

615

10.00

2.97

13.70

3.61

15.25

4.16

WFM

10.05

3.67

12.45

4.03

18.70

5.12

9.71

3.28

12.71

3.46

18.44

4.93

Ave

Table IV ,17.

4-NQO in 8

2

and G .
2

Control
Donor

SCE

SD

Bond

9.10

3.03

459

12.00

638
637

Ave

G
2

S2
SCE .

SD

SCE

SD

15.30

5.89

11.15

3.43

4.24

15.00

6.17

10.60

3.26

9.90

3.65

9.85

3.66

8.55

3.01

8.90

2.10

12.25

3.89

8.25

2.82

9.98

3.26

13.10

4.90

9.64

3.13
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Table IV, 18 .

PF

PF dose response.

731

371

636
SD

SCE

SD

9.74

3.23

0.10

10.55 2.43 12.45 2.89 11.30 3.43 11.20 2.89 11.38

2.91

0.20

11.00 4.13 14.15 3.45 14.25 3.16 13.20 4.11 13.15

3.71

0.30

13.10 4.84 13.40 4.00 16.30 6.47 12.75 4.63 13.89

4.99

0.40

12.35 3.97 13.35 2.51 14.60 4.31 14.90 3.28 13.80

3.52

0.50

15.20 4.06 14.80 3.51 21.35 6.72 16.80 3.70 17.04

4.50

control

SCE

9.30 2.85 10.35 3.32

SD

SCE

AVERAGE
SCE

SCE

SD

WPM

SD

8.60 3.06 10.70 3.70

Table IV, 19. PF in Go.

Donor

Control

4 hours

24 hours

SCE

SD

SCE

SD

SCE

SD

759

12.40

4.19

12.75

4.86

12.44

4.60

761

9.90

3.04

10.10

2.77

9.30

3.37

763

10.55

4.24

13.55

3.81

14.35

3.97

769

9.05

2.06

11. 75

2.45

13.70

3.57

Ave

10.48

3.38

12.04

3.47

12.45

3.88
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Table IV, 20 •

Donor

PF 32-36 hour pulse.

Control
SCE

+ BrdUrd

- BrdUrd

SD

SCE

SD

SCE

SD

027

8.15

2.03

18.40

7.32

24.85

8.98

026

10.90

3.23

19.20

4.99

15.40

4.17

023

8.45

3.03

10.95

3.87

11.55

3.30

024

6.95

2.91

11.30

4.29

12.35

3.85

Ave

8.61

2.80

14.96

5.12

16.04

5.08

Table IV, 21.

Donor

PF in $2 and G2 •

Control

G
2

S2

SCE

SD

SCE

SD

SCE

SD

862

10.20

3.02

12.15

4.15

11.05

2.73

865

10.30

3.00

12.45

3.63

12.45

3.91

866

9.75

3.24

10.65

2.37

9.25

2.94

867

8.40

2.18

8.80

2.75

8.40

2.43

Ave

9.66

2.86

11. 01

3.23

10.29

3.00
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Table IV, 22 .

BIM dose response.

BIM concentration (\lg.ml
Control

Donor

SCE

2.00

-1

)

4.00

SD

SCE

SD

SCE

6.00
SD

SCE

SD

869

8.70

2.86

12.30

3.38

9.40

2.81

10.35

4.08

867

11.70

4.29

9.70

2.51

11.95

4.12

10.10

2.86

996

9.45

3.69

8.65

3.60

10.35

3.70

11.50

2.87

997

13.80

6.43

14.55

5.86

13.20

5.00

12.65

3.04

Ave

10.91

4.32

11.30

3.84

11.23

3.91

11.15

3.21

Table IV,23.

10.00 \lg.ml

Donor

Control

-1

BIM, 36-40 hour pulse.

+ BrdUrd

- BrdUrd

SCE

SD

SCE

SD

SCE

SD

WPM

10.75

3.22

9.60

2.70

8.70

3.58

590

7.35

2.51

11. 70

4.24

9.85

2.74

591

7.50

2.41

9.25

2.26

8.45

3.25

592

8.40

3.17

9.10

3.25

8.60

2.96

Ave

8.50

2.33

9.91

3.11

8.90

3.13
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Table IV, 24 •

VCR dose response.

VCR concentration (Jlg.ml
0.00

Donor

0.05

-1

)

0.50

1.00

SCE

SD

SCE

SD

SCE

SD

SCE

SD

222

12.05

4.75

11.50

2.26

14.00

4.90

10.80

3.16

214

9.40

2.23

10.85

2.35

11.50

2.35

11. 70

3.99

223

11.80

2.95

11. 75

3.06

12.40

3.32

11.45

3.84

244

9.50

2.88

9.20

2.61

9.30

2.92

8.95

2.50

238

9.30

2.83

10.60

2.75

9.05

2.01

8.95

3.28

243

9.55

2.84

9.05

2.87

9.50

2.37

10.45

3.30

Ave

10.27

3.08

10.49

2.65

10.96

2.98

10.38

3.35

Table IV, 25.

Co1cemid dose response.

Co1ernid concentration (Jlg.ml
Donor

-1

)

0.01

0.00

0.05

SCE

SD

SCE

SD

SCE

SD

871

9.50

2.87

8.15

2.91

11.30

2.54

872

12.90

2.60

12.65

4.64

11.45

3.72

394

9.60

2.91

11. 70

3.70

.10.75

3.13

396

9.35

2.50

10.00

2.31

9.60

2.61

Ave

10.34

2.72

10.63

3.39

10.78

3.00
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Initial pH of CUlture .Media.

Table IV, 26 .

INITIAL pH

6.80

7.10

Donor

7.50

7.90

SCE

SO

SCE

so

SCE

so

SCE

SO

731

12.35

3.01

11.05

3.56

12.85

4.23

12.15

4.54

173

8.85

2.15

13.10

3.85

14.95

5.15

13.80

3.94

174

13.35

2.81

11.40

3.48

13.10

4.03

15.10

2.98

175

10.35

2.71

10.55

2.91

10.55

3.76

12.10

3.41

Ave

11.23

2.67

11.53

3.45

12.86

4.29

13.29

3.72

Table IV, 27 .

pH change after 48 hours.

pH
6.80

Control (7.00)

7.70

SCE

so

SCE

so

SCE

so

777

14.65

3.74

14.35

3.95

12.45

4.33

248

11. 15

2.32

11. 75

2.14

10.15

2.20

108

11.90

3.80

11.30

2.79

12.60

3.20

Ave

12.57

3.29

12.47

2.96

11. 73

3.24
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Table IV,28.

Terrperature.

Donor

Control

42°C

4°C

SCE

SD

SCE

SD

SCE

SD

475

11.80

4.78

10.85

2.77

12.05

3.87

350

10.40

3.03

11. 78 9 3.03

9.95

2.82

467

12.75

3.25

11.25

2.59

11.20

2.91

469

11.45

2.91

12.00

3.27

11.93

468

13.40

3.93

11.50

3.48

11. 60

Ave

11.96

3.58

11.48

3.03

11. 35

Table IV, 29 •

Mechanical Stirring.

control

stirred

788

11.65

1. 72

11.95

3.03

789

13.55

3.69

14.05

2.78

790

10.40

3.25

9.55

2.21

Ave

11. 87

2.89

11. 85

2.67

14
15

3.50
3.01

3.22
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Table IV, 30 .

Illuminated saline.

Control

Irnrrediately

43 Hours

SCE

SD

SCE

SD

SCE

SD

6

13.75

3.98

11.60

2.79

11. 75

2.84

8

10.30

2.83

10.25

2.65

10.35

2.41

Ave

12.03

3.41

10.93

2.72

11.05

2.63

Table IV,31a.

Donor

FL in G •
o

Control

DFL

WFL

SCE

SD

SCE

SD

SCE

SD

496

13.55

3.92

17.10

5.45

19.05

4.71

497

12.65

2.75

15.45

3.91

15.60

4.97

495

11.15

2.58

20.85

5.15

20.10

5.20

500

12.45

3.17

15.15

2.77

14.45

2.68

501

13.85

3.45

14.70

2.90

14.60

4.54

963

10.45

2.54

15.15

3.95

13.45

3.37

965

8.95

3.06

14.20

2.20

12.25

2.40

Ave

11.86

3.06

16.09

3.76

15.64

3.38

10
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Table IV,3Jb.

Long Term G •
o

Hours in Ham i s F-I0 after FL exposure
Donor

o

Control
SCE

SD

24

SCE

SD

96

72

SCE

SD

SCE

SD

SCE

SD

984

13.05 2.89 17.65 2.25 16.40 5.13 17.75 3.24 17.40 2.71

985

Payne

12.80 3.47 17.75 4.21 16.35 4.19 14.80 1.85 17.60 3.47
*13
*7
9.97 2.66 16.00 4.18 16.35 3.64 15.85 4.25 21.00 3.69
*16
11.35 2.13 15.44 4.22 14.95 4.65 17.25 4.72 19.80 5.24

Ave

11.78 2.79 16.71 3.72 16.01 4.40 16.41 3.52 18.95 3.78

983

Table IV, 32a.

42 hour or 60 hour illumination.

42 hours
Donor

Control
SCE

253
247
274

SD

WFL

SCE

SD

60 hours
DFL

SCE

WFL

DFL

SD

SCE
SD
SCE
SD
*12
*14
13.50 4.02 38.65 9.17 36.40 5.92 19.50 4.05 22.29 5.20
*10
9.30 2.34 29.10 6.21 29.20 6.17 17.75 4.61 16.45 3.34

251

9.95 2.03 27.15 8.37 41.0510.82 23.00 6.49 19.75 4.60
*17
*14
9.00 3.27 30.15 6.57 32.17 9.08 19.40 5.54 16.72 4.58

Ave

10.44 2.92 31.26 7.58 34.71 7.80 19.91 5.17 18.80 4.43
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Table IV, 32b.

FL at 29.5 hours and prior to addition of BrdUrd.

Control

Donor

DFL

WFL

SCE

SD

SCE

SD

SCE

SD

495

11.15

2.58

13.85

2.49

13.00

3.02

496

13.55

3.92

14.30

3.70

15.50

3.28

497

12.65

2.75

12.55

3.28

14.85

4.19

500

12.45

3.17

13.95

3.44

15.80

4.08

501

13.85

3.45

11. 75

2.29

11.05

2.72

Ave

12.73

3.17

13.28

3.04

14.04

3.46

Table IV, 32c.

FL at 44 hours and prior to addition of BrdUrd.

Donor

Control

WFL

SCE

SD

SCE

SD

455

11.80

3.73

12.15

3.11

454

11.95

3.41

13.90

3.44

457

9.10

2.02

9.05

2.85

458

13.40

4.50

13.40

3.45

461

13.10

3.44

11.30

3.16

Ave

11. 87

3.42

11.96

3.20
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Table IV, 33a.

UV light exposure in G and after 40 hours and
o

prior to addition of BrdUrd.

Donor

Control

40 hours

G

0

SCE

SD

SCE

SD

SCE

SD

259

11.25

3.31

17.80

4.94

14.70

2.40

256

11.00

4.01

19.55

3.99

14.85

3.26

260

13.10

3.62

13.70

3.07

17.40

4.78

258

12.00

3.98

14.15

3.49

23.60

6.36

Ave

11. 84

3.73

16.30

3.87

17.64

4.29

Table IV,33b.

UV light exposure after 42 and 60 hours in culture

(BrdUrd substituted DNA) .

Donor

Control

42 hours

60 hours

SCE

SD

SCE

SD

SCE

SD

185

12.25

3.14

*11
18.27

3.71

16.20

6.27

187

9.55

2.21

13.50

3.33

16.50

2.83

184

12.25

2.55

36.20

19.30

9.90

186

11.55

2.52

25.50

11.06

27.95
*13
19.62

Ave

11.40

2.61

23.37 , 9.35

20.07

6.54

7.14
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Table IV, 34a.

OVA light exposure in G or after 40 hours and
o

before addition of BrdUrd.

Donor

:

Control

40 hours

G

0

SCE

SD

SCE

SD

SCE

SD

259

11.25

3.31

11.30

2.86

12.80

3.22

256

11.00

4.01

10.70

3.04

10.60

2.81

260

13.10

3.62

12.30

4.01

4.01

258

12.00

3.98

10.25

2.54

12.30
*16
12.31

Ave

11. 84

3.73

11.14

3.11

12.00

3.31

Table ,IV,34b.

OVA light exposure

aft~r

3.21

42 and 60 hours in culture

(BrdUrd substituted DNA) .

Donor

42 hours

Control
SCE

60 hours

SD

SCE

SD

SCE

SD

3.25

12.65

2.34

185

12.25

3.14

*14
13.85

187

9.55

2.21

14.80

2.64

10.45

2.66

184

12.25

2.55

16.25

3.01

18.05

4.21

186

11.55

2.52

13.70

2.20

15.85

4.88

Ave

11.40

2.61

14.65

3.28

14.25

3.52
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Note:

Sanples from the sane donor were used to determine the effect

of UV and UVA light on G and replicating lymphocytes prior to
o
BrdUrd treabnent.

The variance ratio for this was F

= 5.24

(4,12 df)

p<{)'05.

Likewise sanples from the sane donor were used to investigate
the effect of UV and UVA light on replicating lymphocytes pretreated
with BrdUrd.
p< 0.01.

The variance ratio for this was F

= 18.71 (4,12 df)
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3

Table IV, 35.

H-Urd dose response.

kBq.ml- 1 3H- Urd

Donor

Control

0.037

3.700

0.370

SCE

SO

SCE

so

SCE

SD

SCE

SD

10.00

3.21

9.65

4.43

10.70

4.24

10.90

2.81

Cornelius 12.00

2.71

12.65

3.45

12.05

3.63

16.35

4.46

Gibson

11.05

3.29

11.15

3.95

11.50

4.96

16.40

3.28

328

10.85

3.81

10.55

3.60

10.25

2.97

13.75

4.61

549

14.85

4.67

13.35

3.64

14.05

4.18

14.45

6.55

AVe

11. 75

3.54

11.47

3.81

11.71

3.87

14.37

4.34

895

Table IV, 36 .

Donor

3H- Urd in G .
o

Control

4 hours

24 hours

SCE

SO

SCE

so

SCE

SD

969

11.05

4.24

14.20

2.33

13.05

3.91

970

9.70

3.32

12.55

3.31

14.15

5.45

971

9.55

2.66

13.00

4.66

17.30

4.47

972

16.30

4.29

16.85

5.01

16.90

3.09

527

12.60

3.52

12.15

3.18

15.30

3.33

528

11.05

3.00

10.70

3.76

11.50

2.26

530

9.45

2.19

16.15

3.69

9.55

2.35

488

12.90

3.36

10.00

3.34

12.45

3.99

Ave

11. 58

3.32

13.20

3.66

13.78

3.60
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Table IV,37.

Donor

3

H-Urd 31-35 hour pulse.

Control
SCE

SD

+ BrdUrd

- BrdUrd

SCE

SD

SCE

SD

379

11.25

2.89

14.80

2.81

18.55

4.11

376

12.40

3.34

14.05

3.53

10.30

3.61

378

9.45

3.45

13.35

3.07

8.55

2.52

377

10.40

3.10

10.85

2.98

9.85

2.63

Ave

10.88

3.20

13.26

3.10

11.81

3.22

Table IV, 38.

Donor

3H- Urd in S2 and G .
2

Control

G
2

S2

SCE

SD

SCE

SD

SCE

SD

923

9.85

2.86

9.25

2.63

9.75

3.80

921

10.15

3.46

10.70

3.50

8.75

3.02

213

12.95

3.07

13.55

3.10

12.70

3.81

924

8.30

3.59

8.45

3.41

8.55

2.39

Ave

10.31

3.25

10.49

3.46

9.94

3.26
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Table IV 139.

Donor

CUl ture Vessels.

Glass McCartney bottles

T30 Falcoln flasks

SCE

SD

SCE

SD

416

9.45

2.87

10.55

3.01

417

13.05

3.61

11.90

4.15

419

11.00

2.96

12.15

3.37

Ave

11.17

3.15

11.53

3.51

Table IV I 40a.

Donor

X irradiation in Go.

Control

2.0 Gy

4.0 Gy

SCE

SD

SCE

SD

SCE

SD

76

8.35

2.71

9.60

3.05

10.45

2.94

77

10.05

3.39

13.75

3.52

10.95

2.98

Cox

9.40

2.94

11.95

3.20

10.65

3.96

126

10.00

2.44

10.30

2.43

11.00

3.14

127

10.90

3.71

10.20

2.82

10.80

2.33

128

10.50

2.72

10.80

2.60

10.45

3.11

Ave

9.87

2.99

11.10

2.94

10.72

3.08
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Table IV,40b.

Donor

X irradiation at 42 hours (10 )Jg.ml~l BrdUrd).

Control

LO Gy

2.0 Gy

SCE

SD

SCE

SD

SCE

SD

113

9.30

3.27

13.55

3.64

16.65

3.63

III

8.10

2.24

16.40

4.81

17.40

4.50

WFM

10.45

2.62

12.30

3.55

13.60

3.16

393

lL55

2.28

16.95

3.41

19.70

6.35

365

12.05

4.29

15.75

3.40

19.20

3.00

364

10.45

2.98

14.75

3.27

16.00

2.77

395

12.70

4.02

15.20

4.53

16.20

3.50

Ave

10.66

3.10

14.99

3.80

16.96

3.84

Table IV, 40c.

Donor

X irradiation at 60 hours (10 )Jg .ml-

Control

LO Gy

1

BrdUrd) .

2.0 Gy

SCE

SD

SCE

SD

SCE

SD

667

lLOO

2.63

13.75

2.64

14.75

3.12

662

9.55

2.21

lL80

3.13

13.55

3.69

463

8.95

2.01

12.10

2.79

12.55

2.48

866

10.45

2.30

13.00

3.47

16 •.15

3.15

Ave

9.99

2.29

12.66

3.01

14.25

3.11
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Table IV, 40d.

x

irradiation in G (68. 5 hours) .
2

Control

Donor

SCE

Table IV ,41a.

G
2

SO

SCE

SO

4.12

508

12.60

3.11

*14
13.36

509

10.55

2.35

11.00

2.61

510

13.35

3.19

12.30

3.06

Ave

12.17

2.88

12.22

3.26

X irradiation at 42 hours and prior to addition

of BrdUrd.

Donor

Control

LOGy

2.0 Gy

SCE

SO

SCE

SO

SCE

SO

263

11. 75

3.09

13.75

2.80

15.80

3.87

265

13.50

3.33

15.25

4.68

14.80

3.10

269

14.20

5.38

15.10

4.64

16.35

3.39

883

12.55

4.07

12.45

4.19

14.75

4.87

882

11.30

3.02

15.15

4.46

14.25

3.90

881

13.15

4.00

16.50

4.33

14.55

3.30

Ave

12.74

3.82

14.70

4.18

15.08

3.74

194

Table IV,4lb.

X-ray holding experiment.

Donor

BrdUrd
i.rmediately

Control
SeE

SD

SCE

SD

5 Hours Ham's F-IO
then BrdUrd
SeE

SD

861

7.90

2.12

10.90

2.83

8.00

2.17

862

8.15

2.62

9.90

3.54

7.60

1.66

863

7.80

2.50

8.90

1.94

8.15

2.25

865

7.10

2.46

8.95

2.25

8.30

2.22

Ave

7.74

2.43

9.66

2.64

8.01

2.08

Table IV,42a.

0.5 Gy X irradiation at 42 hours (10.00 j1g.ml-

BrdUrd) •

Donor

Control

0.5 Gy

SCE

SD

SCE

SD

113

9.30

3.27

9.60

2.39

III

8.10

2.24

12.25

3.30

WFM

10.45

2.62

9.60

2.45

668

10.35

3.37

9.35

2.27

664

13.35

3.58

12.95

2.96

866

10.45

2.30

10.75

3.25

Ave

10.33

2.90

10.75

2.77

1

195

Table IV,42b.

0.5 Gy X irradiation at 42 hours (50.00 )lg.rnl

-1

BrdUrd) .

Control

Donor

Table IV,42c.

Donor

0.5 Gy

SCE

so

SCE

SO

250

18.45

3.45

21.40

4.99

274

16.45

2.78

18.25

2.65

278

18.35

3.52

17 .40

2.54

668

20.50

3.74

22.05

7.45

664

19.65

3.34

18.05

4.39

Ave

18.68

3.37

19.43

4.40

X irradiation at 42 hours (50.00 )lg.rnl

Control

1.0 Gy

-1

BrdUrd).

2.0 Gy

SCE

SO

SCE

so

SCE

SO

393

19.60

3.33

24.00

5.36

24.70

5.91

395

19.35

3.58

4.28

15.90

5.22

3.73

18.15
*6
27.60

3.12

365

18.70
*12
27.40

4.03

364

16.70

5.10

19.10

3.47

20.45

3.77

Ave

17.89

4.31

22.30

4.21

22.73

4.21

196

Table IV, 42d.

Donor

X irradiation at 60 hours (50.00 ].lg .ml-

Control

1.0 Gy

1

BrdUrd) •

2.0 Gy

SCE

SO

SCE

so

SCE

SO

667

16.20

4.06

18.10

4.35

21.90

6.02

662

14.75

3.15

16.60

3.01

18.55

3.31

463

16.75

3.30

18.25

3.36

25.20

4.17

866

22.40

5.62

20.35

5.36

29.55

4.03

Ave

17.53

4.03

18.33

4.02

23.80

4.38

*9
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The production of metaphase arrest in dividing cell populations by colchicine
and its analogue colcemid is well documented [3] despite precise knowledge of
the biochemical mechanisms involved. The antineoplastic alkaloids, vincristine
and vinblastine, derived from the periwinkle plant (Vinca rosea Linn.), resemble colchicine in that they also causes metaphase arrest [4,5]. Like colchicine
the Vinca alkaloids do not appear to inhibit the onset of mitosis but inhibit
mitotic spindle formation to halt the dividing cell at metaphase.
Since there are conflicting reports on the induction of sister-chromatid
exchanges (SCEs) by these spindle poisons [2,13,16,18], we have studied the
effect of vincristine ( a dimeric indole-indoline) and colcemid (demecolcine;
desacetyl-methylcolchicine) on the rate of SCE in chromosomes from cultured
human lymphocytes.
Defibrinated gelatine sedimented blood from normal healthy persons was
cultured for 72 h in Ham's F-10 medium. 5-Bromo-deoxyuridine (BrdU) was
added after 24 h at a final concentration of 10 pg/ml and all cultures maintained in the dark to avoid photolysis of the BrdU substituted DNA [11]. Cultures were harvested as previously described [14]. Differential chromatid staining was produced by the method of Perry and Wolff [15].
Vincristine (vincristine sulfate, Lilly) was added for the final 24 h of culture
at concentrations of 0.05, 0.5 and 1.0 pg/ml. When longer incubation times
were investigated no differentially stained metaphases were found. Colc mid
(Ciba Laboratories) was added at concentrations of 0.01 and 0.05 pg/ml 24 h
after culture initiation and cultures harvested 48 h later. Higher doses of both
colcemid and vincristine led to a marked reduction of the number of second
division metaphases.
There was no difference in the incidence of SCE between the control and
treated cultures (p > 0.05) with either vincristine or colc mid (Table 1 and 2) .
Published reports of SC~ induction by vincristine are confusing. A highly

TABLE 1
THE INCIDENCE OF SCEs IN LYMPHOCYTE CHROMOSOMES EXPOSED TO 0.05, 0 .50 and 1.00
}Jg/ml VINCRISTINE FOR THE FINAL 24 h OF CULTURE
Don o r

Concentration of vincristine (}Jg/ml)
0 .00

2
3
4
5
6

1.00

0 .50

0.05

SCE

±SD

SCE

±SD

12.05
9.40
11.80
9.50
9 .30
9.55

4.75
2 .23
2.95
2.88
2.83
2.84

11.50
10.85
11.75
9 .20
10.60
9.05

2.26
2.35
3.06
2.61
2.75
2.87

SCE

±SD

SCE

±SD

14.00
1.50
12.40
9.30
9.05
9 .50

4.90
2.35
3 .32
2.92
2 .01
2 .37

10.80
11.70
11.45
8 .95
8.95
10.45

3 .16
3.99
3.84
2 .50
3.28
3.30

~

significant increase in SCE was reported in human lymphocytes treated for the
final 19 h of culture with the same concentration (0.05 Jig/ml) as used in this
study [16] while treatment with 10 - 7 mg/ml did not convincingly demonstrate
an increase in SCE [13]. A small increase in SCE was also observed in the
cloned hamster cell line A(TI)C 1-3 following exposure to vincristine at 0.05
or 0.10 Jig/ml [2]. In contrast, Stoll et al. [18] found a significant decrease in
the numbers of SCE in human lymphocyte chromosomes treated with vincristine concentrations of 1.25-5.0 Jig/ml. The range of SCE per cell was
decreased and chromosomes with more than two exchanges were absent or very
rare. In our experiments vincristine caused neit her an increase nor decrease and
these conflicting results are difficult to explain.
There is evidence that vincristine can only enter a cell between prophase and
metaphase [1,9] and once in a cell causes irreversible arrest of cell reproduction
at metaphase [4,8,9]. Since SCE formation requires a cell to pass through a
subsequent DNA synthesis (S) period following initial damage [20], it is unlikely that vincristine is capable of inducing a DNA lesion that would result in a
SCE at mitosis.

TABLE 2
THE INCIDENCE OF SCEs IN LYMPHOCYTE CHROMOSOMES EXPOSED TO 0 .01 and 0.05 }Jg/ml
COLCEMID FOR 48 h
Donor

Concentration of colcemid (}Jg/ml)
0 .00

7
8
9
10

0.05

0.01

SCE

±SD

SCE

±SD

SCE

±SD

9.50
12.90
9 .60
9 .35

2.87
2.60
2.91
2.50

8 .15
12.65
11.70
10.00

2 .91
4 .64
3 .70
2 .31

11.30
11.45
10.75
9 .60

2.54
3.72
3.13
2 .61

Colchicine and colcemid block cell division by affecting the mitotic spindle
[12]. In addition, colcemid can prevent the onset of DNA synthesis, reduce the
rate of synthesis of cells already in S phase and inhibit the progress of cells
through G 2 [6,10]. Despite its ability to interfere with DNA synthesis, colcemid did not increase SCE in our lymphocyte cultures. The same results have
been reported by Geard and Peadock [7] and Sparvoli and Gay [1 7] using
Vicia faba ~nd Haplopappus gracilis respectively.
On the other hand there is evidence that colchicine can affect SCE formation. Taylor [19] treated Bellevalia romana root tips with colchicine 2 h prior
to the addition of H 3 -Tdr necessary for autoradiographic detection of SCEs. He
observed that the frequency of exchanges occurring in the first interphase (twin
exchanges) and second interphases (single exchanges) was the same in seconddivision metaphases. But when the colchicine was applied only during the
second interphase, the number of twin exchanges was 5 times greater than the
number of single exchanges. The significant of Taylors observation [19] is at
present unclear.
The primary effect of both vincristine and colcemid appears to be metaphase
arrest by interference with, or inhibition of, mitotic spindle formation, with
little interaction with DNA. Our data indicates that neither of these m itotic
spindle inhibitors increase the number of SCE in human lymphocytes.
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Summary
The incidence of Sister-Chromatid Exchanges (SCEs) due to ~-radiation was
investigated in cultured human lymphocytes using the BrdU/Giemsa technique.
Cultures treated continuously with 0.001 and 0.01 pCi of [3H ] uridine showed
no increase in either chromosome abnormalities or SCEs. Continuous treatment
with 0.1 pCi resulted in a significant increase in chromosome aberrations but
no increase in SCEs, while treatment with 0.2 pCi gave both an increase in
chromosome aberrations and SCEs. Cultures given a 4-h pulse with 1.0 pCi
showed a significant increase in both SCEs and chromosome aberrations. The
results indicate that low levels of ~-radiation do not cause an increase in SCEs
in human lymphocytes, and, that a number, if not all the exchanges observed at
low levels of ~-radiation with autoradiography, may be spontaneous events.
Since Taylor's [14] initial demonstration of sister-chromatid exchanges there
has been considerable controversy as to whether the exchanges were spontaneous events or due to the endogenous ~-radiation from the incorporated tritium
necessary for their detection. Marin and Prescott [10] and Geard and Peacock
[5] both found that the· yield of exchanges was independent of the dose of tritium, whereas Wolff [16] postulated that there is a maximum number of sites
available for exchange, and that the lowest levels of [3H]thymidine used by
Marin and Prescott [10] would saturate these sites. Later studies suggested that
the majority, if not all the exchanges, were caused by the incorporated tritium
[2,6,8] and it has become generally accepted that ~-radiation from incorporated tritium can cause an increase in SCE.
Autoradiography has the disadvantages that it lacks preci~ion, and, during
the long exposures necessary at low levels of isotope incorporation, the emulsion loses its sensitivity and there is latent image fade. These disadvantages have
been overcome with the introduction of the BrdU/fluorescence/Giemsa tech-

TABLE 1
INCIDENCE OF SCEs AND METAPHAS E S WITH E ITH E R CHRO M OSOME OR CHROMATID A BE RRATIONS IN CULTUR ES TR E ATED WITH 0 .001 AND 0.01 /JCi / ml [3H] URIDINE FOR 48 h
Donor

1
2

3
4

5
6

Control

0.001 /JCi /ml

O.Ol/JCi / ml

SCE

% Ab errant
metaph ases

SCE

% A b errant
m e taphases

SCE

% Ab errant
metaphases

13.95
10.30
10.00
12.00
11.05
10.85

4
2
2
0
0

12.95
9.18
9.65
12.65
11.15
10.55

6
1
1
1
3
1

13.33
9.88
10.70
12.05
11 . 50
10. 25

2
4
3
5
0
1

TABLE 2
INCIDENCE OF SCEs AND METAPHASES WITH EITH E R CHROMOSOME OR C HROMATID A BE RRATIONS IN CULTURES TREATED CONTINUOUSLY WI TH 0 .1 OR 0.2 /JCi/ml [3H] URIDINE FOR
48 h
Donor 7 was omitted from the statistical analysis.
Donor

7

8
9
10
11
12

Control

0.2/JCi / ml

0.1 /JCi/ml

SCE

% Ab errant
metaphases

SCE

% Ab e rrant
metaphas es

13.80
13.75
9.85
9.90
8.20
9.20

4
8
6
4
8
4

14.50
15. 50
10.70
11.40
14.80
14.45

32
42
38
22
22
32

SCE

_ a
16.2 0
17.12
17.11 b
13.35 c
14.30

% Aberrant
metaphases

64
46
44
50
30
36

a No 2nd divisions.
b 9 cells counted.
c 8 cells counted.

TABLE 3
INCID E NCE OF SCEs AND CHROMOSOME ABERRATIONS IN CULTURES GIVEN A 4-h PULSE OF
[3H] URIDIN E
Donor

Control
SCE

0.1 /JCi / ml
% Aberrant

SCE

% Ab e rrant
metaphases

11.8
14.05
18.55
14.75
15.55
14.60

42
22
38
48
66
38

metaphases
13
14
15
16
17
18

8.75
8 .00
11.25
8.55
8 .05
9.05

0
6
6
4
0
2

niques [9,11] which provide far more precise determination of SCEs. We now
report on the use of the BrdU/Giemsa technique to study the incidence of
SeEs due to ~-radiation.
Materials and methods
Human peripheral blood samples were used throughout the study. The blood
samples were defibrinated, sedimented in 3% gelatine and the leucocyte-rich
serum cultured in Ham's FlO medium containing phytohaemagglutinin
(Burroughs Wellcome) for 72 h. Bromodeoxyuridine (BrdU) was ~dded to all
cultures at a final concentration of 10 Ilg/ml after 24 h and light was excluded
from the cultures to avoid photolysis of the BrdU substituted DNA [7]. Aqua
Colchin (Parke Davis) was added 4 h prior to harvest and cultures harvested as
previously described [4].
Previous studies of the effects of ~-radiation on SCE used [3H] thymidine as
the source of ~-radiation. However, both BrdU and [3H]thymidine are incorporated into DNA via the same pathway, and therefore likely to compete, leading to poor differential staining and low labelling. For this reason we used
[3H]uridine (Radiochemical Centre, Amersham, spec. act. 26.3 Ci/mmol) as
our source of .a-radiation. Although not incorporated into chromosomal DNA,
[3H] uridine is readily incorporated into RNA and is an efficient inducer of
chromosomal aberrations [1].
Two experiments were carried out. In the first [3H]uridine was added to a
series of cultures at varying concentrations at the same time as the BrdU and
remained in the cultures for the remaining 48 h. In the second, a series of cultures were pulsed with [3H]uridine at 24 h at a concentration of l.0 IlCi/ml. At
the end of the 4-h labelling period the cultures were washed twice in normal
saline and reincubated in fresh medium.
Slides from the control and eH] uridine labelled preparations were treated
for sister-chromatid differential staining by the FPG technique of Perry and
Wolff [11], coded and "scored blind" for the incidence of SCE. 20 well spread
metaphases showing distinct differential staining were scored for each treatment. The incidence of chromosome- and chromatid-type aberrations was
determined in 50 well spread metaphases. These included 1st, 2nd and 3rd division metaphases. Chromosome aberrations included rings, dicentrics and
acentric fragments while chromatid aberrations included gaps, breaks and
exchanges. [3H] Uridine can cause both chromosome and chromatid aberrations
and metaphases were classified as abnormal if they showed either type of aberration.
Results
Table 1 shows that there is no increase in the incidence of either sister-chromatid exchanges or chromosome aberrations in cultures exposed continuously
to [3H]uridine at doses of 0.001 and 0.01 IlCi.
The incidence of SCEs and chromosome abnormalities in cultures treated
continuously with doses of 0.1 and 0.2 IlCi/ml are summarised in Table 2.
There was a dramatic increase in the number of metaphases with either chro-

mosome or chromatid aberrations at both doses and a marked reduction in the
number of 2nd divisions in cultures treated with 0.2 ,uCi. A two-way analysis of
variance of the incidence of SCEs indicated that there was a significant difference between groups in the numbers of SCEs (p < 0.01) and an analysis using
Scheffe's test showed a significant difference between the control and cultures
treated with 0.2 ,uCi/ml (p < 0.01).
Data from the cultures pulse-labelled with [3H]uridine for 4 h at a dose of
1.0 ,uCi/ml are shown in Table 3. All 6 donors showed a significant increase in
both SCEs and chromosome aberrations (t = 9.1 5df p < 0.001). At concentrations of 2 ,uCi/ml there was considerable cell death and insufficient metaphases
for cytogenetic analysis.
Discussion
Our results clearly show that there is no increase in SCEs in human lymphocytes exposed to ~-radiation from [3H]uridine at levels between 0.001 and 0.01
,uCL An increase in SCEs due to ~-radiation from incorporated [3H] thymidine
at levels of 0.003-0 .01 ,uCi has been shown in Pt-KI and CHO cells [6,8].
However, in both these studies autoradiography was used to detect the
exchanges, and all cells studied had incorporated tritium, whereas we were able
to compare the exchange rate in cells that had incorporated tritium wi th those
that had not. Furthermore, autoradiography lacks precision as evidenced by
reports of apparent isolabelling, which in fact is an artefact due to image spread
[17] .

We used [3H]uridine as our source of ~-radiation and this may explain the
differing results. [3H] Uridine is not incorporated into chromosomal DN A, but
into RNA and might be expected to be less efficient in inducing SCE. However,
Bender et al. [1] have shown that [3H]uridine is an extremely efficient inducer
of chromosome aberrations in cultured human lymphocytes, and we also found
a significant number of both chromosome and chromatid aberrations indicating
that the ~-radiation from the incorporated [3H]uridine can cause chromosomal
damage. It is not clear from the data of Gibson and Prescott [6] or Kato [8]
whether they found an increase in chromosome aberrations in their cultures
exposed to [3H]thymidine.
Wolff has postulated that a chromosome has a maximum number of sites
available for exchanges to occur, and that these are saturated at low levels of
incorporated tritium [16]. There is evidence to support this hypothesis [6,8]
and our results from subjects 8, 11 and 12 also suggest that saturation occurs.
However, higher doses of radiation led to cell death and we were not able to
obtain the dramatic increase in SCEs that can be obtained with agents such as
mitocymin C. It is possible that the observed saturation is due to cell death
occurring at higher doses, and not to a limitation on the number of available
exchanges sites. Moreover, the results of chemical induction of SCEs indicate
that there are virtually unlimited sites on a chromosome available for exchanges
[9] .
The majority of experimental studies demonstrate that radiation is a poor
inducer of SCEs. Human lymphocytes exposed to 150 rad of 'Y-radiation in G 1
show a small but significant increase in SCEs and a slight increase when

exposed to 200 rad of X-rays in S2 [13]. In addition a dose-respons between
X-rays and SCEs has been reported in Chinese hamster cells exposed in G 1 or S
[12]. It is noteworthy that in these two reports the increase in SCEs was minimal when compared with the incidence of chromosome and chromatid aberrations. Our data supports these results in that we did not find an increase in
SCEs until there was considerable chromosome damage. In some respects it is
not surprising that radiation is a poor inducer of SCEs because the majority of
single- and double-strand breaks caused by radiation are repaired within 30 min
[3] .
Our failure to find an increase in SCEs at low levels of {3-radiation implies
that a number, if not all the exchanges observed with autoradiography at low
levels of {3-radiation, 'are spontaneous events. The stability of SCEs at low levels
of incorporation led Tice et al. [15] to postulate also the existence of spontaneous SCEs in vivo. Ii' SCEs can occur spontaneously as it appears t hey can,
their biological significance is as yet unexplained.
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ABSTRACT
Sister chromatid exchange (SCE) frequency was not increased in

Go lymphocytes following irradiation up to 400 rads.

Lymphocytes

irradiated after 42 or 60 hours of culture showed a dose dependent increase
in exchange frequency at 100 and 200 rads.

SCE was not

increase~

in cells

irradiated in G (68.5 hours).
2
lymphocytes maintained in a 5 Bromodeoxyuridine (BrdUrd) free
medium and irradiated 42 hours after culture initiation showed an increase
in SCE if BrdUrd was added immediately after irradiation, but no increase
-~as

found if there was a 5 hour holding period prior to the addition of

BrdUrd.
The effect on induced SCE frequency of heightened radiosensitivity
due to increased amounts of BrdUrd was also investigated.
BrdUrd concentration was increased from 10

~g/ml

increase in X-ray induced SCE was lower at 50

to 50

~g/ml.

When the

~g/ml

the percent

In addition,

increased BrdUrd concentration only slightly increased the sensitivity
~f

the SCE technique to irradiation doses of 50 rads.

KEY WORDS
X irradiation
~

Sister chromatid exchange (SCE)

5 Bromodeoxyuridine (BrdUrd)
lymphocyte chromosomes

INTRODUCTION
Analysis of SCE shows promise as a sensitive and rel iable" assay
for genetic damage (1).

Although neither the mechanism nor. the genetic

significance of SCE is known, a wide variety of chemical and physical
agents can induce SeEs.
The effects of X irradiation on SCE are of particular interest.
Although X-rays are efficient inducers of chromosome aberrations, they
are comparatively inefficient inducers of SCEs.

Small increases in

SCE have been found following X irradiation of Chinese Hamster cells

(2, 3, q), mice in vitro (5) and in vivo (6), HeLa cells (7), and
lymphocytes from normal humans (8) and from ataxia telangiectasia
patients (9).

These reports indicated that the time of irradiation is

important in determining SCE frequency.

This study examines the effect

of X-rays on the incidence of SCEs in cultured human lymphocytes
irradiated at different times after culture initiation.
Since incorporation of BrdUrd into DNA enhances its sensitivity
to damage by X-rays (10) the effect of an increased dose of BrdUrd on
irradiation induced SCE was also

investigat~d.

MATERIALS AND METHODS
Peripheral blood samples were defibrinated, sedimented in

3% gelatine and the lymphocyte rich serum cultured in T30 Falcon flasks
containing Hams F-10 medium and phytohaemagglutinin (25
Wellcome).

~l/ml

Burroughs

BrdUrd was added at final concentrations of either 10. or

50 ~g/ml of culture medium ~8 hours prior to harvest unless otherwise

indicated.

All cultures were maintained in the dark to avoid photolysis

of BrdUrd substituted DNA (11).

Colcemid (Ciba Laboratories) was added

for the last 4 hours of culture at a final
of medium.

concentr~tion

of 0.1

~g/ml

The cells were treated for 15 minutes in 0.075 KCI, fixed

in 3 changes of chilled acetic acid:

methanol (1 :3), and slides made

by the blaze drying technique of Scherz (12).

Differential staining of

chromatids was produced by the F.P.G. method of Perry and Wolff (13)
slightly modified.
Cultures were irradiated with X-rays produced by a Phillips
RT 100 X-ray machine (100 KV;

8mA;· using a

O.~mm

copper filter).

all experiments, each donor served as its ·own control.

In

Slides from

treatmentsand controls were coded and'scored "blind" for the incidence
of SeEs.

Twenty well spread metaphases that showed distinct differential

staining of sister chromatids from each

s~bject

at each treatment were

scored.
Increased irradiation dose was accompanied by increased numbers of
chromosome aberrations.

No attempt was made to document the number or

the nature of these aberrations, but second division metaphases with
gross chromosomal aberrations were excluded from SCE analysis because of
difficulty in accurate scoring.
A two-way analysis of variance was used to determine whether or
not the SCE frequency of X-ray treated cultures was significantly different
from the controls.

RESULTS
~OO

Table 1 shows that X-ray exposure up to

rads immediately after

culture initiation (GO; Fig lA) ~id ndt alter the incidence of SCEs over
control cells.

Cells cultured in 10 Vg/ml BrdUrd and irradiated at

either 42 hours (Fig. lB) or 60 hours (Fig. lC) showed an X-ray dose
dependent increase in the frequency of SCE (Table 1).

When cells were

irradiated 3.5 hours prior to harvest and 1 hour prior to addition of
colcemid (G ; Fig. 10), no increase in the number of exchanges was
2
found (Table 1).

Cellular viability was markedly

doses above 100 rads in G lymphocytes;
2

d~creased

at irradiation

whereas 'viability figures for

irradiation at other stages of the eel) cycle (excluding GO) did not
drop markedly until doses above 200 rads were used.
When cells cultured without BrdUrd were irradiated with 100 and

200 rads 42 hours after culture initiation, .and BrdUrd added immediately
for a further 2 cell cycles (Fig. lE), a significant increase in
exchange frequency was observed (Table II).

In a similar experiment,

duplicate sets of cultures were irradiated at
immediat~ly

~2

hours, BrdUrd was added

after irradiation to one set of cultures while the other

was held for a further 5 hours before BrdUrd was added (Fig. IF).
cultures were harvested after 96 hours.

All

As expected from the previous

experiment those cultures which received BrdUrd immediately showed a
significant increase in SCEs (p < 0.01) but the cultures held in a
BrdUrd free medium for 5 hours post irradiation did not show an increase
(Table 11).
Two experiments investigated whether an increased concentration of
BrdUrd in the· culture medium increased the incidence of X-ray induced
SeE.

First, cells cultured in 10 or 50 Vg/ml BrdUrd and irradiated at

42 hours (Fig. 1B) showed an X-ray dose dependent increase in the
frequency of SCE (Table 111).

At this time

th~

majority of cells that

would be second division metaphases at 72 hours were presumably in the
first of their two DNA synthesis (S) periods

(l~).

As expected,

increasing the BrdUrd concentration increased the SCE rate.

However,
~g/ml

the percent increase in X-ray induced SCEs over the control at 50
BrdUrd was lower than at 10 ~g/ml BrdUrd.

Likewise, cells irradipted

at 60 hours, that is 12 hours prior to harvest (second S phase;

Fig. lC),

showed an increase in SCE rate as X-ray dosage increased (Table 111), and
once again the percent increase in SCE was lower at 50
at 10

~g/ml

~g/ml

BrdUrd than

BrdUrd.

Secondly, the effect of very low doses of X-rays (50 rads)
administered

~2

hours after culture initiation (Fig. IB) were evaluated

in cells grown in 10 and 50

~g/ml

BrdUrd.

There was only a slight but

not statistically significant increase in SeE
cultures over control (Table 111).

fr~quency

in treated

DISCUSSION
Our results show that both the time of irradiation and the time
of addition of BrdUrd are important in assessing X-ray induced SCE in
cultured human lymphocytes.
No increase in SCE was observed when GO lymphocytes were exposed
to 200 or 400 rads X irradiation (Table 1).

This result confirms

Galloway's (9) observation and the data obtained following 60 co
irradiation of GO cells (15).
finding may be considered.

y

Two possible explanations for this

First, the damage induced by X irradiation

is repaired in GO lymphocytes (16, 17).

Consequently lesions that result

\

in SCEs are repaired prior to DNA synthesis, and therefore will not give
rise to an exchange in S.

Second, ionizing radiation may not produce

the type of long lived lesions in GO DNA that would lead to the
formation of SCE (18).

Whatever the explanation, the failure to find

SCE after treatment of GO cells makes SCE analysis of little use for the
detection of genetic damage following in vivo exposure to ionizing
radiation.
On the other hand, cells grown in culture medium containing BrdUrd
and X irradiated at 100 or 200 rads, showed increased levels of SCE.
Cells irradiated in the second S phase (60 hours) had less induced
exchanges than those irradiated in the first S phase (42 hours) (see
percent increases, Table 111).

This is hardly surprising because some

parts of the chromosome may have already completed replication before
irradiation at 60 hours, and SCE formation requires subsequent passage
through S (Ii, 19).

Consistent with this is the failure to find increased

SCE in cells irradiated in G , a result also found by Perry and Evans
2
(2) and Solomon and Bobrow (20).

When replicating cells were irradiated

at 42°hours, immediately given BrdUrd and cultured for a further 54 hours,
there was a significant increase in SCE.

However, if cells were held in Hams

F-l(~

medium for 5 hours after

irradiation, then cultured for 2 cell cycles in BrdUrd the exchange
rate "was not increased.

Similar

resu~ts

from HeLa cells (7) and mouse

lOT 1/2 cells (5, 21) led these authors to suggest that some of the
X-ray induced damage which leads to seE is repaired during post
irradiation holding in a BrdUrd free medium.

Although other forms of

repair may occur, we believe that during the holding or recovery period
the cells continue DNA synthesis, and the damage is repaired in the form
of sister chromatid exchanges.

Because BrdUrd was not available in the

culture medium until after the seE repair had taken place, these exchanges
were not observed in metaphase chromosomes.

When BrdUrd was present,

as in the previous experiments (Figs. lB, le, lE), the same SeE repair
does occur and and after two cell cycles an increase in seE is apparent.
Incorporation of halopyrimidines into DNA sensitizes both plant
and animal cells to chromosome damage by X-rays (10), and also results
in an increase in induced SeEs.

Galloway (9) found that the increase

in radiation induced seE in normal lymphocytes was more obvious in cells
grown with 160

~M

BrdUrd (50

~g/ml)

than with 25

~M

(10

~g/ml)

and

speculated that this might be due to heightened irradiation sensitivity
of the BrdUrd substituted DNA.

We investigated this phenomena by

increasing the BrdUrd concentration available in the culture ffiedium.
The expected effect on baseline seE frequency of increased amounts of
BrdUrd was observed, however we found that the percent increase in
irradiation
induced SCE was lower at 50
,
(Tabl~

to 50

111).
~g/ml

~g/ml

BrdUrd thah 10

~g/ml

BrdUrd

Furthermore, increasing the BrdUrd concentration from 10
only sl ightly increased the sensitivity of the SCE technique

to irradiation doses of 50 rads (Table 111).
Together these results suggest that heightened radiosensitivity due"
to increased BrdUrd incorporation does not lead to an increase in X-ray
induced SeE.

Much of the DNA damage induced by ionizing radiation consists of
single End double strand breaks (22), lesions that are poor
of SCE (18).

i~ducers

This conclusion is supported by investigations with

Bleomycin, which can also induce DNA strand breakage (23, 24) but has
no effect on the incidence of SCEs in cultured human lymphocytes (25).
In addition to strand breakage a number of different kinds of DNA
damage occur after X irradiation, including change or loss of a base,
hydrogen bond breakage between chains, crosslinking within or between
DNA molecules, and crosslinking to protein (26).

Anyone or a combination

of these may be responsible for the increase in SCE following X irradiation.
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The incidence of SCE in lymphocyte chromosomes grown in 10 lJg/m1 of BrdUrd::and

TABLE I.

irradiated at different times after culture initiation.

(NS = not significant).

'.

Time of irradiation
(Hours after culture
initiation)

Fig. 1

' Number
of
Subjects

-..--.

. Average SCE

100 rads

Control

---.

0

A

6

9.87

42

B

7

10.66

.

11.10
14.99

. ---

400 rads

200 rads

- - - .....- r -... ----~-.!--

.

10.72

16.96

NS
p< 0.01

I

!

60

c

4

10.05

12.66

68.5

0

3

12.17

12.22

I

p < 0.01

14.25

NS

i

!

----

,

TABLE I I.

The incidence of SCE in lymphocyte chromosomes irradiated at 42" hours and prior
to the addition of BrdUrd (10

~g/ml).

(NS

= not significant)

,

Fig. 1

Number
of
Subjects
"-

Average SCE
Control

6

12.75

F

4

7.74

F

4

7.74

E

100 rads
14.70

9. 69''fa
8 .01 ,'tb

'';a

irradiation at 42 hours then BrdUrd immediately.

,'tb

irradiation at 42 hours;

200 rads

I

15.10

p

~

0.01

p < 0.05
NS

I
I

5 hours in Hams FlO (47 hours) then BrdUrd added.

TABLE I i I.

The incidence of seE in lymphocyte chromosomes cultured in medium containing different
concentrations of BrdUrd and X irradiated.<
1\

Time of
irradiation
(hours after culture
i nit i at i on) . .
42

I

(NS

= Not Significant).

I

Fig. 1
B

Number
(BrdUrd)!
of
]Jg/ml Subjects
10

42

B <

50

60

C

10

60

C

50

42

B

10

42

B

50.

I
I

i

7

Average SCE
Control

50 rads

10.66

100 rads

%
Increase

200 rads

%
Increase

14.99

41

16.96

59

o( t; "1

/

4

17.89

21 . 16

18

22.75

*

27

P<,o.o;

4

10.05

12.66

26

14.25

42

P<o.",

4

17.50

18.33

5

23.80

36

6

10.33

10.75

5

18.68

19.43

P<O'~f

NS
NS
•
I

fiGURE CAPTION.
Treatment schedule for X irradiation of lymphocyte cultures.

fi g. 1.

A

B

c
D

E

F

o
~

24
BrdUrd

72

48

/

96

X Irradiation

Hours
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FACTORS INFLUENCING SISTER CHROMATID EXCHANGE RATE IN CULTURED
HUMAN LYMPHOCYTES

WILLIAM F. MORGAN AND PETER E. CROSSEN
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Christchurch, New Zealand

Summary:

Factors influencing sister chromatid exchange (SCE) frequency

in human lymphocytes were investigated.

Slides

tr~ated

by the hot P0

4

technique showed a lower SCE rate than those treated by the fluorescence
plus Giemsa (FPG) technique.

Lymphocytes cultured in McCoy's SA culture

medium showed a lower SCE rate than those cultured in TC 199.

c

Neither

of the two batches of serum tested (Gibco batch 092 and human AS) increased
the SCE rate.

Cultures harvested at 48 and 72h showed similar SCE rates.

The mean SCE rate in lymphocytes from 100 subjects was 10.98 with
little significant variation.

The distribution of SCE in individual

cells was judged to differ significantly from normal.

Cells with

increased SCE contributed to the positive skewness of the distribution.
Repeat cultures from 20 subjects were studies over a three year period.
Only three subjects showed significant variation in SCE in successive
cultures.

INTRODUCTION
Since the introduction of the BrdUrd/Giemsa techniques (14, 16)
for the detection of sister chromatid exchanges there have been numerous
studies on SCEls in human chromosomes.

The majority of these studies

have concentrated on either the in vitro effects of chemicals on
lymphocyte chromosomes or on the SCE rate in individuals with chromosome
abnormal ities.

There are however, few comprehensive studies on the base

line SCE frequencies in man - most studies relying on small numbers of
normal subjects to serve as controls.

Reported SCE rates in human

lymphocytes range from 4.02 (17) to 22.2 (12).

Much of the variation

can be attributed to the varying amounts of BrdUrd used and to possible
differences in scoring.

If SCEls are to be used to assess in vivo or

in vitro chromosome damage in human lymphocytes, then accurate
information on baseline levels of SCE in normals as well as the possible
sources of variation are essential.
In this paper we report on factors responsible for some of the
variation in SCE in human lymphocytes and extend our earlier studies
(4,15) on baseline SeE in normal subjects.

MATERIALS AND METHODS
Cu~ture

Technique

Lymphocyte cultures were set up from defibrinated gelatine sedimented
blood samples obtained from normal healthy subjects.

The lymphocyte rich
(

gelatine/serum mixture was cultured in Ham's FlO medium containing
phytohaemagglutinin (Burroughs Wellcome) 12.5

~l/ml.

BrdUrd was added

~g/ml

after 24h and all

to the cultures at a final concentration of 10

cultures were kept in the dark to avoid photolysis of the BrdUrd substituted
DNA (9).

Colcemid (Ciba Laboratories) was added 4h prior to harvest at a

final concentration of O. 1

~g/ml

and slides made by the flame drying

technique of Scherz (19) following hypotonic treatment of 0.075M KCI
and fixation in acetic methanol 1:3.

Twenty cells from each individual

were scored for SCE unless otherwise indicated.
Differential Staining Technique
Slides were treated for sister chromatid differential staining by
either the hot phosphate technique of Korenberg and Freedlender (ll)
or the FPG technique of Perry and Wolff (16).

In the hot phosphate

technique sl ides were incubated in 1.OM Na HP0 (pH8.0} at 90
4
2

0

for 10 min

to lh, rinsed briefly in buffered distilled water and stained for 5 min

in 5% Giemsa (Gurr's R66).

Slides treated by the FPG technique were

si..ained for 15 min in "33258 Hoechst" (100

~g/ml),

exposed to natural

light for 24h, incubated in 0.6M phosphate buffer (Na HP0 /KH P0 ,pH6.8)
2
2 4
4
for 15 min and stained for 5 min in Giemsa (Gurr's R66).
The SCE rate on slides from 100 subjects treated by the hot P0

4

technique were compared with the SCE rate in 100 subjects treated by
the FPG technique.

In a further study, duplicate slides from 12 subjects

were made, and one sl ide treated by the hot P0
by the FPG.
of SCE.

4

technique and the other

All slides were coded and scored "blind" for the incidence

Serum
Three different sources of serum were tested for their effects on
SCE.

Lymphocytes were spun down out of the gelatine serum mixture,

washed twice in normal saline, resuspended in medium and then dispensed'
into three separate culture bottles containing culture medium and either
20% autologous serum, 20% Foetal calf serum (Gibco batch 092) or 20%
human AB serum (heat inactivated).

Cultures from 6 subjects were studied

and all sl ides were coded and scored "bl ind " •
Media
Five different media (Ham's FlO, McCoy's SA, Dulbecco's M.E.M.,
TC 199, R.P.M. I. 1640) frequently used in the culture of human lymphocytes
were assessed for their effects on SCE formation.

Five separate cultures -

one in each of the above media were set up from each subject.

Lymphocytes

from five subjects were studied and all slides coded and scored "blind".
Cu 1t u re Ti me
To determine whether fast and slow responding lymphocytes have the
same SCE rate,dupl icate cultures from four subjects were set up and one
culture harvested at 48h and one at 72h.
Repeat SCE Over Time
Repeat blood samples were obtained from 20 subjects at varying L'lne
intervals during the three xears of this study.

Time intervals were

never less than three months, and culture conditions were the same for
each sample from each subject.

RESULTS
The SCE rate in 100 subjects treated by the fPG technique was
significantly higher than the SCE rate in the 100 subjects treated by
the hot P0

4

technique (Table 1, t=11.3, 198 d.f. p l... 0.001),

Analysis.

of the duplicate slides from 12 subjects treated by each method confirmed
the higher SCE rate in the FPG treated slides (Table 1, t=5.05, d.f.ll
p

<. 0.01).
Table 2 shows the SCE frequency in lymphocytes cultured in different

tissue culture media.

A two way analysis of variance demonstrated a

significant difference in exchange rates between the five tissue culture
media (p (0.05).

Tukey's method (18) for looking at all pairwise

contrasts showed that lymphocytes cultured in McCoy's SA medium had an
SCE rate significantly lower than those grown in TC 199 (p

~

0.05).

The SCE rate in metaphases harvested at 48 and 72h are shown in
Table 3.

Cultures from 4 subjects harvested at 48h showed second

division metaphases with three subjects having in excess of 40% second
division metaphases.

The SCE rate in the 48h cultures did not differ

significantly from that in the 72h cultures from the same individual.
Table 4 summarises the results of culturing cells in serum from
different sources.

There was no difference in SCE between cultures grown

in autologous serum, foetal calf or AB serum.
The grouped frequency distribution of SCE in 2000 individual
~

metaphases from 100 subjects treated by the FPG technique is illustrated
in Figure 1.
3.44.

The mean SCE rate was 10.95 with a standard deviation of

The distribution of SCE in individual cells was judged to be

significantly different from normal using the Kolmogorov-Smirnov one
sample test (p <. 0.01).

Cells with increased SCE contributed to the

positive skewness of the distribution.

The incidence of SCE in repeat cultures from 20 subjects is shown
in Table 5.

Exchange frequencies from individual cells for each subject

were analysed by a one way analysis of variance, and in most cases the
exchange rate was constant.

However, three subjects (2, 3 and 5) showed'

a significant difference in SCE frequency over time.

DISCUSSION
Our data indicate that both the culture

medi~m

and the method of

differential staining can influence SCE in human lymphocytes.
significant factor was the method of differential staining.

The most
Using the

c

hot phosphate technique of Korenberg and Freedlender (11) we originally
reported a base-line SCE in 50 normal subjects of 7.9 (15).
with the hot P0

Difficulties

4 technique led us to use the FPG technique of Perry and

Wolff (16) and, in a further survey of 100 subjects using the FPG
technique, we found an SCE rate of 10.98.

Data from the experiment in

which duplicate slides from 12 subjects were treated by both methods
confirmed that slides treated by the FPG technique had a higher SCE rate.
In our hands the FPG technique gives more distinct chromosome morphology
than the hot P0

4 which caused the chromosomes to swell considerably

and in some instances removed cells from the slide.
that during incubation in hot P0

4

It is possible

some of the minute exchanges, which

would normally be detected by the FPG technique, are removed, resulting
in a lower SCE rate.
However, the difference in SCE between slides treated by the P0

4 and

FPG techniques was only one exchange while the difference between our
earlier study and this study was three exchanges, and some other as yet
unidentified factor must be responsible for the higher SCE rate.
The culture medium used can also influence the SCE rate, but to a
lesser extent that the method of differential staining.

There was a

significant difference in SCE between lymphocytes grown in McCoy's 5A and
TC 199, and recently Bianchi et al. (3) reported a higher SCE rate in
lymphocytes cultured in TC 199 when compared with Ham's FlO.
contains 0.7

~g/ml

Ham's FlO

of thymidine which may compete with the BrdUrd leading

to a lower SCE rate in these cultures.

However, the amount of thymidine

in the medium cannot be the entire explanation for the lower SCE rate
because we found no difference between Ham's FlO which does contain thymidine

and RPMI 1640 and Du1becco's M.E.M. which do not.

We endorse the

recommendation of Bianchi et a1. (3) that all experiments be carried out
with the same medium.
SCE frequency can be influenced by the serum used to supplement the
culture medium.

Cultivation of Chinese hamster cells in medium

supp1ement~u

with various batches of calf, or foetal calf serum resulted in different
SCE rates (10).

In addition, human lymphocytes cultured in autologous

plasma showed a lower SCE rate than those cultured in foetal calf serum
from an unspecified source, or non heat inactivated human AB serum (7).
Neither of the two sera we tested (foetal calf serum, Gibco, batch 092,
and heat inactivated human AB serum) caused an increase in SCE indicating
that not al I batches of serum contain factors that increase SCE.

Nevertheless

in situations where it is not possible to use autologous plasma it would
seem prudent to pretest the serum, and if possible use a batch that does
not increase SCE.
Lymphocyte cultures are a heterogeneous mixture of cells that vary
considerably in cell cycle time (6).

Recent evidence suggests that

the faster growing cells (or more rapidly responding to PHA) have a lower
SCE rate than the slower growing cells (or slower responding to PHA) (20).
We harvested cultures at 48h(the earliest time at which a reasonable
number of 2nd division
similar SCE rates.

metaphas~s

are present (S), and 72h and found

Identical SCE rates have also been found in 2nd

division metaphases harvested from 66 to 102h (2) and SOh and 72h (1) and
in 2nd and 3rd division metaphases harvested at 72h (8).

The data of

Snope and Rary (20) are difficult to reconcile with the above reports and
our results.

However, Snope and Rary (20) analysed cultures at S8h (lOh

later than we did) and it is possible that cells entering 2nd division at
58h belong to a sub population with a lower SCE rate.
Repeat cultures from the majority of subjects showed little variation
in SCE, confirming our earl ier data from five subjects analysed at a

three month interval (15).

However, three of the subjects showed a

statistically significant variation with time.

Other workers have also

found significant variation in repeat cultures from the same subject
(14, 3).

Bianchi et al. (3) attributed some of the variation to changes

in the medium and serum.

In our study all parameters remained the same,

and some other factor wuch as a sub clinical viral infection or
unrecognised exposure to an SCE inducing factor may be responsible.
As with our earlier observation (l5) there was little variation
between individuals in SCE.

Only three subjects fell outside the 95%

confidence level (lO.98~3.42) and none fell outside the 99.7% (lO.98~5. 13)
confidence level.

However, analysis of the SCE rate in individual cells

showed considerable variation and the distribution was positively skewed.
Cells with increased SCE contributed to the positive skewness of the
distribution, and the question arises as to the significance of one or
two cells with increased SCE in a subject with an otherwise normal SCE
rate.

Do they represent normal variants or are they cells which have

previously been exposed to an SCE inducing agent?

Further follow up

studies may resolve this question.
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Incidence of SCEs in 100 subjects treated by either the P0

A

4

or

FPG technique
Incidence of SCEs in 12 subjects treated by both the P0

B

4

and

FPG technique
P0 4

FPG

No of Subjects

SCE

SO

No of Subjects

SCE

SO

A

100

7.92

1. 35

100

10.98

1. 71

B

12

11 . 11

3.25

12

12.05

3.13

TABLE 2
Incidence of seEs in lymphocytes cultured in different culture media
Tissue Culture Media

SCE

SO

McCoy's 5A

11.76

2.97

Dulbecco's MEM

11.98

3.59

RPMI 1640

12.97

3.78

Ham's FlO

13.35

3.62

TC 199

14.08

4.55

a

a

Each entry is the mean of 5 subjects.

TABLE 3
Incidence of SCEs in cultures harvested at 48 and 72 hours

72 hour cultures

48 hour cultures
Subject

SCE

SO

SCE

SO

1

9.95

2.54

9.95

3.37

2

11.25

2.92

10.66

2.66

3

12.30

3.23

12.00

3.21

4

11.25

3.85

10.80

3.20

TABLE

4

Incidence of SCE's in lymphocytes cultured with different sera a

SCE

so

Autologous

10.94

2.48

Human AB

10.86

2.73

foeta 1 Ca 1f

11. 10

2.87

Serum

.a

Each entry is the mean of six subjects

FIGURE CAPTION
Figure. 1.

Distribution of SCE in 2000 individual cells from 100 subjects.
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TABLE 5

Incidence of SCE's in repeat cultures.

Subject

V.R.

SCE
10.30

11 .55

11.30

10.75

10.70

10.45

0.52

N.S.

8.75

11 .60

10.35

8.50

5. 15

p (0.05

2

7.85

3

14.65

10.20

10.70

11. 15

9.05

9.68

p(0.05

4

8.20

9.40

10.30

11 .25

9.90

3.75

N.S.

5

8.30

7.35

12.90

11.05

6

10.90

10.30

8.20

4.46

N.S.

7

6.95

8.60

10.55

10.68

N.S.

8

9.30

10.05

9.90

0.38

N.S.

9

10.80

10.60

8.50

4.14

N.S.

10

10.00

9.10

10.00

0.51

N.S.

11

12.65

11.75

12.25

1. 11

N.S.

12

9.85

9.55

9.75

0.07

N.S.

13

9.80

10.35

8.75

1. 31

N.S.

14

12.00

11.95

10.00

2.32

N.S.

15

8.35

11.70

12.05

9.39

N.S.

16

9.20

9.85

11.85

2.99

N.S.

17

8.60

11.80

11.95

1. 54

N.S.

18

8.80

10.30

11 .50

3.94

N.S.

19

9. 15

8.20

7.60

2.65

N.S.

20

8.75

11 .50

8.50

6.25

N.S.

9.33'';

*

15 cells scored

VR

=

variance ratio

NS

=

not significant

12. 19

p <. 0.05

