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THE LET DEPENDENCE OF INTERPHASE CHROMOSOME 
BREAKAGE AND REJOINING IN TWO MAMMALIAN CELL LINES

Edwin Goodwin

ABSTRACT

Chromosomal breakage and rejoining was examined in the G^-phase of a 

Chinese hamster ovary (CHO-tsHl) cell line using a technique known as 

premature chromosome condensation. The initial level of breakage was 

measured in cells exposed to x-rays and 9 particle beams covering a LET 

range of more than 3 orders of magnitude (from 0.56 to 2700 keV/ym). The 

rate and extent of rejoining of interphase chromosome breaks was measured 

in cells exposed to 4 particle beams having LET values from 0.56 to 183 

keV/ym. Cell survival dose-response curves were obtained for x-rays and 

4 particle beams having LET values in the range of 1.5 to 2700 keV/ym.

The average number of chromosome breaks per cell was observed to be 

linearly proportional to the dose of low-LET x-rays or high-LET Ar, Ne or 

Nb ions. The initial level of breakage per unit dose was found to be 

LET-dependent. Expressed as a RBE, the yield of breaks rose from a 

plateau at the lowest LET values to a peak in the 100-200 keV/ym range 

and then continuously declined thereafter, eventually falling well below 

the low-LET plateau. A maximum RBE of 1.5 was observed at 183 keV/ym.

The survival RBE vs LET curve was qualitatively similar but the amplitude 

of the curve depended on the survival level chosen in computing the RBE. 

The average number of chromosome breaks per particle traversal of the 

cell nucleus rose steadily from -0.006 to 11 breaks/cell as the LET 

increased from 0.56 to 2700 keV/ym. Chromosome breaks were Poisson 

distributed within the G^-phase cell population after exposure to low LET 

radiations. The distribution of breaks became progressively 

overdispersed with increasing LET most likely as the result of multiple 

chromosome breakage produced by single particle traversals of the cell
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nucleus. The rate of rejoining of interphase chromosome breaks showed no 

clear LET dependence. However the proportion of apparantly nonrejoining 

breaks (those which remain after long repair intervals) was observed to 

be LET-dependent, increasing nearly 4-fold as the LET rose from 0.56 to 

183 keV/ym. Experiments were also conducted with a human/hamster hybrid 

cell line, UV24C2-3, exposed to x-rays and a Neon-ion particle beam (LET 

= 183 keV/ym). Results confirmed both a RBE of 1.5 and also a larger 

proportion of nonrejoining breaks for the Ne-ion exposures compared to 

x-rays. Chromosomal misrepair was investigated by scoring prematurely 

condensed ring chromosome aberrations in G^-phase UV24C2-3 cells . After 

x-rays the average number of rings per cell increased with time. The 

data could be fitted well by assuming first order kinetics for the 

misrepair process. The maximum number of rings formed after long repair 

times could be fitted to a quadratic dose response. Compared to the 

x-ray results, far fewer rings formed after a Ne-ion dose that produced 

the same initial number of chromosome breaks. Results from the thesis 

research suggest that the LET dependence of the survival response is 

influenced by three facets of chromosomal damage and repair: 1. A 

LET-dependent variation in the efficiency per unit dose for initial 

chromosome breakage, 2. A distribution of breaks that becomes 

progressively overdispersed with increasing LET, and 3. A LET-dependent 

increase in the proportion of nonrejoining chromosome breaks.
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OVERVIEW AND GOALS

The absorption of energy from a beam of ionizing radiation can lead 

to a number of well-defined biological alterations in cellular 

properties. The best characterized of these alterations, loss of 

clonogenic potential, has been linked to mitotic dysfunction brought 

about by the acquisition of certain kinds of chromosome aberrations (see 

Review). Mutation and transformation have also been linked to 

chromosomal misrepair although the evidence here is not yet as strong. 

These traditional biological endpoints of radiation action are the 

results of a damage and repair/misrepair process that has been completed 

long before the biological change is measured. Even chromosome 

aberrations are not scored until the first post-irradiation mitosis 

which, for cells, can be 12 to 24 hours after the initial radiation 

exposure. In 1974 a new technique known as "premature chromosome 

condensation (PCC)" was introduced into the study of radiation effects. 

The PCC technique made it possible to detect chromosome breaks in 

individual interphase cells at a time when repair processes are still at 

work. This assay offers the most direct means available for examining 

damage and repair at the chromosomal level. At the time of the 

initiation of the thesis research, the PCC technique had not been applied 

in a systematic investigation of LET-dependent chromosomal breakage and 

rejoining in G^-phase cells. The undertaking of such a study became the 

focus of the thesis research and was motivated by a desire to better 

understand the high-LET-induced lesions that affect cell survival. 

Availability of a wide variety of high-energy particle beams accelerated 

by the Bevalac at Lawrence Berkeley Laboratory made the research 

possible. The thesis research had these specific goals: to determine the 

LET dependence of 1) the initial yield of chromosome breakage in the 

G^-phase of two mammalian cell lines, 2) the distribution of these breaks
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in the irradiated cell population, 3) the rate and maximum extent of 

chromosome break rejoining by cellular repair processes, and 4) the rate 

of formation and maximum yield of ring chromosome aberrations. With this 

knowledge in hand, the final goal was to make comparisons to survival 

data obtained under similar circumstances in a search for insights into 

the mechanisms underlying variations in the survival response of cells 

exposed to radiations of differing LET.
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GENERAL REVIEW

Physics of Charged Particle Irradiations

When a heavy charged particle passes through matter it loses kinetic 

energy via electromagnetic interactions vith electrons in the medium 

being traversed. The interactions of primary importance include 

ionizations, electronic excitations and, where the incident particle 

velocity is high enough, Cerenkov radiation. The rate of energy loss is 

not constant, but rather it increases as the particle slows. This 

observation was first reported by Sir William Bragg in 1913. The plot of 

relative ionization vs depth of penetration is now known as the Bragg 

ionization curve. A mathematical expression for the rate of energy loss 

is given by the Bethe-Block stopping power equation (Evans, 1955). The 

phenomenon of greater energy deposition with depth of penetration 

provides the essential rationale underlying clinical trials with 

heavy-ion charged particle beams. The concept of linear energy transfer 

(LET), which is defined as the quantity of energy absorbed "locally" by 

the medium being traversed, was introduced by Zirkle et al (1952) to 

present a clear distinction to "stopping power", the rate of energy loss 

by the particle. Sufficiently energetic secondary electrons (delta rays) 

may travel a distance from their point of origin that brings them, and 

the energy they deposit, outside of (or into) a critical volume of 

interest, usually the cell nucleus. The concept of restricted LET was 

introduced in an attempt to reduce the ambiguity of the phrase "locally 

deposited energy" by restricting the range of electron energies to be 

included in the calculation of LET (International Commission on 

Radiological Units Report No. 16, 1970). Thus the value LET30Q includes 

the energy of all secondary electrons vith initial energies of 0 to 300 

eV. When electrons of all energies are to be included the subscript "®" 

is used. Often, as will be done in this thesis, the subscript "®" is



omitted after a first mention. The concept of restricted LET has not 

found much use in the field of charged particle radiobiology.

4

The spatial pattern of energy deposition about the particle 

trajectory is called "track structure". In their model of track 

structure Chatterjee et al. (1973), Chatterjee and Magee (1980), and 

Chatterjee and Schaefer (1976) distinguish between two distinct 

concentric radial energy-density domains, the core and penumbra.

Slightly more than half of the energy transferred in each track segment 

is located in the inner core region while the remainder is deposited in 

the penumbra, the outer region beyond the core radius bounded by the 

maximum range of free energetic electrons created by ionizations in the 

core. LET is determined by the electron density and average ionization 

potential of atoms in the medium being traversed, and by the charge and 

velocity of the projectile particle at each point in its trajectory. The 

radial dimensions of the core and penumbra depend only on the nature of 

the medium and the projectile velocity, but not on particle charge. For 

this reason a small, slow-moving charged particle can have an LET equal 

to that of a much heavier, faster moving particle. The track structures 

corresponding to the fast and slow particles will, however, be quite 

different. For the same LET the lighter, slower particle will have 

smaller core and penumbra radii, but a higher linear energy density 

within these two regions. Most of the particle beams used in the thesis 

research had track core diameters comparable in size to the width of a 

chromatin fiber (llo8) while the size of the penumbra covered many cell 

diameters.

Another approach to the problem of track structure is due to Dr. 

Robert Katz and coworkers (1978). In their analysis the radial dose 

distribution is calculated in a complex manner by combining experimental 

data with theoretical and empirical relations. An interesting feature of
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the model is an inseparable intertwining of a description of track 

structure and the properties of the detector used in assessing energy 

deposition patterns. Although predictions of this model are 

qualitatively similar to those of Chatterjee et al.t Katz feels that the 

separation of track structure into a core and penumbra is artificial and 

unjustified.

To be of interest to the biomedical community, a charged particle 

beam must be capable of penetrating tissue to a substantial depth to 

reach the internal site of a tumor. A particle in one of these high 

velocity beams possesses a kinetic energy well in excess of that required 

to overcome Coulomb repulsion to bring it and a stationary nucleus in its 

path into a realm where the nuclear force predominates. The resulting 

interaction may cause the fragmentation of the projectile nucleus, the 

target nucleus, or both (Curtis and Schimmerling, 1977). As a beam of 

charged particles penetrates to greater depths, nuclear collisions cause 

a progressive loss of primary particles from the beam accompanied by a 

shower of secondary particles of increasing relative intensity. The beam 

becomes a complex mixture of primary and secondary particles of different 

energies that changes from point to point along the Bragg curve. It 

becomes necessary to use a beam-average LET weighted either by dose 

(dose-averaged LET) or by particle fluence (track-averaged LET). In this 

thesis the dose-averaged LET is used exclusively.

Cell Survival vs LET,

In the mid 1950's Puck and Marcus (1956) perfected the colony 

formation assay as a measure of reproductive integrity in mammalian cells 

exposed to ionizing radiation. Since that time cell survival has 

remained a major, and certainly the most frequently measured, biological 

endpoint for the investigation of radiation effects. The review 

presented here will be concerned with the influence of LET on mammalian
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cell survival and will be organized roughly according to particle beam 

irradiations of increasing charge and energy.

Barendsen et al. (1963, 1966) exposed T1 cells, a permanent cell 

line of human origin, to 150 kVp x-rays, electrons, and low energy 

cyclotron-accelerated y-particles and deuterons. The LET range varied 

from 0.3 to 166 keV/pm. The relative biological effectiveness (RBE), 

which is a ratio of doses at an isosurvival level between a reference 

radiation (x-rays) and a particle beam radiation, was plotted vs LET.

They found a slow rise in RBE as the LET increased to 10 keV/pm and a 

more rapid rise beyond. A maximum effectiveness was found at ~ 100-110 

keV/pm. Beyond that point the RBE declined. The position of the peak 

did not depend on the survival level chosen to calculate the RBE.

Survival curves became exponential as the LET reached and then exceeded 

the value at the RBE peak. Although the position of the RBE peak on the 

LET axis was independent of survival level, the magnitude of the peak was 

found to decrease with decreasing survival. Berry (1977), using murine 

lymphocytic leukemia P-388 cells exposed to low energy helium and Boron 

ions, found a peak RBE in a lower LET range (60-80 keV/pm). Madhvanath 

et al. (1976) obtained a similar result using human lymphocytes. Hall et 

al. (1975) obtained qualitatively similar results by irradiating Chinese 

hamster cells with neutrons of different energies.

Using T1 cells and Chinese hamster M3-1 cells, Todd (1964) studied 

the effect on survival of low energy charged particles ranging from He to 

Ar. In both cell lines a peak RBE was found at 220 keV/pm. Survival 

curves were exponential starting from a point just before the peak and 

continuing into the high LET range. Cox et al. (1977) also working with 

human cells (diploid fibroblasts) and hamster cells (V79), looked at 

survival RBE's in the 20 to 470 keV/pm range obtained by accelerating He, 

B and N ions. They saw a peak RBE in a range of - 85 to 200 keV/pm.
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Skarsgard et al. (1967) found a peak RBE in the 100 to 200 keV/ym range 

after exposure of hamster cells (CH2B2) to irradiation by charged 

particles from He to Ar.

Blakely et al. (1979) and Tobias et al. (1984) exposed T1 cells and 

a radiation-sensitive human diploid cell line (AT-2SF) to x-rays and to 

high energy C, Ne and Ar ions. They found a peak RBE at ~ 140 keV/ym for 

the T1 cells. The peak RBE for the sensitive AT-2SF cells was less 

pronounced and occurred at a slightly lover LET. Their data indicated 

track structure effects with slower particles of a lover charge being 

more effective than faster, more highly charged particles of the same 

LET. Because of this, RBE became a multiple-valued function of LET above 

100 keV/ym. Three variables, such as dose, LET and charge, were 

necessary to uniquely characterize the survival response. Kraft et al. 

(1985) exposed V79 cells to a vide variety of particles (from He to U) 

over a broad range of energies. Their results demonstrate a separation 

in the RBE vs LET curve according to particle charge in the very high LET 

range. The individual branches of the RBE curve have been called "hooks" 

because of their appearance. Hooks are another indication of track 

structure effects on survival.

The ability of cells to recover from radiation exposure, 

demonstrated by an increase in survival vith post-irradiation incubation, 

is knovn as potentially lethal damage (PLD) repair (Phillips and Tolmach, 

1966). Plateau-phase Chinese hamster ovary (CHO) cells exhibited PLD 

repair after lov LET x-ray or 60Co irradiations but not after exposure to 

fast neutrons (7 and 21 MeV, LET = 70 and 50 keV/ym) or to a-particles 

(100 keV/ym) (Gragg et al., 1977; Raju et al., 1977). Confluent mouse 

embryo C3H 10TV: cells exposed to high energy C, Ne and Ar beams vith LET 

values ranging from 10 to 105 keV/ym did shov PLD repair, but somewhat 

less than after x-rays (Ngo et al., 1980). The same cells did not repair
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damage induced by lov energy Ar ions (8.3 MeV/u, 1500 keV/ym). Human II 

cells repaired x-ray PLD but did not show PLD repair after Bragg peak Ne 

exposures (183 keV/ym) in early G1 phase (Blakely et al., 1985). Later 

in G1 the T1 cells did repair some Ne damage.

The work reviewed here clearly demonstrates a variation in 

cell-killing effectiveness by radiations differing in LET. Because of 

track structure effects, LET alone was not sufficient to uniquely 

characterize the survival response for all particles. A satisfactory 

description of survival required the use of both the particle charge and 

energy, or parameters derived from them. Each study found a peak in the 

RBE vs LET curve, however, the LET at the peak position varied 

considerably. Progress in understanding the cellular response to charged 

particle irradiation is slowed by limitations inherent in the survival 

assay. Survival is, at a minimum, a two-stage process. In the first 

stage the absorption of energy initiates physical and chemical changes 

resulting in biological damage. The cell attempts to remove this damage 

in the second stage through enzymatic-repair pathways. The survival 

response will depend on the types and quantities of initial damage and on 

the effectiveness of the cellular repair system. The limitation of the 

survival assay is that it can reveal only the end result of the two-stage 

process; the acquisition or avoidance of acquiring a lethal lesion. New 

techniques capable of dissecting damage and repair processes at the 

subcellular and molecular levels will be required to gain useful insights 

into the survival response of cells exposed to charged particle beams. 

Chromosome Aberrations

Radiation has long been known to produce large numbers of chromosome 

aberrations in cycling cell populations. Furthermore, it was 

demonstrated many years ago (Sax, 1941) that cells containing aberrant 

chromosomes are selectively eliminated from proliferating cell systems.
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This observation led to the hypothesis that chromosome aberrations are 

responsible for loss of cellular reproductive capacity following exposure 

to ionizing radiation. Puck (1958) irradiated exponentially growing 

human euploid cells with 230 kVp x-rays and then tested for both survival 

and chromosome aberrations. His data were interpreted as supporting the 

chromosomal damage hypothesis of cell lethality. Using Chinese hamster 

cells (lines DON and CHO), Dewey et al. (1971) x-irradiated synchronized 

cells at several points in the cell cycle and applied various 

post-irradiation treatments. In this way cell survival was made to vary 

by a factor of 4. Measurements of chromosomal aberrations were performed 

under the same conditions. At the 372 survival level they observed an 

average of ~ 1 exchange or deletion-type aberration per cell. This 

strong correlation between chromosome aberrations and cell death was 

maintained throughout the cell cycle. Carrano (1973) and Carrano and 

Heddle (1973) studied the fate of visible chromosome aberrations and were 

able to derive formulae to predict the transmission of these defects into 

future mitotic generations. Their results provide further quantitative 

evidence of the deleterious effects on cellular viability of asymmetrical 

chromosome exchanges and chromosome deletions. Other aberrations such as 

translocations and inversions, which are not seen or scored except by 

special techniques, apparently do not lead to nonviability. Grote et al. 

(1981) and Joshi et al. (1982) followed individual Syrian Hamster BHK 

cells under phase-contrast microscopy after exposure to x-rays in the Gj^ 

phase of the cell cycle. This method allows the detection of acentric 

fragments (chromosome deletions) as micronuclei in live cells during any 

interphase following the first post-irradiation mitosis. Cells with 

micronuclei almost always showed a deterioration in reproductive capacity 

that resulted in either stop-growth (79£) or slow-growth (21%) colonies.
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Dicentric chromosomal bridges were observed to frequently break during 

the interphase following the first mitosis.

Giles and Tobias (1954) observed RBE values greater than 1 for 

chromosome aberration induction in Tradescantia microspores exposed to 

190 MeV deuterons and 380 MeV a-particles. After exposure to x-rays, 

Y-rays and fast neutrons, Conger et al. (1958), also using Tradescantia, 

found maximum RBE values of 8 for chromosome and 11 for chromatid 

aberrations in the 50 to 70 MeV/ym range. Roberts and Holt (1985) 

examined both the induction of chromosome aberrations and cell killing in 

Syrian hamster cells after exposure to Y-rays, x-rays and neutrons of two 

energies (15 and 2.1 MeV). For each of these radiations they found a 

good correlation between the surviving fraction and the proportion of 

mitotic cells not containing a visible chromosome aberration. Their data 

on the yields of dicentrics and also acentric chromosome fragments could 

be fitted to a linear-quadratic-dose dependence. For dicentrics, the 

coefficient of the dose-squared term decreased with increasing LET. For 

acentric fragments the linear term increased with increasing LET. 

Dicentrics followed a Poisson distribution in the irradiated cell 

population for each radiation quality while acentric-fragments were found 

to be overdispersed. Skarsgard et al. (1967) measured the yield of 

chromosome aberrations as part of a LET study using low energy heavy-ion 

particle beams. The LET range of this study spanned 3 orders of 

magnitude from - 2 to 2000 keV/ym. A close parallel was found between 

the RBE vs LET responses for aberration production and cell survival.

They interpret their results as supporting the hypothesis that the 

radiosensitive sites for chromosomal damage and cell lethality are the 

same. Sabatier et al. (1987) evaluated chromosomal lesions induced by 

Y-rays, neutrons and Ne ions. Irradiations were performed on non
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cycling, Gq human lymphocytes and aberrations were scored in R-banded 

metaphase chromosomes. Compared to y-rays, the high LET radiations 

induced more breaks per abnormal mitosis and more complex rearrangements. 

Geard (1985) examined the production of chromosome aberrations in V79 

cells irradiated in all phases of the cell cycle over a range of 10 to 80 

keV/ym. Aberrations were most frequent in cells irradiated in Q>2 at a^ 

LET values. S phase was the least sensitive. G^ had an intermediate 

sensitivity, but was closer to the S phase response. The yield of 

aberrations showed a linear dose response for irradiations of G^ and 

S-phase cells but was curvilinear with positive curvature for G2 cells. 

The variation in the yield of aberrations through the cell cycle 

diminished at higher LET values. As the LET increased by a factor of 8 

the frequency of aberrations increased 4 fold when measured per unit dose 

or 32 fold when measured per unit fluence. Comparing chromosome 

aberrations formed in exponentially growing V79 cells exposed to either 

300 rad of x-rays or 500 rad of 400 MeV/u uranium ions (LET = 2600 

keV/pm), Kraft et al. (1985) observed a shift in the frequency of 

aberration types away from a preponderance of asymmetrical exchanges at 

low LET to mostly chromosome fragments at high LET. After exposure to 

uranium ions a new type of aberration appeared. Observed as extensive 

damage to a single chromosome, the new aberration was called "chromosome 

disintegration". Ritter et al. (1987) found a linear increase in the 

number of chromosome disintegrations in V79 cells with increasing fluence 

of particles from a 28 MeV/u Kr beam, while total chromosome aberrations 

followed a nonlinear curve having negative curvature. Also seen by 

Ritter et al. was a RBE vs LET relationship very similar to that for 

intracellular DNA double strand breakage obtained by Aufderheide et al. 

(1987) and Kampf and Eichhorn (1983).
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The studies reviewed here establish a strong positive correlation 

between certain chromosome aberration types (asymmetrical exchanges and 

deletions) and loss of cellular proliferative capacity. Puck (1958) 

suggested that cell death results from either a loss of genetic 

information due to failure of an acentric fragment to segregate properly 

in anaphase of mitosis or to failure of two daughter cells to separate 

following telophase due to the presence of a dicentric chromosome bridge. 

The term "mitotic-death" has been invented to describe this mechanism of 

cell lethality. In some cell lines an "interphase death" has also been 

observed (Little and Nagasawa, 1985). In this case a cell dies before 

reaching a first post-irradiation mitosis.

Although research has clearly demonstrated the ability of ionizing 

radiation to generate chromosomal defects, the physical and biological 

processes involved are still largely unknown. Two competing hypotheses 

have arisen. The first originated with Stadler (1931) and was promoted 

by Sax (1940). In their "breakage first" hypothesis, radiation produces 

breaks in interphase chromosomes. Over a period of time the breaks are 

rejoined by a cellular repair process. Occasionally two chromosome ends 

created at different break points are mistakenly joined. The result is 

observed as an exchange-type aberration in mitosis. The failure of a 

break to rejoin results in a chromosomal deletion. The second major 

hypothesis of aberration formation is due to Revell (1955) and is known 

as the "exchange hypothesis." In Revell's view, radiation induces a 

lesion in interphase chromosomes. The type of lesion was unspecified 

other than that it is not a chromosome break. Exchanges can occur when 

two closely-spaced lesions are being simultaneously repaired. A break is 

observed when an exchange is incomplete. In the exchange hypothesis, 

breakage is caused by the cellular repair system, while the breakage
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first hypothesis asserts that breakage is the direct result of the action 

of radiation.

The nature of the initial radiation-induced lesion whose misrepair 

eventually results in the formation of chromosome aberrations is still 

the subject of controversy. Natarajan and Obe (1978) introduced 

neurospora endonuclease into permeablized x-irradiated CHO cells. A 

large increase in chromosome aberrations was observed, presumably due to 

conversion of single-strand DNA breaks into double-strand breaks by the 

endonuclease. Bryant (1984) treated permeablized V79 cells with 

restriction enzymes. He found that the blunt-ended double-strand breaks 

produced by PVUII were very effective at inducing aberrations. Bam HI, 

which produces double-strand breaks with overlapping single-stranded 

ends, resulted in very few aberrations. Natarajan and Obe (1984) have 

confirmed and extended Bryant's findings. Preston (1982) observed an 

increase in x-ray-induced dicentrics in human leukocytes after treatment 

with cytosine arabinoside. He interprets this result as due to an 

accumulation of lesions by ara C-inhibition of repair of DNA-base damage. 

It is base damage, in Preston's view, that initiates the production of 

chromosome aberrations. Natarajan and Obe (1984) attribute Preston's 

results to inhibition of DNA ligase by ara C.

Perhaps the greatest contribution of cytogenetics to the field of 

radiation biology was the discovery of mitotic death as a major mode of 

radiation-induced cell lethality. This brought the study of radiation 

effects down to the subcellular level. Despite this accomplishment, 

conventional mitotic chromosome studies are subject to a number of 

technical difficulties and inherent limitations that restrict their 

usefulness. The technical difficulties include 1) the dependence of 

aberration yield on post-irradiation sampling time, 2) a mixing of first 

and second mitoses due to radiation-induced cell-cycle delays, 3)
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possible loss of the most severely damaged cells due to interphase death, 

and 4) even the best chromosome preparations may not reveal all of the 

aberrations present. As with the colony-formation assay, the inherent 

limitations of mitotic chromosome techniques stem from an inability to 

see the initial leions or how they change during the course of time. The 

challenge now is to push the study of radiation effects on cells 

backwards in time and to finer levels of detail.

DNA Strand Breaks vs LET

Christensen et al. (1972) conducted a LET study of breakage in 'f>X174 

DNA irradiated in a protective buffer with y-rays and low-energy ion 

beams. They observed a LET dependence for strand breakage with RBE 

values >1 for double strand breaks (dsb) but not single strand breaks 

(ssb). Exposing V79 cells to x-rays and low-energy particle beams,

Ritter et al. (1977) investigated the induction and repair of DNA strand 

breaks by alkaline sucrose gradient sedimentation. This method responds 

to ssb, dsb and alkali-labile sites. They found a continuous decline in 

the initial yield of strand breaks above 10 keV/pm. When maximum 

rejoining of strand breaks was allowed (Blk hrs incubation at 37°C) a 

fraction of the initial breaks failed to rejoin. The relative numbers of 

these non-rejoining DNA breaks plotted vs LET showed a peak in the same 

LET range as for cell killing. It was suggested that the non-rejoining 

lesion may be a dsb. Roots et al. (1979) used high energy particle beams 

to examine DNA breaks in T1 cells by hydroxylapatite chromatography.

Their results were similar to those of Ritter et al. (1977). In both 

studies a maximum of - 20 to 25% of the initial breaks failed to rejoin 

at 100 keV/pm. Kraft et al. (1987) examined ssb and dsb in SV40 DNA 

irradiated in a low molarity Mg Cl^Tris buffer. With 60Co y-rays as a 

reference, the RBE's for either ssb or dsb were never greater than 1 and 

diminished with increasing LET. For all ions, a common strand-breakage



15

efficiency vs LET curve existed below 100 keV/ym. As the LET increased 

above 100 keV/ym the common curve split into separate curves for each ion 

with the heavier ions being more effective than the lighter ions at the 

same LET. The intracellular strand-breakage data of Kampf and Eichhorn 

(1983) and Aufderheide (1987) showed a RBE of less than one at all LET 

values only for ssb. For dsb a maximum RBE substantially greater than 1 

was found at ~ 100 keV/ym. The discrepancy between the RBE values for 

dsb obtained intracellularly and in solution was explained by Kraft et 

al. (1987) as follows. Strand breaks can occur either by a direct 

transfer of energy from an incident particle to DNA, or indirectly 

through the attack of free radicals, mainly OH, that were created by 

energy transfer events in the aqueous medium surrounding DNA. For the 

direct effect, as the LET increases so does the probability of producing 

a dsb from two ssb created independently in close proximity. This 

mechanism allows an RBE >1. For the indirect effect, the local density 

of free radicals about a particle track increases with increasing LET but 

so does the probability of radical recombination. This weakens the 

effectiveness of strand breakage by the indirect pathway so that by the 

indirect effect alone the RBE would never be greater than 1. In a dilute 

aqueous milieu, both DNA strand-breakage pathways are operative but the 

indirect effect predominates causing an RBE <1. Radical scavanging 

action in the highly protective intracellular environment greatly reduces 

the influence of the indirect effect. In this case the direct effect is 

sufficiently strong to cause an RBE >1.

The analysis of DNA strand breakage and rejoining has provided 

valuable information about radiation damage at the molecular level.

Strand break assays do, however, suffer from certain drawbacks. For 

example: 1) Under alkaline conditions ssb, dsb, and alkali-labile sites 

all contribute to the measured effect but only the dsb is thought to
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participate in the formation of lethal chromosome aberrations. 2) 

Radiation doses well above the range of biological significance are 

required for most strand-break assays. 3) The distribution of lesions 

among the irradiated cell population cannot be determined. 4) The 

molecular groups at the ends of broken DNA strands are unknown. 5) Repair 

and misrepair are not differentiated in measurements of rejoining. 

Premature Chromosome Condensation

Spontaneous cell fusion is occasionally observed under certain 

circumstances, such as between maturing myoblasts or between adjacent 

cells in a virus-infected culture. However, the potential of cell fusion 

as a research tool was not harnessed until 1965 through the work of 

Harris and Watkins. They discovered that the Sendai virus, a RNA virus 

known for its pathogenicity in mice, retained its ability to induce cell 

fusion even after having been sterilized with ultraviolet light. 

UV-inactivated Sendai virus was found to be a potent reagent for inducing 

fusion between any of a wide variety of plant and animal cells. Since 

that time a number of chemical agents, most notably polyethylene glycol, 

and also electric-field pulses have been discovered to be active inducers 

of cell fusion (Klebe and Mancuso, 1981; Teissie et al., 1982). The 

mechanism by which a fusogen creates a union between two cell plasma 

membranes is still unknown but is under active investigation. It has 

been observed that fusogens temporarily permeablize cell membranes 

(Bryant, 1984; Teissie et al., 1982; personal observations). This 

suggests that cell membrane damage and repair may be involved in the 

fusion process.

In 1970 Johnson and Rao performed an elegant study of cell-cycle 

control. Heterokaryons were formed by fusing cells in different parts of 

the cell cycle and then observing the influence on further cell-cycle 

progression of each nuclei in the hybrid. They discovered that
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unidentified factors in a mitotic cell had the ability to induce 

condensation of interphase chromosomes. The phenomenon was called 

"premature chromosome condensation (PCC)" because the condensation of 

interphase chromosomes would be premature in a normal cell cycle. The 

morphology of PCC chromosomes depended on cell-cycle stage at the time of 

fusion. In G1 each PCC chromosome was composed of a single chromatid 

while a G2 PCC chromosome has two chromatids and resembles an elongated 

mitotic chromosome. S-phase PCC chromosomes are composed of thick and 

thin segments giving a "pulverized" appearance although further research 

has indicated that they are probably not broken. A number of factors 

have been identified that are active in either promoting or inhibiting 

PCC. Low pH, certain positively charged compounds (Mg, spermine, 

putrecine) and ATP promoted PCC while high pH, spermidine and all 

negatively charged compounds tested were inhibitory (Rao and Johnson, 

1971; Obara et al., 1974). Evidence is accumulating that the same 

biological factor, or factors, are associated with the condensation of 

chromosomes seen in three different phenomena, namely mitosis, meiosis 

and PCC, and that the factor(s) are quite similar in many animal species 

(Sunkara et al., 1979). There is also evidence that protein 

phosphorylation is directly involved in the condensation process (Vu and 

Gerhart, 1980; Hermann et al., 1984).

Waldren and Johnson (1974) using Gx HeLa cells and Hittleman and Rao 

(1974) using G2 CHO cells were the first to use PCC as a means for 

investigating radiation-induced breakage and rejoining of interphase 

chromosomes. To distinguish them from DNA strand breaks or breaks in 

mitotic chromosomes, the lesions revealed by PCC are often called 

"interphase chromosome breaks" or more simply "chromatin breaks". In Gx 

cells, 10 times as many chromatin breaks were seen by the PCC technique 

compared to what was seen when cells were irradiated in Gj and scored for
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breakage in mitosis. This demonstrated the PCC technique to be a 

sensitive indicator of chromosome damage. A linear dose response vas 

found by Valdren and Johnson (1974). They also observed a time-dependent 

reduction in the number of breaks during post-irradiation incubation.

The rejoining rate vas similar to the rate of increase in cell survival 

that occurs with PLD repair. The work of Waldren and Johnson vas 

confirmed and extended by Cornforth and Bedford (1983a,b;1985) using a 

plateau-phase human diploid cell line (AG1522). By comparison to the DNA 

dsb data of Blocher and Pohlit (1982), Cornforth and Bedford found only 

15% of the dsb to be expressed as chromosome breaks and suggest that the 

other 85% of dsb may be located in heterochromatin vhich might prevent 

the separation of broken ends. The vork of Pantelias (1986) lends 

support to this hypothesis. No breakage vas seen in fully-condensed 

x-irradiated mitotic chromosomes. Apparently the compact structure of a 

condensed mitotic chromosome prevented the expression of dsb as 

chromosome breaks. Alternatively, it is possible that a fast-rejoining 

fraction of dsb is missed by the PCC assay. As vith DNA strand breaks, 

not all interphase chromosome breaks rejoin even after long incubation 

periods. Normal human cells (AG1522 and AG6234) rejoined all but ~ 5% of 

their initial chromosome breaks vhile radiosensitive ataxia 

telangiectasia cells (AT5BI and GM2052) failed to rejoin 5 times as many 

(27%) of their initial breaks (Cornforth and Bedford, 1985). The yield 

of initial breaks per unit dose vas the same in each cell line. In each 

cell line, the rejoining fraction of breaks folloved first order kinetics 

vith similar half-times. After a 24 hour post-irradiation incubation 

period, the residual number of PCC fragments, vhich are the result of 

unrejoined breaks plus ring chromosome aberrations, closely approached 

the number of chromosome aberrations observed in mitosis (Cornforth and 

Bedford, 1987). All of these findings taken together led Cornforth and
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Bedford (1987) and Bedford and Cornforth (1987) to propose that the 

increase in survival seen in either delayed-plating or dose-fractionation 

experiments could be quantitatively explained on the basis of interphase 

chromosome breakage and rejoining. Iliakis et al. (1988) investigated 

the effects of &-arabinofuranosyladenine (araA), a DNA polymerase 

inhibitor, on both PLD repair and chromosome break rejoining in 

x-irradiated, plateau-phase CHO cells. With increasing concentrations of 

araA there was a progressive loss of the shoulder in x-ray survival 

curves. AraA had a similar inhibitory effect on the rejoining of 

chromosome breaks. These results were interpreted as implying that PLD 

repair has a counterpart at the chromosomal level. In addition, a 

requirement for DNA polymerization during the course of chromosome repair 

was established. This finding is in agreement with that of Das and 

Alfert (1961) who observed increased DNA synthesis in onion root tip 

cells in response to x-irradiation, which may have been due to the 

stimulation of DNA repair.

Because they lack a clearly defined centromere, it has been 

difficult to detect aberrations in G^phase PCC chromosomes; an important 

exception being the ring chromosomal aberration. Pantelias and Maille 

(1985) determined the yield of ring PCC chromosomes in Go human 

lymphocytes exposed to x-rays along with the yield and rejoining kinetics 

of chromatin breaks. They found that the dose response for ring 

aberrations scored 24 hours post irradiation could be fitted to a 

linear-quadratic expression. The same study also revealed that a very 

different time course was followed for the ring aberration yield as 

compared to the rejoining of chromatin breaks. Although they observed a 

rapid decline in chromatin breaks during the first 3 hours following 

irradiation, the yield of ring aberrations did not rise significantly 

until more than 3 hours had elapsed. The frequency of rings per cell in
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the irradiated cell population folloved a Poisson distribution while 

chromosome fragments were overdispersed. Edwards et al. (1979) reached a 

similar conclusion for the distribution of chromosome aberrations scored 

in mitosis.

Bedford and Goodhead (1987) irradiated noncycling human H19 cells 

with 238Pu a-particles (LET = 130 keV/ym). They found a linear dose 

response and an RBE of - 2 for initial chromatin breakage. Xian-Li and 

Ngo (1988) irradiated G^-phase V79 cells with y-rays and fast neutrons. 

Both radiations induced a linear dose response for chromatin breakage.

An RBE = 2.4 was observed.

It might be expected that more breaks would be found in G2 than in 

G1 after equivalent doses because of the greater DNA content of each 

cell. However, four to five-fold fever breaks per unit dose were 

observed in cells irradiated with x-rays and analyzed in G2 (Hittleman 

and Rao, 1974; Hittleman and Pollard, 1982). Hittleman and Pollard 

(1982) made a comparison between the repair kinetics of G2 interphase 

chromosome breaks as assayed by PCC and the repair kinetics of DNA strand 

breaks as measured by alkaline and neutral elution techniques. No 

rejoining of chromosome breaks was observed during the first 30 minutes 

following irradiation. In the next 30 minutes nearly half of the 

original breaks rejoined. Asymmetrical exchange-type aberrations are 

easily scored in G2 PCC. All of the exchange aberrations appeared to 

have already been formed by the earliest time point observable with PCC. 

Cycloheximide completely inhibited the rejoining of chromosome breaks but 

had no effect on the number of exchanges. Based on these results the 

authors suggest that there is no connection between rejoining of breaks 

measured by PCC and the formation of exchange aberrations. The 

interpretation of these observations may be complicated by cycling of 

cells into and out of the G2 compartment during the course of the
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incubation period. The same study found no correlation between the 

kinetics of chromosome break rejoining and DNA strand break rejoining 

measured under either alkaline or neutral conditions. Cycloheximide, 

which strongly inhibited the rejoining of chromosome breaks, had no 

effect on the rejoining of DNA breaks. Hittleman and Pollard suggest 

that only a fraction of DNA strand breaks may be involved in visible 

chromosome damage and that chromosome repair may require more than simply 

rejoining the breaks in DNA. Hieber and Lucke-Huhle (1983) exposed V79 

cells to a-particles from an 241Am source. The LET of this radiation at 

the position of the cells was ~ 120 keV/pm. Using the PCC technique to 

assay chromosome damage in G2 cells they observed gaps and breaks in 

chromatids similar to those seen after x-irradiation (Hittleman and 

Pollard, 1982). In addition they observed a more severe lesion that 

appeared to be a long stretch of decondensed chromatin within a 

chromatid. A multiplicity of breaks per chromosome was suggested as a 

cause for the localized failure of chromosome condensation.

The studies reviewed here demonstrate the usefulness of the PCC 

technique's ability to visualize chromosome breakage in interphase cells 

at a time when repair processes are still at work. The chromosomal 

damage hypothesis of cell lethality has been strengthened by these 

studies. Yet the PCC technique also has its weaknesses, two of which 

are: 1) The time interval from irradiation of a sample, through 

chromosome condensation, until final fixation, is inaccessible to 

observation. Thus one cannot see the initial radiation-induced lesions 

or whatever early modification they might undergo. In this context, it 

should be remembered that the phrase "initial chromatin breaks" refers to 

initially observed, not initially produced. In the discussion of ring 

PCC chromosome formation, a quantitative estimate will be made of the 

amount of repair that takes place during the PCC process itself. 2)
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Chromosomal damage in the S phase of the cell cycle cannot be 

investigated by the PCC technique because of the pulverized appearance of 

PCC chromosomes undergoing DNA synthesis.
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MATERIALS AND METHODS 

Cell Lines and Growth Conditions

Three cell lines were used during the course of the research 

reported here. The CH0-SC1 cell line, isolated by Dr. L. Thompson of 

Lawrence Livermore Laboratory from a clone of the original CHO cell line 

started by Puck et al. (1958), was used as a source of mitotic cells. A 

second cell line, also isolated by Dr. Thompson following mutagenesis of 

CH0-SC1 cells and designated as CHO-tsHl by him, was used as the test 

cell in most of the thesis work (Thompson et al., 1973). This cell line 

has a defect in its leucyl-transfer-RNA synthetase that causes a 

shut-down of most protein synthesis at elevated temperatures. This 

property of the CHO-tsHl cell was not used in any of the thesis 

experiments. In the later part of the thesis work, investigations of 

chromosomal misrepair required the use of a human/hamster hybrid cell 

line. Isolated by Dr. R. Athwal of the New Jersey Medical School and 

designated UV24C2-3, the hybrid cell line contains a single copy of the 

human #2 chromosome that accounts for ~ 4% of total cellular DNA. 

Integration of a dominant selectable marker, the E^ coli xanthine-guanine 

phosphoribosyltransferase (Ecogpt) gene, into the human chromosome 

maintains karyotypic stability of this hybrid cell line (Athwal et al., 

1985) when cells are grown in a special medium. This medium contains 

mycophenolic acid to block purine biosynthesis and xanthine, which can be 

used only by those cells having an Ecogpt gene in a salvage pathway of 

purine synthesis. The UV24C2-3 cell line was also provided to us by Dr. 

Thompson.

The CHO-tsHl cell line was maintained in exponential growth by 

twice-weekly transfers. Incubations were at 35° in a 5% CO2 atmosphere. 

Under these conditions cultures had a doubling time of ~ 16 hours that 

remained nearly constant throughout the course of the thesis work. Fresh
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cultures were started from frozen stock at about 6 month intervals. The 

UV24C2-3 cells were occasionally passaged in "MAXTA" selection medium. 

Doubling times were 16 hours in growth medium and 33 hours in MAXTA 

medium. Growth and selection media are fully described in the Appendix. 

In preparation for the experiments, cells of either type were suspended 

in growth medium at 1.25 x 10^/ml and seeded into 35 mm plastic dishes 

(Falcon #3001) at 2 ml/dish. Twenty-four hours later the growth medium 

was replaced by medium prepared without serum. After an additional 24 to 

36 hours the cultures were ready for experimentation. This treatment 

results in an enriched population of cells.

Radiation Exposures

X-ray exposures were done using a Philips cabinet irradiator, model 

Norelco, Mg 150. The machine was operated at 150 kVp and 12.5 mA. The 

beam was filtered with 1.02 mm Al and 0.5 mm Cu. Under these conditions 

the half value layer was 1.3 mm Cu + 1.0 mm Al. Dosimetry was performed 

at the start of each experiment using a Victoreen condenser R-meter. A 

source-to-sample distance of 10 inches was used in all experiments with 

the cell monolayers placed perpendicularly to the direction of incidence 

of the beam. This configuration resulted in a dose rate of ~ 120 rad/min 

with a center-to-edge variation in dose of < 8%. The LET of the x-ray 

exposures is estimated to be in the 1.5 to 3.5 keV/ym range (Johns and 

Cunningham, 1974; Barendsen et al., 1963; Amols et al., 1986).

Particle beam exposures were performed at the Bevalac, a 

synchrocyclotron located at Lawrence Berkeley Laboratory and operated 

under the auspices of the Department of Energy. The Bevalac, which was 

created in 1974 by using the SuperHILAC (a linear accelerator) to inject 

accelerated charged particles into the Bevatron (a synchrotron), can 

produce relativistic beams of ions as light as protons or as heavy as
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uranium. Such beams have an intensity and range that make them suitable 

for clinical radiotherapy trials.

Irradiation of cell monolayers was performed in the track segment 

mode, i.e., with the plane defined by the monolayer placed perpendicular 

to the incident beam so that the particles passed through the bottom of 

the plastic petri dish. To ensure 5% dose uniformity over the irradiated 

sample, lead scattering foils were placed in the beam line. Dosimetry 

was accomplished by placing a parallel plate ionization chamber in the 

beam line just before the sample. Prior to each experiment, the 

ionization chamber was calibrated against a tissue-equivalent dosimeter 

(EGG model No. IC-17A) placed at the sample position. For the two higher 

LET neon experiments a variable thickness water column was used to place 

the Bragg peak closer to the sample position (Fig. 1). The higher LET 

neon beams also required dose correction factors of 1.06 and 1.18, 

respectively, for the 100 keV/ym and 183 keV/ym exposures (Ngo et al., 

1981) to account for additional slowing of the particles as they passed 

through the bottom of the petri dish. All other particle beam exposures 

were done in the plateau of the Bragg curve. A detailed description of 

Bevalac operating principles, the physical characteristics of Bevalac 

beams and irradiation procedures can be found in one of the following 

references: Blakely et al. (1979; 1984), the Bevalac Users Handbook, and 

Pirruccello and Tobias (1980). Table 1 shows the most important physical 

characteristics of the 9 particle beams used in this work.

Cell Survival

Cell survival was determined by the colony-formation assay of Puck 

and Marcus (1956). Following graded doses of radiation, cell cultures 

were either trypsinized (.05% trypsin + 0.2% EDTA, Gibco) immediately or, 

where appropriate, after a repair incubation period at 35°C (CHO-tsHl 

cells) or 37°C (UV24C2-3 cells). Enough cells were seeded into 5 ml of
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Neon 425 MeV/u

F-position 
183 keV//im

D-position 
100 keV//i,m

Plateau 
32 keV/^m

3/64 Pb

0 5 10 15 20

Depth (cm of water)
XCG 874-6877 A

Bragg curve for the 425 MeV/amu neon beam. Biological 
samples vere placed at one of the three positions indicated 
by arrows.

Figure 1.
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TABLE 1

PARTICLE BEAM DATA

Energy at
Mass Initial Energy LET Sample Position'

Ion (amu) Charge* (Mev/amu) (keV/umb) (MeV/amu)

H 1 + 1 150 0.562 150
C 12 +6 300 13.74 258
Ne 20 + 10 425 32 360
Ne 20 + 10 425 100 65.3
Ar 40 + 18 400 115 290
Ne 20 + 10 425 183 31
Nb 93 +41 600 475 400
U 238 +68 960 1900 864
U 238 +68 325 2700 300

a.
b.

acceleration charge 
dose-averaged LET as estimated by Lawrence Berkeley Laboratory

c.
scientists
estimated from tables in the "Bevalac User's Handbook ", Lawrence
Berkeley Laboratory Biology and” Medicine Publication TOl, 1977

Tabulated here are the physical characteristics of the 9 particle beams 
used in the thesis work.
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growth medium in 25 cm2 Falcon flasks to yield an anticipated 150 to 180 

colonies per flask. For the dose-response curves, 8 flasks vere plated 

for each of 2 zero-dose controls for the highest dose point. Four flasks 

vere plated for each of the intermediate survival points. For the PLD 

repair curves, 8 flasks vere plated for each of 2 zero-dose controls as 

veil as all time points. After 10 days the medium was emptied from the 

flasks and colonies vere stained vith either 0.1% crystal violet in 25% 

ethanol (CHO-tsHl cells) or 1% methylene blue in 30% ethanol (UV24C2-3 

cells). Each colony containing 50 or more cells vas judged to have 

arisen from a viable cell. Plating efficiency vas typically in the range 

of 80 to 100%. The surviving fraction vas calculated by dividing the 

ratio of the average number of colonies per flask to the average number 

of cells seeded per flask by the plating efficiency. A linear-quadratic 

curve was fit to dose-survival data using a computer program designed by 

Dr. Norman Albright (Rad. Res. 112, 1987; LBL Publication 22347, 1988). 

This same program vas used for RBE determinations.

Collection of Mitotic Cells

The PCC technique requires the ready availability of large numbers 

of mitotic cells. Furthermore, the differential staining procedure of 

Cornforth and Bedford (1983a) vhich will be described later, requires 

that the mitotic cells have chromosomes that are fully substituted vith 

bromodeoxyuridine (Brd Urd). The collection process described here is 

based on the observation that mitotic cells are more loosely attached 

than interphase cells and can be selectively dislodged from the cell 

monolayer by reciprocal shaking (Terasima and Tolmach, 1961). Mitotic 

cells are collected from CH0-SC1 cell cultures that have been growing 

continuously in the presence of 6 x 10-7 molar Brd Urd for several 

months. It is convenient to keep samples of Brd Urd-substituted CH0-SC1 

cells frozen in liquid N2 • About 1 week prior to a mitotic cell
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collection, a sample is thawed and the cells are allowed to grow at 37°C 

in medium + Brd Urd.

24 hours prior to beginning a mitotic cell collection, 15-75 cm2 

flasks (Falcon #3024) are seeded with 4.5 x 106 cells in growth medium +

6 x 10-7 M Brd Urd + 17 mM Hepes buffer. The flasks are transferred to a 

37°C warm room shortly before starting the collection procedure. The 

collection procedure starts with 3 "clean-up" shakes to remove dead cells 

and debris and 3 additional shakes with 2 ug/ml colchicine added to the 

medium. Each shake is separated by 20 minutes. Two mitotic cell harvest 

shakes follow 3% hour collection intervals. In the context used here, 

"shake" is defined as a 1 minute episode of shaking on an Eberbach Corp. 

reciprocating table set for a 2 inch stroke length and a frequency of 118 

cycles per minute. The medium used during the collection intervals 

contains 2 ug/ml colchicine plus 17 mM Pipes buffer instead of Hepes. 

Mitotic cells are centrifuged to a pellet and then resuspended in growth 

medium + 15% fetal calf serum + 17 mM Pipes + 2 ug/ml colchicine + 4% 

DMSO. The cells are then put into freezing vials (Nunc), frozen by 

lowering the temperature at a controlled rate in a Union Carbide 

biological freezer, and stored in liquid nitrogen. Mitotic cells 

collected in this way are designated as CHO-MB.

Premature Chromosome Condensation

The operational complexity of the Bevalac, especially with the 

acceleration of exotic ion species, coupled to the competing demands of 

many investigators often required that changes be made in the 

experimental protocol, sometimes on short notice. To allow for this, an 

extra degree of flexibility had to be built into the PCC procedure. The 

method described here follows that of Pantelias and Maille (1983) with 

modifiations. The procedure is shown schematically in Figure 2. Recipes
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A. The System

1. Confluent serum-deprived CHO-tsHl cells

2. Track segment exposures

B. Premature Chromosome Condensation (PCC) Method

Irradiate 
confluent 
“test” cells 
(CHO-tsHl)

Harvest
mitotic
“inducer” cells 
(CHO-SC1) Fusion

Chromatin 
condensation

in test cell

PCC

Slide

preparation

XBL 873-958

Figure 2. The PCC method. Shown here is the sequence of steps followed in the PCC technique.

Uc
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for the solutions used in the PCC procedure will be found in the 

Appendix.

Remove vials of frozen mitotic CHO-MB cells from a liquid N2 dewar. 

Usually from 3 to 4 x 106 mitotic cells are needed for each fusion. Thaw 

the vials. Transfer the contents to a 15 ml centrifuge tube and add 1.5 

ml of thawing medium for each vial. Put the cells on ice until needed. 

While it is best to thaw mitotic cells as close to the time of fusion as 

possible, good results can still be obtained for several hours after 

thawing as long as the cells are kept on ice. The stockpiling of frozen 

CHO-MB effectively uncouples the collection of mitotic cells from the 

rest of the PCC protocol. CHO-MB stored in liquid N2 for 2 years have 

successfully induced PCC.

Aspirate the medium from the irradiated dishes. Wash twice with 

cold medium prepared without fetal bovine serum. Trypsinize the cultures 

using trypsin plus 25 ug/ml cycloheximide for 5 minutes at 37°C or until 

cells detach. Add 1 ml of cold PCC medium and transfer cells to a 15 ml 

centrifuge tube. Pipette the cells repeatedly to form a single cell 

suspension. Add mitotic cells (3 to 4 x 106 per fusion). Pellet the 

cells by centrifuging for 4 minutes on setting #4 of an ICU clinical 

centrifuge. Remove the supernatant by aspiration. Resuspend the cells 

in 1.5 ml of cold wash solution and transfer to a 16 mm round bottom test 

tube (Falcon #3033). The use of a conical bottom centrifuge tube at this 

point will not give satisfactory results. Centrifuge for 3 minutes on 

setting #4. Aspirate most of the supernatant then carefully invert the 

test tube to drain off the remaining liquid. Let the tube remain 

inverted for 1-2 minutes. Blot or aspirate any drops that run down the 

side of the test tube. This step prevents dilution of the fusogen by 

allowing the pellet to drain completely.
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Draw k ml of warm (37°C)polyethylene glycol (PEG)/Hepes solution 

into a 1 ml hypodermic syringe fitted with a 1 inch 20 gauge needle. The 

PEG/Hepes solution can be prepared in advance and stored in 2 ml freezing 

vials at -20°C. Turn the test tube upright, insert the syringe and eject 

the PEG/Hepes onto the cell pellet. Remove the syringe. For the next 60 

seconds shake the test tube gently with just enough motion to break up 

the cell pellet. For the fusion process to be successful, the cell 

pellet must break up into small clumps of a few cells each. Too much 

shaking will turn the pellet into a single-cell suspension. This reduces 

effectiveness since cells which do not touch cannot fuse. Next, the 

PEG/Hepes is diluted slowly by adding 2.5 ml of wash solution 

drop-by-drop over a 2 to 3 minute interval. Since the fusogen is 

hypertonic, the slow dilution is necessary to prevent the rupture of 

weakened cell membranes by osmotic shock. Add 2.5 ml of thawing medium. 

Pellet the cells, aspirate the supernatant and drain completely. Add 2 

ml of PCC medium, cap the test tube and place it into a 37°C water bath. 

After 10 minutes add 2 ml of PCC medium/Pipes. The lower pH of the 

medium buffered with Pipes promotes chromosome condensation (Obara et al, 

1973 and 1974). Allow the test tube to remain in the water bath for an 

additional 35 minutes. The cells are now ready for microscope slide 

preparation.

Microscope Slide Preparation

Compared to ordinary mitotic chromosome squashes, the preparation of 

high quality microscope slides with cells from a PCC experiment was found 

to be more difficult yet more critical to the ease and accuracy of 

scoring. The methods described here have evolved over several years and 

give good results in most cases.

Following fusion and premature chromosome condensation, cells are 

resuspended in hypotonic KC1 (75 mM) for 11 minutes. Colcemid (0.2
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Ug/ml) was often added during hypotonic treatment but may not be 

necessary. After pelleting, all but V2 ml of supernatant is removed and 

the cells are resuspended in this volume. As a fixative, 95% ethanol and 

glacial acetic acid are used in the ratio of 3:1. With constant 

agitation of the cell suspension 7 ml of fixative is added using a 

Pasteur pipette (Fisher #13-678-6A) fitted with a rubber bulb. The rate 

at which fixative is added is important; too fast and cells lyse, too 

slow and fixation is poor. A workable compromise is to add the first 2 

ml of fixative at a rate that produces a series of fast drops, almost a 

stream, from the pipette. This rate is faster than recommended in many 

published protocols, but experience shows it to produce better results. 

The remainder of the 7 ml can be added faster. Cells are often trapped 

in a stagnant bottom layer with nearly pure fixative above. Use the 

dropping pipette to mix the contents of the centrifuge tube. Fixation is 

completed after 20 to 30 minutes at room temperature. Wash cells 3 times 

in fixative (methanol/acetic acid, 3:1). After the last wash, cells are 

resuspended in - 0.3 ml of fixative.

It is necessary to clean microscope slides before using them (the 

so-called "precleaned" slides are never clean enough). Best results were 

obtained with the commercial glassware cleaner "No Chromix" dissolved in 

sulfuric acid. Slides are immersed in the mixture for 15 to 20 minutes 

and then thoroughly rinsed in distilled water (not tap water!). To make 

a cell spread, fog a clean dry slide by breathing on it, then allow a 

single drop of cell suspension to fall onto the slide from a height of - 

6 inches. Blow on the slide to spread the drop. Let the slide dry. At 

this point the slide is evaluated under phase contrast (400X). Ideally, 

cells should show good spreading between chromosomes, thin cytoplasm and 

good chromosome morphology. Poor results are usually of two types; 

underspreading (clumped chromosomes and thick cytoplasm) and
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overspreading (cell lysis with scattered chromosomes). The degree to 

which chromosomes spread seems to be related to the time it takes the 

fixative to dry, with a longer drying time leading to increased 

spreading. Low heat, fanning a slide or using less acetic acid in the 

last wash step will decrease drying time. For the two cell lines used in 

the thesis work, resuspension in a 5:1 mixture of methanol and acetic 

acid prior to dropping, and allowing the slide to dry without further 

manipulation after dropping, usually produced very good cell spreading. 

Differential Staining

The procedure described here is a modification of the method 

developed by Cornforth and Bedford (1983a) which, in turn, is based on 

the Fluorescence-plus-Giemsa method used by Perry and Wolff (1974) to 

detect sister chromatid exchanges. Differential staining causes PCC 

fragments from the test cells to stain darkly while mitotic chromosomes 

from the inducer cells stain lightly. Thus one can easily distinguish 

small telocentric mitotic chromosomes from PCC fragments. In addition, 

since the mitotic index is always less than 100%, one can distinguish, 

and avoid scoring, occasional heterokaryons resulting from the fusion of 

a mitotic cell to a contaminating interphase cell. The advantage of 

differential staining is that it can significantly improve the accuracy 

of scoring.

Slides that are between 1 day and 2 weeks old are stained for 15 

minutes in the fluorescent dye Hoechst No. 33258 (5 ug/ml in Sorensen's 

buffer, pH 6.8). Rinse twice and allow to dry. Put one drop of 

Sorensen's buffer, pH 6.8 onto a slide then place a 22 x 40 mm #1 

coverslip onto the slide. Place 1 to 5 slides onto a 57°C hotplate. 

Temperature is measured with a thermometer placed on the hotplate so that 

its bulb is in contact with the heating surface. A 15 watt long wave 

ultraviolet light bulb is lowered to a distance of 2 cm above the
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hotplate. After a 5 minute UV exposure, slides are removed from the 

hotplate and put into a Coplin jar containing distilled water. The 

coverslips will easily slip off after about a minute. Slides are rinsed 

once then allowed to dry. The temperature of the hotplate and length of 

the UV exposure may have to be adjusted to achieve best results. This 

procedure has the added benefit of improving staining by removing much of 

the cytoplasm from cell spreads. Final staining is done with a 4% Giemsa 

(Gurr's improved R66) solution in Sorensen's buffer, pH 6.8 for 16 

minutes. Slides are rinsed 3 times with distilled water then allowed to 

dry.

Fluorescense In Situ Hybridization

The methods used here are those of Pinkel et al. (1986). The DNA in 

chromosome spreads was denatured by immersing a microscope slide into a 

70°C solution of 70% formamide, 2 x SSC (see Appendix) for 2 minutes. A 

probe consisting of human genomic DNA (Sigma) biotinylated by 

nick-translation (BRL) was also denatured. The stringency of the 

hybridization ensured that the probe bound only to the human chromosome 

in the UV24C2-3 cells. Staining with fluorescein conjugated to avidin 

renders the human chromosome fluorescent. The fluorescent signal is 

often weak at this point, but can be amplified ~6 fold by successive 

application of biotinylated anti-avidin antibody followed by a second 

round of staining with fluoresceinated avidin. Total DNA is 

counterstained with propidium iodide. Fragments of the human chromosome 

fluoresce a bright yellow in contrast to the red fluorescence of hamster 

chromatin. Some degradation in chromosome morphology appears to be the 

inevitable result of the harsh denaturation procedure.

Scoring a PCC Experiment

Scoring a PCC experiment is accomplished with the use of a light 

microscope equipped with a lOOx high numerical aperature oil immersion
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objective and a drawing tube apparatus. To score, one simply counts the 

number of G^-PCC fragments in 20 or more cell spreads. However, counting 

is not a trivial matter. Three sources of difficulty can be identified. 

First, when scoring a cell with numerous fragments it is easy to lose 

track of which fragments have been counted and which still remain to be 

counted. The drawing tube apparatus, which is in essence a camera 

lucida, provides an effective solution to this problem. With it, the 

image of a blank piece of white paper is superimposed onto the image of a 

cell spread. As it is counted, each fragment is "crossed off" by placing 

a mark on the white paper at the appropriate position. The second source 

of difficulty arises from the mitotic cell population used in the PCC 

procedure. Mitotic chromosomes occasionally overlap PCC fragments and 

small telocentric chromosomes may be mistaken for PCC fragments. Also, 

some interphase cells contaminate the mitotic inducer cell population 

(the mitotic index is never 100£). Contaminating interphase cells can 

fuse to mitotics and give rise to cell spreads that may be mistaken for 

fusions between inducer and test cells. These problems are minimized by 

the differential staining method of Cornforth and Bedford (1983a). With 

this method, PCC fragments are made to stain darker, and a somewhat 

different color, than either mitotic chromosomes or PCC fragments created 

by fusions of mitotics to interphase cells contaminating the inducer cell 

population. Because they provide effective technical solutions to the 

problems encountered, the use of a drawing tube and the differential 

staining procedure greatly enhance the accuracy of scoring a PCC 

experiment. A third problem that arises is not as easily solved. The 

centromeres of both mitotic and PCC chromosomes occasionally remain 

unstained by Giemsa. This is seldom a problem when counting mitotic 

chromosomes because of their bivalent structure. However, a nonstaining 

region in a monovalent PCC chromosome can be interpreted two ways; as due
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to the presence of a centromere or as due to the coincidental alignment 

of two separate PCC fragments. The final count will depend on the 

particular interpretation chosen in such cases of ambivalence. One 

approach to resolving this problem is to score the zero dose controls 

first. It is expected that most unirradiated cells possess a number of 

PCC fragments equal to the modal chromosome number of that cell line.

This expectation is used to calibrate the process of scoring. One learns 

to associate gaps of a certain size with nonstaining centromeres and then 

continues to apply the same criterion when scoring all higher dose 

points. In well-spread cells, the coincidental alignment of two 

fragments mimicking a nonstaining centromere is likely to be an 

infrequent occurrence. In addition to centromeres, gaps can appear in 

PCC chromosomes for two other reasons. Differential staining has a 

tendency to produce some banding in mitotic and PCC chromosomes. In a 

monovalent G^-PCC chromosome a light band appears as a gap. Radiation is 

also known to produce achromatic lesions in the chromatids of mitotic 

chromosomes and appears to have the same effect on PCC chromosomes. The 

nature of the radiation-induced gap remains unsettled (Hittleman and Rao, 

1974) and no attempt was made to quantitate this lesion in the 

experiments reported here. In the course of experimentation with the PCC 

technique it was observed that variations in slide preparation and 

staining procedure could enhance or diminish the appearance of gaps, but 

never eliminate them. For the purpose of scoring, gaps are treated in 

the same manner as unstained centromeres, i.e., continuity of the 

chromatid through the gap is assumed.

For each dose or time point in the experiments reported here, from 

20 to 140 PCC cell spreads on from 2 to 8 microscope slides were scored 

for the number of PCC fragments. The average number of PCC fragments per 

cell was calculated from the raw data. Each break in a chromatin fiber
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increases the number of PCC fragments by one. For the purpose of data

analysis, the number of chromatin breaks was defined as the number of PCC

fragments minus the modal chromosome number of the cell line under study. 

It should be emphasized that chromatin breaks are not actually visualized 

in the PCC technique, rather, their number is ascertained from the 

counting of fragments. The standard error of the mean was used to 

determine error bars on the data points.

Cross sectional Area of the Cell Nucleus

A confluent serum-deprived CHO-tsHl cell culture prepared as 

described earlier was rinsed once in medium without serum and then fixed 

with a 1:1 mixture of 95% ETOH and glacial acetic acid for 30 minutes.

The fixative was removed and the dishes were allowed to dry. Cell nuclei 

were stained for 20 minutes in a solution of 8% Giemsa in Sorensen's 

buffer, pH 6.8. After rinsing in distilled water, dishes were once again 

allowed to dry.

Cell nuclei have an elliptical appearance when observed under a 

microscope equipped with a 100X oil immersion lens. Using the drawing 

tube apparatus, the maximum extent of the long and short axes of 20 

nuclei were measured with a ruler and recorded. A conversion factor is 

needed to change the measured values to true dimensions. This factor was 

determined by using a stage micrometer to find the number of micrometers 

to each millimeter of measured length. The area was computed by assuming 

the nuclear cross section to be an ellipse.
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RESULTS

Cell Line Characteristics

For the PCC technique, it is desirable to use a cell line having 

three properties: (1) few chromosomes per cell, (2) a distribution of 

chromosomes per cell that is narrowly peaked about the modal chromosome 

number, and (3) strong contact inhibition of growth. The first property 

increases the accuracy of scoring a PCC experiment and reduces the amount 

of time spent on scoring each cell. The second property reduces the 

total number of cells that need to be scored to reach a certain level of 

precision in an estimate of the average number of chromatin breaks per 

cell. The third property, good contact inhibition, prevents cells from 

cycling into or out of the G1 phase of the cell cycle during repair 

incubations.

The CHO-tsHl cell line has a modal chromosome number of 21, which is 

low in comparison to most other mammalian cell lines. 86Z of the cells 

have 21 chromosomes while the other 14% are equally divided between those 

with either 20 or 22 chromosomes. This distribution also compares 

favorably with other cell lines. In contrast, contact inhibition of 

growth is poor. CHO-tsHl cells have a tendency to grow to high cell 

densities in culture, exhaust nutrients in their growth medium and die 

off without reaching a true plateau phase. A number of experiments were 

performed in an attempt to force cycling CHO-tsHl cells into a GQ state 

without compromising their viability. The most successful results were 

obtained by seeding the cells at high density (2.5 x 106 per 35 mm dish) 

in growth medium. 24 hours later the growth medium is replaced by medium 

prepared without fetal bovine serum. After an additional 24 to 36 hours 

cell cultures were ready for experimentation. This treatment created a 

confluent monolayer culture with - 3.5 x 106 cells per dish. Cell counts 

indicated no appreciable change in cell number within the 15 to 45 hour
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post medium replacement interval. The mitotic index remained nearly 

constant throughout the plateau phase at a value approximately equal to 

23% of that of exponentially growing cells. For at least two days after 

an experiment unused cell cultures remained viable, although there was a 

drop in cell number concomitant with an increase in individual cell 

volume at the longer observation points. The plating efficiency of 

confluent, serum-deprived CHO-tsHl cell cultures was typically in the 

range of 80 to 100% and the x-ray survival dose response was similar to 

that obtained by Yezzi (1985) for exponentially growing CHO-tsHl cells.

The UV24C2-3 cell line also has comparatively few chromosomes per 

cell and has a modal chromosome number of 22. In situ hybridization with 

a human genomic probe allows easy identification of the single human #2 

chromosome in this cell line. It was discovered that there was a 

tendency to lose the human chromosome unless strong selective pressure 

was maintained. The primary use of UV24C2-3 cells was to investigate the 

breakage and rejoining of the single human chromosome. The loss of this 

chromosome in a small fraction of the cell population could be tolerated 

since PCC spreads without the chromosome were easily detected and not 

scored. An analysis of mitotic cells showed that of those cells 

retaining the human chromosome, 84% were pseudodiploid and contained a 

single copy, 14% were pseudotetraploid and had two copies, and less than 

2% were pseudodiploid with two copies. Pseudotetraploid interphase cells 

rarely undergo premature chromosome condensation when fused to a single 

mitotic cell an, where PCC does occur, often from fusion to two mitotic 

cells, it can be easily distinguished by the excess quantity of PCC 

fragments present. Therefore it is the pseudodiploids with two human 

chromosomes that have the greatest adverse effect on scoring and their 

numbers are low enough to not be a serious problem.
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Experiments with CHO-tsHl Cells

A. Survival

Using a clonogenic assay, survival curves were determined for 

confluent, serum-deprived CHO-tsHl cells exposed to graded doses of 

x-rays and 4 particle beams of different LET. The survival curves are 

shown in Figure 3. Table 2 shows the survival curve parameters and RBE10 

values. As has been observed by others, the RBE10 reaches a maximum in 

the 100-200 keV/pm range (also, see Figure 19). A more precise estimate 

of the LET of maximum effectiveness could not be made based on available 

survival data. With increasing LET, the shoulder of survival curves was 

progressively reduced.

PLD repair curves were determined after exposure to x-rays or neon 

ions. The results are shown in Figure 4. X-irradiated CHO-tsHl cells 

showed about a 2.5-fold increase in survival during a 6 hr repair period. 

Ne-irradiated cells showed far less recovery.

B. Chromatin Breakage, Initial Yield

The PCC technique was used to determine the initial yield of 

chromatin breaks in CHO-tsHl cells exposed to x-rays and 9 particle 

beams. For all measurements of initial breakage, cell cultures were 

treated with cycloheximide starting 15 minutes before irradiation and 

continuing throughout the PCC process to inhibit protein synthesis. 

Cycloheximide was shown to decrease the rate of rejoining of chromatin 

breaks and to increase the time required for maximum PLD repair (Fig. 5). 

This finding differs somewhat from that of Wolff (1972) and Hittleman and 

Pollard (1982) who saw a complete suppression of chromosomal repair in 

the presence of cycloheximide. The question of whether cycloheximide 

might itself induce chromatin breakage was answered by performing a PCC 

analysis two unirradiated cell samples, one of which was exposed to
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CHO Survival Curves

• 425 u«v/u N«on. p*ok 
A 150 WVp Xray

Radiation Dose (cGy)

• 425 M#V/u Neon. Plateau
A 150 kVp Xray

Radiation Dose (cGy)
XBL ••'.1-3920

® 325 UeV/u UroniLm. plateau
A 150 kVp Xray

25002000

• 600 MeV/u Niobii/n, plateau
A 150 kVp Xray

Radiation Dose (cGy) Radiation Dose (cGy)

Figure 3. CHO-tsHl survival curves. Cells were grovn as confluent,
serum-deprived monoloayers in plastic dishes and then exposed 
to x-rays or one of four heavy-ion particle beams. To 
facilitate comparisons the x-ray survival curve has been 
repeated in each panel.
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TABLE 2

SURVIVAL PARAMETERS

Linear Quadratic Model

Beam Alpha (xlO 3 rad" l) Beta (xlO 6 rad ~2) ]P.E

150 kVp X-ray 1.11 + 0.70 8.10 ± 1.10 .995 + .081

425 MeV/u Ne 
(plateau)

3.00 ± 1.30 8.47 ± 2.60 .999 ± .120

425 MeV/u Ne 
(peak)

9.15 ± 4.60 .576 ± 6.20 1.06 ± .540

600 MeV/u Nb 7.04 ± 30.1 3.70 ± 110 .997 ± 1.60

325 MeV/u U 2.45 ± 1.30 .328 ± .680 1.08 ± 0.470

Singl e-hit Multitarget Model

Beam N D (xl0+ o'
2 rad) P .E.

150 kVp X-ray 7.58 ± 8.50 1.07 ± .22 .950 ± .260

425 MeV/u Ne 
(plateau)

2.95 ± 2.20 1.09 ± .18 .984 + .210

425 MeV/u Ne 
(peak)

1.27 ± 1.40 1.00 ± .28 1.01 + .570

600 MeV/u Nb 1.26 ± 11.0 1.13 ±3.80 .999 + 1.70

325 MeV/u U 2.09 ± 1.80 2.90 + .440 .993 + .320

Parameters calculated from best fits to survival data (Albright, 1988). 
Alpha is the coefficient of the linear term and beta the coefficient of 
the quadratic term in the linear-quadratic model. N is the number of 
targets in the single-hit multitarget model and D is the reciprocal of 
the slope of the exponential portion of the survival curve. P.E. is the 
average plating efficiency, a parameter introduced to provide a better 
fit to data by not forcing the surviving fraction to pass through 1 at 
zero dose. The error associated with each parameter refers to a 95% 
confidence interval.
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PLD Repair in CH0-tsH1 Cells

• 770 rad X-ray

■ 420 rad Neon peak

Time (hrs)

Figure 4. PLD repair in CHO-tsHl cells. The figure shows the extent of recovery in cells exposed to 
either 770 rad x-rays or 500 rad Ne-peak ions during post-irradiation incubation at 35 C.

4>
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Effect of Cycloheximide on PLD Repair and 
PCC Fragment Rejoining

PLD Repair

Q —

PCC Rejoining

Time (hrs)

XBL 8311-10544

The effect of cycloheximide on PLD repair and PCC fragment 
rejoining. The data are expressed as a percentage of either 
the maximum increase in survival or maximum extent of PCC 
fragment rejoining that occured during the repair period.

Figure 5.
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25 ug/ml cycloheximide for 6 hours at 35°C vhile the other was processed 

immediately. The 0 hr sample had an average of 21.0 PCC fragments per 

cell (0 breaks) while the 6 hr. sample had 21.5 PCC fragments per cell 

(0.5 breaks). A "t" test indicated that there was no significant 

difference at the p = .05 level between the two samples. Thus 

cycloheximide apparently does not produce significant chromatin breakage 

even after a 6 hour exposure, which is much longer than the time required 

to complete the PCC process in the course of an ordinary experiment. In 

addition to cycloheximide treatment, samples were placed on ice both 

before and after irradiation to further inhibit cellular repair processes 

that might have reduced the number of chromatin breaks before the 

procedure was completed. These experimental conditions provided a 

significant improvement over early trials of the PCC technique where ice 

and cycloheximide were not used. To ensure that some aspect of the PCC 

technique was not inducing breakage in unirradiated cells, zero-dose 

controls were performed for most of the experiments reported here.

Mitotic CHO-tsHl cells have a distribution of chromosomes that is 

symmetrical about 21 per cell. Several of the PCC controls had a mean 

number of PCC fragments slightly greater than 21, but in no case was the 

mean larger than 21.2. To test for a significant difference between the 

means of the distribution of mitotic chromosomes and the zero-dose 

distribution of PCC fragments the "t" test was applied. In no single 

experimental control, nor in the pooled results of all controls, could a 

significant difference be found at the p = .05 level.

Figure 6 shows the initial yield of chromatin breaks per cell per 

unit energy absorption as a function of LET. The curve has a nearly flat 

plateau at low LET values followed by a rise to a broad peak in the 

100-200 keV/ym range and then a continuous decline thereafter, eventually 

falling well below the plateau level. At the high LET end of the curve,
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LET-dependence of Chromatin Breaks per Rad

1.75
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0.25

0
10'1 10° io1 io2

LET (keV/yum) XCC 884-6605 A

The yield of chromatin breakage. The vertical axis on the 
left-hand side of the figure refers to the yield per unit 
energy absorption vhile the right-hand side shows the RBE 
with the x-ray yield as reference.

Figure 6.
R

BE
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the tvo uranium beams are most notable for their inefficiency at breaking 

chromatin. The same data set can be considered from another perspective, 

the average breakage yield from single particle traversals of the cell 

nucleus. To make this conversion of the data set one needs to know the 

fluence of particles which passed through the nucleus. The major and 

minor axes of 20 elliptically-shaped CHO-tsHl cell nuclei were measured. 

The cross-sectional area, as calculated using the equation for the area 

of an ellipse, was found to be 112.5 ± 12.2 ym2 (mean + standard 

deviation). Given the LET of a particle beam in keV/ym the number of 

particles passing through a 1 cmJ area per rad of exposure is 6.242 x 

106/LET (Bevalac Users' Handbook). Therefore, the fluence of particles 

which passed through a CHO-tsHl cell nucleus from a dose of D rads is 

7.022 D/LET. Figure 7 presents the same data as Figure 6 but displayed 

as the average yield of chromatin breakage from single particle 

traversals as a function of LET. On this log-log plot the slope is 1 at 

the lowest LET values. The slope rises slightly with each incremental 

increase in LET above the proton point. There is an inflection point, 

whose exact position is difficult to determine on the gently curving 

line, somewhere between 40 and 90 keV/ym. Above the inflection point the 

slope decreases with increasing LET. The maximum slope of this sigmoidal 

curve is - 1.3 at the inflection point. The slope decreases to 1 at a 

point within the 100 to 200 keV/ym range. The curve appears to be 

reaching a plateau at the very highest LET values, but this is not 

demonstrated conclusively by the data. In CHO-tsHl cells grown as a 

confluent monolayer, there is an average of 1 chromatin break from a 

single particle traversal of the cell nucleus at an LET of ~ 65 keV/ym. 

This value is at or near the inflection point. The PCC data from which 

Figures 6 and 7 were constructed can be found in Table 3. Figure 8 shows 

the dependence of chromatin breakage on particle fluence for the Ar,
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LET-dependence of Chromatin Breakage per Particle

LET (keVZ/im)

Figure 7. The average yield of chromatin breakage from single particle 
traversals of the cell nucleus.
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TABLE 3

INITIAL YIELD OF CHROMATIN BREAKS IN CHO-tsHl CELLS

Chromatin Chromatin
Beam LET (keV/ym) Breaks/Cell/Rad Breaks/Cell/Particle

150 MeV/u H .562 .0735 ± .0031 .00588 ± .00025

150 kVp X-ray -1.5 .0738 ± .0066 -

300 MeV/u C 13.74 .0780 ± .0042 .1527 ± .0082

425 MeV/u Ne 
(plateau)

32 .0983 ± .0107 .4481 ± .0489

425 MeV/u Ne-D 
(near peak)

100 .1025 ± .0290 1.460 ± .4120

400 MeV/u Ar 115 .1048 ± .0091 1.716 ± .149

425 MeV/u Ne-F 
(peak)

183 .1107 ± .0093 2.884 + .243

600 MeV/u Nb 475 .0902 ± .0058 6.101 ± .394

960 MeV/u U 1900 .0351 ± .0036 9.508 ± .982

325 MeV/u U 2700 .0279 ± .0043 10.72 ± 1.64

The average initial level of chromosome breakage in cells as measured 
by the PCC technique is presented on both a per unit energy absorption 
basis and a per particle traversal of the cell nucleus basis. The error 
associated with each value refers to the standard error of the mean.

t



Chromatin Breakage vs Particle Fluence

Fluence (particles/cell nucleus)

Figure 8. The dependence of the average chromatin brea! ige yield on particle fluence for three 
high-LET heavy-ion beams. Straight lines were fitted to the data points by the 
least-squares method.
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Ne-peak and Nb beams. In each case a straight line fit the data points 

well indicating a linear yield with increasing fluence or dose.

C. Chromatin Breakage, Initial Distribution

Since the PCC technique can detect chromatin breaks in individual *

cells, it is possible to analyze the distribution of this kind of lesion.
*

DNA strand break assays which homogenize the entire cell sample cannot do 

this. Following irradiation with x-rays and low LET particle beams, the 

initial distribution of chromatin breaks in CHO-tsHl cells was Poissonian 

(Table 4). This finding was expected based on the random nature of 

energy deposition by low LET radiation. As the LET of a particle beam 

increases, energy deposition can no longer be considered random, rather, 

there is a much higher energy density close to the trajectories of 

individual particle tracks (Chatterjee and Schaefer, 1976). In this case 

it was thought that the distribution of chromatin breaks might deviate 

from Poisson statistics. The variance-to-mean ratio, the relative 

variance, is useful as an indicator of the dispersion of a distribution.

If chromatin breaks are Poisson-distributed the relative variance is 

expected to equal 1. By this measure a number greater than 1 may 

indicate overdispersion. Fisher's dispersion test (Fisher, 1946;

Croxton, 1953) was used to determine whether the relative variance is 

statistically different from 1 at the p = .05 significance level. The 

results of this test for each of the 10 beams used in the thesis work are
1

shown in Table 4. With increasing LET, there is a general trend towards

larger values of the relative variance. This trend reflects a monotonic <•

rise in the average number of chromatin breaks per cell produced by

single particle traversals of the cell nucleus. When Fisher's test is

used with p = .05, significant overdispersion occurred for all beams

producing in excess of 1 chromatin break/cell/particle. This observation
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TABLE 4

DISPERSION OF CHROMATIN BREAKS IN IRRADIATED CHO-tsHl CELLS

Beam LET (keV/um) Breaks/Cell/Par tide
Relative
Variance

Significantly
Overdispersed

H .562 .00588 1.16 No

X-ray -1.5 - 1.42 No

C 13.7 .153 1.11 No

Ne 32 .448 1.41 No

Ne-D 100 1.46 3.59 Yes

Ar 115 1.79 3.90 Yes

Ne-F 183 2.88 5.66 Yes

Nb 475 6.10 7.31 Yes

U 1900 9.51 10.7 Yes

U 2700 10.7 8.47 Yes

For each beam used in the thesis work the table shows the LET at the 
sample position and the average number of chromatin breaks/cell/particle 
traversal. Also shown is the relative variance, an indicator of the 
dispersion of chromatin breaks within the irradiated cell population. 
Fisher's dispersion test was used to determine significant overdispersion 
(see text). The test revealed that a significant departure from a 
Poisson distribution occurred whenever the irradiating beam had a 
tendency to produce multiple chromatin breaks from single particle 
traversals of the cell nucleus.
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depends in part on the stringency of the criterion chosen to indicate 

overdispersion. The advantage of the p = .05 significance level is that 

it clearly demonstrates an association between the rising yield of 

chromatin breakage from single particle traversals of individual cell 

nuclei and the broadening distribution of chromatin breaks in the 

irradiated cell population. In the calculations presented here, no 

attempt was made to factor out small components in the overall dispersion 

due to a naturally occurring spread in chromosome number about the modal 

value and to the slight additional broadening caused by scoring 

difficulties. Figure 9 shows the actual distribution of chromatin 

breaks/cell in unirradiated cells, after low-LET X-irradiation, and after 

very high-LET uranium-ion irradiation.

D. Rejoining Kinetics of Chromatin Breaks

It was thought that it would be of great interest to determine the 

cellular response to breaks in chromatin produced by radiations of 

varying LET. Experiments were designed to measure the level of chromatin 

breaks after holding irradiated samples at 35° C for various periods of 

time. All samples were placed on ice both before and immediately after 

irradiation, but only the 0 hour incubation samples were treated with 

cycloheximide. Cells were kept on ice during transportation from the 

Bevalac to cell culture facilites in another building about a half mile 

away. Just prior to the beginning of the incubation period, cold medium 

was aspirated from the dishes and warm conditioned medium was added. 

Conditioned medium is that medium in which the confluent, serum-deprived 

cells were growing. The same dose was given to all test samples within 

an experiment. The initial number of chromatin breaks varied by less 

than a factor of 2 between the 4 experiments reported here.
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The results, shown in Figure 10, revealed a time-dependent decrease

in the average number of chromatin breaks per cell in each experiment.

Each data set could be fitted adequately by the equation

B (t) = B e"t/T + B (1)
r u v '

where B(t) is the number of chromatin breaks remaining at time t, t is 

the time constant for the first order rejoining process, B^ is the 

fraction of breaks which rejoin and B^ the fraction that does not rejoin 

during the interval studied (Table 5). The fast component, B^., shows no 

clear LET dependence. In addition there is a slow- or perhaps 

non-rejoining component, B^. This component strongly depends on LET. 

Experiments with UV24C2-3 Cells

A. Survival

Confluent, serum-deprived UV24C2-3 cell cultures were exposed to 

graded doses of either x-rays or accelerated Ne ions. When plated 

immediately, the survival curves shown in Figure 11 were obtained. The 

Ne dose-response curve was exponential. The RBE calculated from these 

curves at the 10Z survival level was 2.1 + 0.2 (RBE10 ± standard error). 

PLD repair was measured by exposing cell cultures to single doses of 

either 800 rad x-rays or 500 rad Ne ions and then plating for survival 

after various incubation periods at 37°C. The results are shown in 

Figure 12. X-irradiated cells demonstrated a 1.8 x increase in survival 

during the repair period. No recovery was observed after the Ne dose 

within the 6 hr. interval studied.

B. Chromatin Breakage, Initial Yield

The PCC technique was used to determine the efficiency with which 

x-rays and Ne ions induce breakage in cellular chromatin. Cultures were 

irradiated on ice with either 240 rad of x-rays or 165 rad of Ne ions and 

then processed immediately. It was found that x-rays induce breakage at
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Rejoining Kinetics of Chromatin Breaks

Neon

Argon
(115 keVZ/xm)

Carbon 
(13.7 keV/Mm)

Proton
(0.562 keV/Mm)

Time (hours)
XCC 684-6604 A

Figure 10. The time course of the chromatin-break rejoining process in 
CHO-tsHl cells. The figure shows the percentage of breaks 
remaining after a specified post-irradiation incubation 
interval. Using equation (1) curves were fitted to the data 
points with values for the parameters taken from table 5.
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TABLE 5

KINETICS

Beam LET(keV/um) t(min) T%(min) B r B u

H .562 44.3 30.7 .863 .137

C 13.7 56.0 38.8 .769 .231

Ar 115 39.9 27.6 .620 .380

Ne(peak) 183 39.6 27.5 .529 .471

The data were fit to an equation of the form B(t)
D -t/t

= B e +
r

B . B(
is the fraction of unrejoined chromatin breaks at time t, T is the time 
constant of the rejoining process and B is the residual fraction of 
chromatin breaks remaining unrejoined a^ter several hours. Also shown is 
T,,, the time required for half of B breaks to rejoin. In an analysis of 
this kind, the time constant depends strongly on the value chosen for B .
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Survival of UV24 C2-3 cells

• Neon, Bragg Peak 

A X-ray

Radiation Dose (Gy)
XBL 887-2461

The survival dose response of confluent, serum-deprived 
UV24C2-3 cells exposed to either x-rays or Ne-peak ions. 
Linear-quadratic survival curves were fitted to the data 
points (Albright, 1987).

Figure 11.
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PLD Repair in UV24 C2-3 Cells

800 rad X-ray

500 rad Neon peak

Time after irradiation (hrs)

XBL 8811-10542

Figure 12. PLD repair in UV24C2-3 cells. Cells were exposed to either 
800 rad x-rays or 500 rad of Ne-peak ions and plated for 
survival after various incubation intervals at 37 C.
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the rate of 0.0754 ± .0039 (mean ± standard error) chromatin 

breaks/cell/rad. Ne ions produce 0.1138 + .0090 breaks/cell/rad.

Compared to x-rays, the Ne beam was 1.5 times more effective.

In one experiment microscope slides were fluorescently stained after 

in situ hybridization with a human genomic probe. PCC fragments of the 

human #2 chromosome fluoresce yellow and are easily distinguished from 

hamster PCC fragments which fluoresce red after counterstaining with 

propidium iodide. The dose response determined for breakage in the human 

chromosome (only) after x- or Ne-irradiation is displayed in Figure 13. 

Straight lines were fit to the data points by the least-squares method. 

The slope of the x-ray curve was 0.0018 + .0002 breaks/chromosome/rad and 

the slope of the Ne curve was 0.0041 + .0002 breaks/chromosome/rad.

C. Rejoining Kinetics of Chromatin Breaks

The rejoining kinetics of chromatin breaks were determined by

allowing various postirradiation repair intervals prior to inducing PCC.

The data, shown in Figure 14, are expressed as the percentage of

chromatin breaks remaining after a dose of either 1600 rad x-rays or 1062

rad Ne ions. Because of the large number of PCC fragments produced by

these high doses, it was necessary to estimate the initial (0 hr) yield

based on a linear extrapolation of measurements made at lower doses.

Each data set could be fit adequately by the equation B (t) = 8^6 +

B . For the x-ray curve; B = 0.891, B = 0.109 and x = 23.6 minutes, u ' r u
For the Ne curve; B = 0.507, B = 0.493 and x = 28.7 minutes.r u

D. Chromosomal Misrepair

Ring chromosome aberrations are perhaps the most easily detectable 

chromosomal misrepair product to be found in G^phase cells after 

inducing PCC. Ring PCC fragments were scored following post-irradiation
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Initial Number of Breaks in the Human #2 Chromosome

• Neon Bragg Peak 

A X-ray

14

Dose (Gy)
XBL 337-2460

Figure 13. Breakage in the single human #2 chromosome of UV24C2-3 cells.
The human chromosome could be differentiated from the hamster 
chromosomes after fluorescent staining of a hybridized 
human-genomic DNA probe. Straight lines vere fitted to the 
data points by the least-squares method.
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Chromatin Break Rejoining After X-ray or Ne-ion Exposure

Time (hours)
XCG 887-6724

Figure 14. The time course of the chromatin-break rejoining process in 
UV24C2-3 cells. The percentage of the initial number of 
breaks remaining is plotted vs repair time. Curves vere 
fitted to the data points using equation (1).
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incubation and the data are presented in Figure 15. The doses of 1600

rad x-ray and 1062 rad Ne were chosen to yield a comparable level of

initial damage, i.e. ~121 chromatin breaks. Some rings had already

formed at the earliest time point observable with the PCC technique. The

yield of rings per cell increased steeply during the first hour and more

slowly afterwards until an apparent plateau was reached beyond 6 hours.

The x-ray data could be fit quite well by an equation of the form

R(t) = Rq + R1 (1 - e~t/T) (2)

where R(t) is the yield of rings at time t, Rq the number of rings

already present at t = 0, and T the time constant for the first order

misrepair process. The best fits found for the constants are:

R = 0.15, R = 1.15 and T = 44.5 minutes. The Ne data could also be o i
fitted by the same equation, although not as well, with Rq = 0.067 and 

Ri = 0.42. However, the Ne data are not sufficiently precise to allow a 

satisfactory estimate of T. Therefore, when drawing the Ne curve, the 

time constant was arbitrarily set equal to the x-ray value.

The dose response for ring aberrations formed after long incubation 

times (> 6 hrs) is plotted in Figure 16. Ring aberrations were never 

seen in unirradiated G^PCC chromosomes. A quadratic curve of the form 

R(D) = cxD2 (3)

where R(D) is the yield of rings produced by a dose D and a the rate 

constant, could be fitted to the data. For x-rays, a = 5.08 x 10-7

rad . For Ne ions, a = 3.57 x 10 rad 2. The Ne ring data could be 

fitted equally well by a straight line with slope = 4.05 x 10-4 rad-1 and

intercept = -0.016.
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Formation of Ring Chromosome Aberrations

Time (hours)
XCC 887-6725

The kinetics of ring chromosome formation in G-^-phase 
UV24C2-3 cells during post-irradiation incubation. Cells 
vere exposed to either 1600 rad x-rays or 1062 rad Ne-peak 
ions. These doses gave -121 chromatin breaks initially in 
either case.

Figure 15.
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Dose-Response for Chromosomal Ring Aberrations

Giemsa-stained slides

0 2 4 6 8 10 12 14 16 18
Dose (Gy)

XCC 387-6723

Figure 16. The average number of ring-PCC aberrations scored in UV24C2-3 
cells after long post-irradiation repair incubations at 37°C.
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DISCUSSION

Despite many years of investigation of LET-dependent cellular damage 

very few data exist to assess early effects at the chromosomal level or 

subsequent modification by repair processes. This deficiency has been 

addressed by applying the PCC technique to mammalian cells irradiated 

with x-rays and charged particle beams of various atomic numbers and 

velocities. The result of this work has been the accumulation of the 

most extensive data set currently available for the purpose of evaluating 

G^-interphase chromosomal damage and repair as a function of LET.

Original findings obtained from these studies fall into four areas of 

interest and will be reviewed separately. Finally, some implications of 

these results for cell survival will be discussed.

LET Dependence of Initial Chromatin Breakage

The radiation-induced yield of nonrejoining DNA strand breaks 

measured under alkaline conditions was shown to possess a LET dependence 

(Ritter et al., 1977; Roots et al., 1979). The initial yield of dsb per 

unit dose was also found to depend on LET when measured intracellularly 

(Kampf and Eichhorn, 1983; Aufderheide et al., 1987). In these studies 

the RBE for strand breakage rose to a peak at - 100 keV/pm. Fewer data 

exist for initial chromatin breakage. Bedford and Goodhead (1987) used 

the PCC technique to demonstrate a RBE of - 2 after a-particle 

irradiation (130 keV/pm). Xian-Li and Ngo (1988) found a RBE - 2.4 for 

chromatin breakage after fast neutron irradiation. Both of these PCC 

studies found a linear dose response for the induction of breaks.

Several investigations have shown that low LET x-rays induce chromatin 

breakage linearly with dose (Waldren and Johnson, 1974; Cornforth and 

Bedford, 1983b; Pantelias and Maillie, 1985).

To determine the dose response for chromatin breakage induced by 

heavy-ion particle beams, the PCC technique was applied to CHO-tsHl cells
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exposed to Ar, Ne-peak and Nb ions. As with x-rays, heavy ions induced 

chromatin breaks apparently linearly with dose (Fig. 8). The usefulness 

of the PCC technique at high doses has been limited by the difficulty of 

accurately scoring cells containing a large number of very small 

chromosome fragments. The single human #2 chromosome in the UV24C2-3 

cell line accounts for ~ 4% of total cellular DNA. In situ hybridization 

plus fluorescent staining makes possible the specific detection of human 

PCC fragments which, because of a much smaller target size, are not too 

numerous to be accurately scored even at relatively high doses. The 

linearity of the dose response for initial chromatin breakage was 

confirmed by this method within, and somewhat beyond, the dose range 

typically employed in cell survival studies (Fig. 13). Considering the 

smaller target size, the breakage rate after Ne irradiation was found to 

be just 10X less than what was predicted based on measurements of 

breakage in the total genome made at lower doses with Giemsa staining. 

After x-rays, however, the breakage rate in the human chromosome was 

almost 40% less than anticipated. While part of the deficit may be due 

to repair, at least part of the shortfall remains unexplained. It is of 

some interest to note that if eukaryotic chromosomes were composed of 

circular DNA molecules (as are the genomes of some lower life forms) then 

the dose response for chromatin breakage measured by PCC would not be 

linear at low doses since the first break in each chromosome would not 

produce an additional PCC fragment.

The work presented in this thesis clearly demonstrates a LET 

dependence for initial chromatin breakage in CHO-tsHl cells. The yield 

per unit dose vs LET curve (Fig. 6) shows a plateau at the lowest LET 

values, and a rise to a peak in the 100-200 keV/pm range. A maximum RBE 

of 1.5 was found at the peak. Beyond the peak there is a progressive 

loss in the effectiveness of particle beams. High energy particles with



69

a LET of 630 keV/ym would produce no more breaks per unit dose than 

x-rays. As a consequence of the low breakage efficiency of very heavy 

high LET particles, atomic fragments produced in nuclear collisions will 

be more effective per unit dose than the parent nuclei. Even a 

relatively small amount of fragmentation can lead to a significant 

overestimation of the breakage potential of a beam like 325 MeV/u uranium 

ions. The maximum RBE of 1.5 is less than the values of 2 and 2.4 

observed by Bedford and Goodhead (1987) and Xian-Li and Ngo (1988) for 

a-particles and fast neutrons. The differences may be related to track 

structure effects. For example, even though the LET values are about the 

same, the energy density in the core of the a-particle tracks was - 240 x 

higher than in the track cores of the Ar ions used in the thesis work.

The intracellular dsb data (Kampf and Eichhorn, 1983; Aufderheide et al, 

1987) had a maximum RBE of -5. Here too the high RBE may be due to track 

structure effects since low energy particle beams were used in the dsb 

work.

The initial yield of chromatin breaks was measured for UV24C2-3 cells 

exposed to x-rays or Ne ions at the Bragg peak. These values when 

compared to the breakage yield in CHO-tsHl exposed to the same radiations 

were found to be nearly the same. Comparisons can also be made to low 

LET chromatin breakage yields obtained by others in G^, cells. The yield 

of breaks observed in the two cell lines used in the thesis work was 

slightly greater (-20%) than those found by Cornforth and Bedford (1983a) 

and Pantelias and Maillie (1985) who used human cells, but 2.8 x greater 

than the value found by Xian-Li and Ngo (1988) and 3.7 x greater than the 

value found by Illiakis et al (1988) who used hamster cells. These 

differences are as yet unexplained but may be due to variations in the 

amount of repair that takes place during the PCC procedure, cell line 

characteristics, differences in growth conditions, or differences in
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scoring technique. While the various researchers are apparently capable 

of obtaining consistent results vithin their own experimental systems, 

caution is advised when comparing the data obtained by different research 

groups.

A possible explanation for the observed LET variation in chromatin 

breakage might be that a DNA dsb alone is not sufficient to break the 

chromatin fiber. In addition it may be necessary to damage protein in 

the vicinity of a DNA dsb to have expression of that dsb as a chromatin 

break. In this hypothesis the increasing chromatin breakage RBE is due 

solely to the greater localized damage caused by the passage of a high 

LET ion through a chromatin fiber. However, the similarity between the 

overall shapes of the DNA dsb and chromatin breakage vs LET curves argues 

against this explanation. At least for the high energy beams used in the 

thesis work, it seems more plausible that a constant, LET-independent 

fraction of DNA dsb are expressed as chromatin breaks. In this case the 

chromatin breakage RBE would simply reflect variations in the dsb RBE.

In assessing the validity of each of these alternative explanations it 

would be helpful to have both DNA dsb data and chromatin breakage data 

for the same cell line irradiated with the same particle beams.

Further insights into initial chromatin breakage can be gained by 

graphing the data as the average yield of chromatin breaks from single 

particle traversals as was done in Figure 7. At the lowest LET about 170 

H ions must cross the cell nucleus for each chromatin break induced. At 

about 65 keV/pm particles can produce an average of 1 break per cell. 

Above 65 keV/ym single particles will often produce multiple chromatin 

breaks on passing through a cell nucleus. The most effective particle 

tested, 325 MeV/u uranium, also had the highest LET and produced almost 

11 breaks per cell. The curve appears to be approaching a plateau. 

Breakage per particle may be determined by the number of regions where
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track structure overlaps chromatin fibers and by the energy deposited in 

each overlap region (Tobias et al, 1986). In this hypothesis a plateau 

occurs when the probability of breaking chromatin in each overlap region 

approaches 1; any additional energy deposited in an overlap region is 

wasted. This explanation differs from that of Kraft et al (1987) who 

suggest radical recombination in particle tracks as the mechanism 

responsible for decreasing biological effectiveness at high LET.

On the log-log plot of Figures 7 and 18 the breakage-per-partide 

curve has a slope of 1 in the low LET range where radiation is sparsely 

ionizing. This observation can be understood within the framework of 

target theory. Assume that energy is distributed randomly and discretely 

in the particle track/chromatin fiber overlap regions. Also assume that 

n or more energy deposits per critical volume are required to break the 

chromatin fiber. A critical volume may have dimensions smaller than an 

overlap region. For an average of u energy deposits per critical volume, 

the probability of breaking chromatin is

CD y1

P = Z ------- e'U
i=n i!

The quantity u is proportional to LET. When P is plotted on a log-log 

plot vs either y or LET the slope of the curve will be n in the range 

where y is small (Fig. 17). Thus a slope of 1 in the low LET range of 

Figure 7 indicates that a single energy deposit in a critical volume is 

sufficient to break a chromatin fiber. If a minimum of two energy 

deposits were necessary then the slope would have been 2. A slope of 1 

also rules out any form of multitarget model. The average size of an 

energy transfer is - 40eV (Chatterjee and Magee, 1980) while the energy 

of a typical chemical bond in an organic molecule like DNA is ~ 3.6eV. A 

dsb requires the breaking of at least 2 bonds so 40eV is more than 5 x
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t Target, n Hit Probability Curves

t = 1, n = 2

Average Number of Hits/Target

XBL 8811-10543

Figure 17. Curves computed from n-hit, t-target models. In each case the 
limiting slope of the surve is equal to n, the number of hits 
per target required to produce an event.
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the minimum energy needed to sever a DNA double helix. This does not 

mean that chromatin must necessarily break whenever an energy deposit 

occurs in a critical volume, only that it will break in some fraction of 

such occasions. It is likely that there is no effective energy threshold 

for DNA ds breakage since even the smallest typical energy transfer is 

large enough to break DNA. Based on an analysis of chromosome aberration 

data, Neary (1965) and Neary and Savage (1966) also concluded that the 

initial lesion responsible for aberrations could be produced by a single 

energy loss event. An RBE >1 in the mid range of the curves in Figures 6 

and 7 can also be examined in terms of target theory. For particles of 

the same velocity, increasing LET implies a larger average number of 

energy deposits per critical volume. An RBE >1 will occur if the 

probability of creating a chromatin break from two energy deposits in a 

single critical volume is greater than the probability of creating a 

break from two energy deposits each in a separate critical volume.

Beyond a certain number, multiple energy deposits per critical volume 

eventually become wasteful and the RBE decreases. Near the center of low 

velocity heavy-ion particle tracks the energy density can be extremely 

high. For these beams it is possible that new "targets", perhaps DNA in 

heterochromatic regions of interphase chromosomes, may become available 

for the induction of chromatin breakage. In these targets breakage may 

require multiple energy transfer events in a critical volume much larger 

than the diameter of a DNA double helix.

The horizontal axis of Figure 7 could easily be converted from LET to 

dose since this axis is, in effect, the dose delivered by single particle 

traversals of the cell nucleus. Doing this leads to an interesting 

paradox. A linear increase in chromatin breakage was observed when dose 

was increased by increasing particle fluence but a sigmoidal response was 

found when dose was increased by increasing the LET of a fixed number of
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particles. A resolution to this paradox comes from considering the size

of the likely critical target for chromatin breakage - DNA. To break DNA

at a specific point energy must be deposited vithin, or very close to,

the double helix at that point. Therefore it is expected that the

critical volume would have dimensions on the order of 20A, the diameter

of the DNA double helix. Most of the energy in a particle track is

located very close to the center of the track. At biologically relevant

doses it is unlikely that two particles will pass through the cell

nucleus close enough together to transfer a significant amount of energy

to the same small critical volume. A linear dose response results from

increasing particle fluence since the effect of each particle is

independent of the others. In contrast, increasing the LET creates a

greater energy density in a particle track and a higher average number of

energy transfers to each critical volume located in that track. As

discussed above, when the multiplicity of energy transfers to a critical

volume is low, the result appears to enhance the probability of creating

a break. However, when the multiplicity is high, energy is wasted since

there can be no more than one break in a critical volume. Beyond the

inflection point each incremental increase in LET becomes less effective

and the curve in Figure 7 approaches a plateau. The effect of multiple

energy transfers together with a fixed number of possible sites for

breakage (determined by the overlap of track structure and chromatin

fibers) results in a sigmoidal dose response from single particle

traversals. The particle velocities used in the thesis work are well

above the range where hooks have been observed in survival data (Kraft et *

al., 1985).

Initial Distribution of Chromatin Breaks

To assess the distribution of a certain kind of lesion in an 

irradiated cell population requires a technique that can detect that
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lesion in individual cells. DNA strand break assays use a homogenate of 

a large number of cells so it is possible to determine only average 

values from the data. It is possible to construct distributions from 

chromosome aberration data. However, chromosome aberrations are remnant 

lesions persisting after extensive modification of the initial lesions by 

repair/misrepair processes and progression through the cell cycle. The 

PCC technique can detect one type of lesion, the chromatin break, in 

individual cells before substantial modification by cellular processes.

It is, therefore, a useful method for investigating the distribution of 

these lesions.

Figure 9, which displays in histogram form 3 distributions obtained 

by using the PCC technique with CHO-tsHl cells, clearly illustrates the 

effect of LET. The unirradiated control distribution is tightly 

dispersed. The x-ray histogram could be fitted well by a Poisson 

distribution as was indicated by a chi-squared "goodness-of-fit" 

statistical test. Its dispersion did not differ significantly from that 

of a Poisson distribution as shown by Fisher's dispersion test (Fisher, 

1946). The histogram of PCC data obtained after exposing cells to 960 

MeV/u uranium ions is also shown in Figure 9. In comparison to a 

theoretical Poisson distribution with the same mean as the uranium data, 

the histogram has the appearance of being overdispersed. Many cells had 

no detectable breaks while others had a large number of breaks per cell. 

The impression of overdispersion was clearly confirmed by the dispersion 

test. Results of a similar analysis of data from all 10 beams are 

presented in Table 4. With increasing LET there is a definite trend 

towards larger values of the relative dispersion. In general, low LET 

beams induce chromatin breakage in the irradiated cell population that 

does not differ significantly from a Poisson distribution, while the high 

LET-induced lesions are overdispersed. Overdispersion was attributed by
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Tobias et al (1986) to the production of multiple chromatin breaks per

cell from single high LET particle traversals. The number of particles

passing through a cell nucleus vas assumed to follow a Poisson

distribution. Each particle vas assumed to have a chance of breaking

chromatin at any one of several track structure/chromatin fiber overlap

regions. The number of overlap regions depended on track structure and *

the amount and distribution of DNA vithin the cell nucleus. Based on

these considerations it vas suggested that chromatin breaks follow a

Neyman distribution among the cells. The Neyman distribution

characteristicly is more widely dispersed than a Poisson of the same mean

and, under certain circumstances, would predict peaks and valleys in the

distribution of lesions. Virsik and Harder (1981) used a slightly

different mathematical formalism to explain overdispersion of chromosome

aberrations in mitotic cells that had been exposed to fast neutrons and

a-particles. Here too the effect was assumed to be due to multiple

events per particle traversal. In their model of radiation effects,

Kellerer and Rossi (1978) suggested that lesions and sublesions may not 

be Poisson distributed. Albright and Tobias (1985) have allowed for 

multiple lesions per particle track in a Markov version of the 

repair-misrepair model of cell survival.

Rejoining Kinetics

DNA strand break assays have shown that ionizing radiation induces 

single- and double-strand breaks in the DNA double helix. The same 

assays have demonstrated the existence of a cellular capacity for
t

rejoining a portion of these breaks. Another portion remained unrejoined 

within the time frame of the experiments. Measured under alkaline 

conditions, Ritter et al (1977) and Roots et al (1979) found a 

LET-dependence for the unrejoined fraction of strand breaks. The 

presence of exchange-type chromosome aberrations in mitotic cells is an
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indication of rejoining processes operating at the chromosomal level. 

Kraft et al (1985) observed a shift away from exchange-type aberrations 

at low LET to aberration types resulting from nonrejoining of chromosome 

breaks at high LET. The PCC technique demonstrates directly the breakage 

and rejoining of interphase chromosomes. Several investigations have 

shown that most chromatin breaks rejoin following x-rays (Cornforth and 

Bedford, 1987; Pantelias and Maillie, 1985). These studies, like the DNA 

strand-break studies, find that a small fraction of the initial breaks 

fail to rejoin. As part of the thesis work, the PCC studies were 

extended to cover a range of LET values.

Chromatin breaks in CHO-tsHl cells exposed to particle beams were 

found to rejoin during post-irradiation incubation at 35°C (Fig. 10).

The time course of the rejoining process could be adequately described by 

a two-component equation, Equation (1) (see Results section). The faster 

component is asumed to represent a fraction of the initial breaks that 

rejoin by first order kinetics. The time constant of the rejoining 

process did not appear to depend strongly on LET. For the 4 beams 

tested, Table 5 shows the values of parameters obtained by fitting the 

data to equation 1. Three of the 4 beams (H, Ar, and Ne-peak) led to 

time constants within + 6% of 42 minutes while the fourth (C) had a time 

constant significantly larger than the others. The second component in 

equation (1) is assumed to be due to a fraction of the initial breaks 

that do not rejoin. The nonrejoining component showed a clear LET 

dependence. It increased 3.4 fold, from - 14 to 472 of total breaks, 

when the LET increased from - 0.56 to 183 keV/ym. The possibility cannot 

be excluded that some of the "nonrejoining" chromatin breaks might have 

rejoined had the experiments been extended to longer times.

Although it is not known why some chromatin breaks fail to rejoin, 

several possible explanations can be offered. 1. Ring chromosome
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aberrations are created from the misrepair of two breaks on the same 

chromosome. The one original chromosome becomes tvo pieces, a ring plus 

a fragment, even though both breaks have rejoined. In a PCC assay, ring 

formation can lead to an overestimation of the number of breaks remaining 

after repair incubation. However the number of rings is too small to 

account for more than a small fraction of what are scored as nonrejoining 

breaks. In DNA strand-break assays, ring formation reduces the average 

size of DNA framents and, because of the higher doses often used, may 

significantly affect measurements of rejoining. 2. There may be a type 

of molecular product at the ends of some chromatin breaks that the cell 

is unable to remove. An example might be a DNA hairpin loop. 3. 

Unrejoinable breaks may result from multiply-damaged sites. For example, 

damage to chromosomal proteins at the site of a dsb or the creation of a 

gap in the chromatin fiber from two dsb in close proximity. This 

hypothesis is especially attractive in view of the observed LET 

dependence of nonrejoining breaks. If two or more energy transfers 

within a critical volume are necessary to create a multiply-damaged site 

then the curve formed by plotting nonrejoining breaks per cell per 

particle vs LET would be expected to have a slope of 2 in the sparsely 

ionizing region. Figure 18 shows the number of unrejoined chromatin 

breaks/cell/particle plotted vs LET. The curve has a slope of -1.3. 

Nonrejoining DNA strand-break data can be converted to a relative 

effectiveness per particle traversal. Plotted this way the data of 

Ritter et al (1977) have a slope of 1 below 10 keV/um and a slope of -1.8 

between 10 and 100 keV/pm. The data of Roots et al (1979) have a slope 

of -2.3 below 60 keV/pm. Taken together these LET studies tend to argue 

in favor of a role for multiple damage in a particle track/chromatin 

fiber overlap region in the creation of nonrejoining breaks. To be 

convincing the argument will need to be supported by more data and might

i
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LET-dependence of Chromatin Breakage per Particle

Initial breaks

Unrejoined breaks

10

LET (keV/Vm)
XCC 684-6603 k

Figure 18. Chrocatin breakage per single particle traversal both 
initially and after long incubation periods.
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benefit from an application of the concepts and analytic tools of 

microdosimetry.

Chromatin break rejoining kinetics were also measured in UV24C2-3 

cells exposed to high doses of x-rays and Ne-peak ions (Fig. 14).

Compared to the CHO-tsHl cell data, similar levels of unrejoined breaks 

were found after both the low- and high-LET radiations (11 and 49£, 

respectively). The two time constants for the rejoining process, 23.6 

minutes for x-ray and 28.7 minutes for Ne-Peak, were similar. However, 

these time constants are much lower than those found in CHO-tsHl cells. 

The difference may be due to cell line properties or to the slightly 

warmer temperature (37°c) used in the repair incubations. Also, after a 

high dose even with partial repair, difficulty in scoring the numerous 

PCC fragments present in each cell may lead to undercounting. This could 

make the rejoining rate appear to be faster than it actually is. It is 

possible that the rejoining of chromatin breaks is not a pure first order 

process but rather that the kinetics may possess a second order 

component. This too would make the rejoining rate appear to be faster 

after high doses if the data were fitted to equation (1).

Chromosomal Misrepair

A number of studies have demonstrated a LET dependence for chromosome 

aberrations scored in first post-irradiation mitoses (Skarsgard, et al, 

1967; Geard 1985; Kraft et al, 1985; Ritter et al, 1987). These studies 

give no information on the initial level, or type, of lesion whose 

misrepair causes a chromosome aberration so it is not possible to 

investigate the kinetics of the misrepair process. DNA strand-break 

studies can measure the initial level of lesions and the kinetics with 

which they rejoin but do not distinguish repair from misrepair in the 

rejoining process. The PCC technique has rarely been used to investigate 

chromosomal misrepair kinetics in cells and had not been utilized in a
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LET study. As part of the thesis work, ring PCC aberrations were scored 

in confluent, serum-deprived UV24C2-3 cells exposed to x-rays and Ne-peak 

ion beams at several post-irradiation time points.

Several interesting observations can be made regarding the kinetics 

of ring formation seen in this study. First, in the initial 2-3 hours 

following irradiation, Pantelias and Maillie (1985) found that chromatin 

break rejoining was not coupled to a simultaneous increase in ring 

aberrations in G lymphocytes. This result implies that ring formation 

is not related to the extensive rejoining that takes place during this 

early time period. In contrast, the data presented in Figures 14 and 15 

suggest that chromosomal repair and misrepair proceed simultaneously and 

it is reasonable to assume that they are two facets of the same rejoining 

process. Second, comparing their measurements of chromatin breakage to 

the double-strand DNA breakage data of Blocher and Pohlit (1982), 

Cornforth and Bedford (1983b; 1985) have noted that not all d.s. breaks 

are expressed as chromatin breaks. In the UV24C2-3 cell line only - 18% 

of d.s. breaks are observed as chromatin breaks in a PCC assay after 

x-irradiation. It has been suggested that the unexpressed d.s. breaks 

may represent a rapidly rejoining fraction of the initial breaks that has 

disappeared by the time the PCC procedure is complete. If this is so, 

the fast rejoining component of d.s. breaks cannot contribute 

significantly to ring aberration formation or else many more rings would 

have been observed at time t = 0 in the PCC assay. Third, a persistent 

question about the PCC technique has been how much repair takes place 

during the process itself before the zero-hour time point. By extra­

polating the x-ray curve in Figure 15 back in time to a point where no 

rings are present, it can be estimated that an amount of repair (or 

misrepair) has taken place equivalent to what would occur in 5.5 minutes 

of incubation at 37°C. Fourth, if repair and misrepair of chromatin
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breaks follow first order kinetics, then it would be expected that the

time constants for rejoining and for ring formation would be the same.

Results of this thesis demonstrate a substantial difference between the

two time constants suggesting that chromosomal repair and misrepair may

not be simple first order processes. The quadratic dependence on dose of

the yield of rings at long repair times is another indication of complex

kinetics. Fifth, as mentioned in the Results section the x-ray ring data

obtained after long incubation intervals could be fitted by a quadratic

dose-response curve (Equation 3) while the Ne ring data could be fitted

equally well by either a linear or a quadratic curve. Assuming that the

yield of rings follows a quadratic dose response for both x-rays and Ne

ions, it is possble to fit the two data sets to an equation of the form R 
2

= 3(6^.) since B^., the number of rejoinable breaks, scales at least

approximately linearly with dose. The values obtained for the rate
-4 -4constants, (3x-ray = 1.12 x 10 and 0^ = 1.10 x 10 , are nearly the

same. The probability for the misrepair of a rejoinable break appears to 

be independent of the LET of the radiation that produced it. This 

conclusion may be surprising at first. It might be expected that 

multiple chromatin breaks per particle traversal would lead to greater 

misrepair in the Ne experiments due to the proximity of lesions in 

particle tracks. However, with an average of only -1.5 repairable breaks 

per particle and 20 to 40 particles per cell nucleus, intratrack 

misrepair may be of lesser importance than intertrack misrepair to the 

total yield of rings.

The conclusions stated above are based on an as yet small number of 

experiments. New techniques capable of gathering in a reasonable time 

much larger amounts of data on interphase chromosomal misrepair may be 

necessary to firmly establish (or refute) these conclusions.

Nevertheless it may be profitable to examine other cellular endpoints of
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radiation action, such as mutation and transformation, in terms of 

induced repairable chromatin breaks.

Chromosomal Damage, Repair and Misrepair and the LET-dependence of Cell 

Survival

Mammalian cells have an inherent ability to repair at least part of 

the damage caused by ionizing radiation. This capacity vas discovered in 

clonogenic survival assays where either the plating of cells was delayed 

(Phillips and Tolmach, 1966) or the radiation exposures were fractionated 

(Elkind and Sutton, 1959). Because of its limitations, the survival 

assay has revealed little of the subcellular and molecular events 

involved in the damage and repair process. Radiation cytogenetics 

established a link between chromosome aberrations and loss of cellular 

reproductive capacity. This link has held over a wide LET range. The 

PCC technique made possible the investigation of chromosomal damage and 

repair while cells were still in interphase. Thus, from the first 

observations of clonogenic survival, the study of radiation-induced 

biological damage and the cellular response to that damage has been 

extended down to the subcellular level and backwards in time to within a 

few minutes of the actual radiation exposure. Attempts to correlate 

x-ray-induced chromosomal damage and repair with its ultimate expression 

in the operationally-defined cell-survival repair assays have already 

been fruitful (Cornforth and Bedford, 1987; Bedford and Cornforth, 1987). 

The purpose of this final section will be to examine the data gathered in 

the course of the thesis research in a search for insights into the 

LET-dependence of the survival response of cells exposed to accelerated 

particle beams.

Measurements of cell survival following exposure to radiations of 

increasing LET have demonstrated a progressive loss of the shoulder in 

survival curves (this thesis and see Review). Survival RBE values, with
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some exceptions are generally found to reach a peak in the 100-200 keV/pm 

range. The magnitude of the RBE is influenced by several factors 

including survival level and inherent radiosensitivity of the cell line. 

Effects attributed to track structure have also been observed. PLD 

repair is greatest following the lowest LET radiations and is reduced or 

eliminated after high LET radiation exposures.

A number of studies have demonstrated a linear dose response for 

chromatin breakage induced by x-rays (see Review) while this thesis has 

shown that these low LET lesions are Poisson distributed among the 

cells. If the chromatin break is the lesion whose misrepair or nonrepair 

is responsible for loss of clonogenic capacity, then it should be 

possible to quantitatively relate events occurring at the chromosomal 

level to cell survival measurements. Without repair of chromatin breaks, 

a CHO-tsHl x-ray survival curve would be exponential. The surviving 

fraction would be reduced to 37% after only a 14 rad dose, a point where 

there is an average of 1 break per cell. Comparison with the 

experimentally determined survival curve (Fig. 3) suggests that much 

repair must take place even after immediate plating. Furthermore, the 

curvature of the survival response is an indication of decreasing repair 

effectiveness with increasing dose. Assuming that the lethal lesions 

(asymmetrical exchanges and chromosomal deletions) are also Poisson 

distributed, then at the 50% survival level -23 of 24 initial chromatin 

breaks are repaired, or at least rendered nonlethal, while at the 1% 

level the frequency of repair has been more than halved to 10 of 11 

breaks. Delayed plating of CHO-tsHl cells after 770 rad x-ray exposures 

results in a 2.4 fold increase in survival from 1% to 2.4% (Fig. 4). Of 

an average of 56.6 initial chromatin breaks per cell, -4.6 become lethal 

lesions at some time after immediate plating. With repair incubation 

this number is reduced to -3.7. While the increase in survival is
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substantial, PLD repair affects less than 2% of the initial chromatin 

breaks and appears to represent only a small increase over the amount of 

repair that would take place even with immediate plating.

The survival response of cells exposed to particle beams is likely to 

be influenced by several features of the LET dependence of interphase 

chromosomal breakage, rejoining and misrepair. These are: 1. The 

initial level of chromatin breakage is LET dependent (Fig. 6). This 

property of particle beam irradiation could account for major 

characteristics of the survival RBE vs LET curve such as the existence 

and position of a peak and the progressive decline following the peak. 

Figure 19 shows survival RBE vs LET curves for several survival levels 

and also the chromatin breakage vs LET curve for CHO-tsHl cells. As the 

survival level decreases, the survival RBE curve appears to collapse 

downwards until at the 1% level it is almost indistinguishable from the 

chromatin breakage RBE curve. Experiments performed in the course of the 

thesis research were not designed to test survival below the IX level so 

it is not possible to say with certainty how the RBE curve would behave 

at even lower survival levels. In this context it is interesting to 

compare predictions made by various cell survival models. A model that 

results in a linear-quadratic survival curve (Chadwick and Leenhouts, 

1973) would predict that as S->0 the RBE approaches 70(ion)/$(x-ray) as a 

limit where 0 is the coefficient of the quadratic term in the survival 

equation. In this model the limiting RBE can become vanishingly small 

because 0(ion) - 0 in the high LET range. The single-hit-multitarget 

model (Lea, 1956) predicts that the RBE approaches Do(x-ray)/DQ(ion), 

where Dq refers to the inverse of the slope of the exponential portion of 

the survival curve. It is difficult to relate this prediction to 

chromatin breakage in a meaningful way. In the low survival limit, the 

Repair-Misrepair (RMR) model (Tobias et al, 1980) predicts that the RBE
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Figure 19. Comparison between the survival RBE computed at three 
survival levels and the chromatin-breakage RBE.
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approaches S(ion)/S(x-ray), where 6 is the rate constant for the linear 

induction of initial "uncommitted" lesions. If chromatin breaks can be 

equated to uncommitted lesions, then the RMR model predicts that the 

survival RBE would collapse to the chromatin breakage RBE. In addition a 

plausible explanation follows from the RMR model. Low survival requires 

high doses that produce a large number of initial lesions. Under these 

circumstances "quadratic" misrepair dominates "linear" eurepair causing 

cellular repair mechanisms to become ineffective. In this case survival 

will depend only on the initial number of lesions. Although the LET 

dependence of chromatin breakage can account for the overall shape of the 

survival RBE vs LET curve it does not explain the loss of a shoulder in 

high LET survival curves. 2. The initial distribution of chromatin 

breaks within the irradiated cell population becomes progressively 

overdispersed as the LET increases. This phenomenon is intimately linked 

to the production of multiple chromatin breaks by single particle 

traversals of the cell nucleus. The effect on cell survival of 

overdispersion of lesions was examined by Albright and Tobias (1985) 

within the framework of the RMR model. Their analysis attempted to 

account for variances in the number of tracks through a nucleus, the type 

of particle, the LET, the track length due to the shape of the nucleus, 

and the amount of DNA per cell due to aneuploidy - all of which have an 

effect on the distribution of lesions. It was concluded that these 

effects decrease the cell-killing potential of particle beams. 3. As LET 

increases so does the proportion of nonrejoining chromatin breaks. This 

feature of LET-dependent chromatin breakage affects the survival response 

by rendering chromosomal repair mechanisms increasingly ineffective. 

Therefore it is expected, and observed, that as LET increases survival 

curves lose their shoulders and PLD repair is diminished. It is 

interesting to note that radiosensitive AT cells fail to rejoin a large
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fraction of initial chromatin breaks when exposed to x-rays (Cornforth 

and Bedford, 1985) and so behave somewhat like normal cells exposed to 

high LET particle beams. 4. Misrepair at the chromosomal level, as 

manifested in the creation of exchange-type aberrations, is likely to 

play a lesser role in the high LET range due to the increasing proportion 

of nonrejoining chromatin breaks. Both the chromosome aberration data of 

Kraft et al (1985) and measurements of ring-PCC aberrations presented in 

this thesis support such a conjecture. The survival response to high LET 

irradiation may be influenced less by repair-misrepair processes and more 

by the absolute number and distribution of nonrejoining chromatin breaks.
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APPENDIX

Growth Medium (CHO)

Minimal Essential Medium (MEM) 
with Earle's Salts (Gibco)

0.25 mg/ml L-Glutamine (Gibco)
43 Units/ml Potassium Penicillin 

(M.A. Bioproducts)
1.94 mg/ml NaHCO^ (Gibco 
0.31mM MEM Non-Essential 

Amino Acid Solution (Gibco)
10% Fetal Bovine Serum

Fusogen
(UV24C2-3)

51.6% Polyethylene Glycol 
MW 1000 (Sigma)

48.4% 120 mM Hepes

Wash Solution

Hank's Balanced Salt Solution 
(Gibco)

0.4 mM Mn Cl?
0.2 mM ATP (Sigma)
25 ug/ml Cycloheximide 
2 ug/ml Colchicine

PCC Medium

McCoy's 5a Medium (Gibco)
15% Fetal Bovine Serum 
0.5 mM Mg Cl?
0.5 mM Mn Cl^
1 mM Spermine 
0.5 mM ATP
0.38 mg/ml NaHCO, (Gibco)
25 ug/ml Cycloheximide 
2.5 ug/ml Colchicine 
13 Units/ml Potassium 
Penicillin (M.A. Bioproducts)

Sorensen's Buffer (pH 6.8)

25.5% 0.2 M NaHoP0..H„0 2 4 2
74.5% 0.656 M NaH2P04.12H20

Growth Medium (UV24C2-3) 

Alpha MEM
10% Fetal Bovine Serum 
0.44 mg/ml L-glutamine 
43 units/ml Potassium 
Penicillin

Selection Medium

Growth Medium 
10ug/ml Mycophenolic 
Acid (Calbiochem) 

10ug/ml Thymidine 
25ug/ml Adenine 
250ug/ml Xanthine 
0.25ug/ml Methotrexate 

(Sigma)

Freezing Medium (CHO-MB)

CHO Growth Medium 
5% Fetal Bovine Serum 
(Additional)

17 mM Pipes 
2 ug/ml Colchicine 
4% DMS0

Thawing Medium

50% Growth Medium 
50% PCC Medium
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