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PREFACE

This 1988 Annual Report from Paclfic Northwest Laboratory (PNL) to the U.S. Department of Energy
(DOE) describes research in environment, safety and health conducted during flscal year 1988. The
report agaln consists of five parts, each in a separate volume.

The five parts of the report are oriented to particular segments of the PNL program. Parts 1 to 4 report
on research performed for the DOE Office of Health and Environmental Research in the Office of Energy
Research. Part 5 reports progress on all research parformed for the Assistant Secretary for Environment,
Safety and Health. In some instances, the volumes report on research funded by other DOE components
or by other govermmental entlties under interagency agreements. Each part consists of project reports
authored by scientists from several PNL research departments, reflecting the multidisciplinary nature of
the research effort.

The parts of the 1988 Annual Report are:

Part 1: Biomedical Sciences
Program Manager: J. F. Park D. L. Felton, Report Coordinator and Editor

Part 2 Environmental Sciences
Program Manager. R. E. Wildung S. G. Weiss, Report Coordinator and Editor
G. P. O’Connor, Editor

Part 3. Atmospheric Sciences
Program Manager: C. E. Elderkin C. E. Elderkin, Report Coordinator
E. L Owczarski, Editor

Part 4: Physical Sciences
Program Manager: L. H. Toburen L. H. Toburen, Report Coordinator
K. A. Pamell, Editor

Part 5: Environment, Safety, Health,
and Quality Assurance

Program Managers: L. G. Faust L. G. Faust and W. T. Pennell, Report Coordinators
W. T. Pennell S. K. Ennor, Editor
J. M. Selby

Activities of the scientists whose work is described In this annual report are broader in scope than the
articles indicate. PNL staff have responded to numerous requests from DQE during the year for planning,
for service on various task groups, and for special assistance,

Credit for this Annual Report goes to the many scientists who performed the research and wrote the
individual project reports, to the program managers who directed the research and coordinated the
technical progress reports, to the editors who edited the individual project reports and assembled the five
parts, and to Ray Baalman, editor in chief, who directed the total effort.
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Analytical Studies



Chernobyl Database Management

The Chemcbyl Database project is developlng and maintaining an information system to provide
researchers with data relating to the Chernobyl nuclear accident of April 1986. The system is the official
Unhted States repository for Chemobyl data, and includes a bibliography and diverse quantitative meas-
uremerts with supporting information. Use of information contalned in this system presents an
opportunity for researchers to evaluate predictions of historical risk, transport, and deposition models
previously based on laboratory experiments, computer simufations, and limited measuremert data.

Project staff have used structured systems analysis technigues to analyze, design, and document the
system. Measurement data have been obtained and will be solictted in the future from domestic and
foreign organizations. A commiitee of database advisors, representing a spectrum of potential users,
reviews data to determine research usefulness and to develop approaches for standardizing data in the
system. Researchers can retrieve data via ondine menus and forms or by requesting infermation from
project staff. The analysis, deslgn, and user interface is Implsmented. In subsequent years, project staff
will continue to obtain and lcad data, enhance quality and standardization of data, publicize the system,
and support researcher requests.

Chernobyl Database TABLE 1. Breakdown of Samples by Data Set Source

. Number of
F. Carr, Jr, J. R. Williams, J. A. Mahaffey, Data_Set Saurce 5";:,,5;;
J. K. Soldat, L. L. Cadwell, E. A. Lepel, and
J. M. McClelland EG&G Idaho, Inc. 7,067
De t of Social and Health

The work perlormed on the Chernobyl Database Seﬂ?&:"g}v;hﬁ‘;‘ifn g;'m) ® 454
project during fiscal year 1988 has included
acquiring publications for the database library, Environmental Protection Agency 6,301
adding 30,000 sample measurements to the data- (Domestic)
base, developing a user Interface to allow re- Environmental Protection Agency 3,806
searchers to access the database via a series of (Foreign)
men icitin .

us and forms, and soliciting database users Brookhaven National Laboratory 38
A collection of publications containing information Stone and Webster 9,407
about Chernobyl and the Chernobyl accident has o _—
been assembled to form a library. Information %;T;T“”ﬂ‘ A L'Energie Atomique 20,463

pertaining to documents and the organizations Total 47536
which published them has been incorporated into '
the database. Approximately 130 publications
reside in the library and computerized bibliogra-

data set entered. Tables 2, 3, and 4 show the

phy, half collected this past year. Many publica-
tions have been obtained through an advisory
committee which provides technical expertise and
guidance to the project.

Four major data sets have been added this past
year to the sample measurements, which are
stored electronically. These are from the Brook-
haven National Laboratory, the U.S. Environmental
Protection Agency, Stone and Webster, and Com-
missariat A L'Energie Atomigue {France). These
data sets, along with the data entered previously,
are being standardized to aid in the reporting and
selection capabilities of the database. Table 1
shows the number of samples obtained from each

distribution of these samples by media and geo-
graphic location. Table 5 shows the number of
measurements by isotope. The total in Table 5
differs from the totals in Tables 1, 2, and 3
because samples may have multipte isotopic
analyses.

A user interface has been developed to allow
researchers 10 use the database via selections
from menus and forms. It allows inexperienced
computer users to view data.

Poster and slide presentations indicated the
developmental approach, content, and functioning
of the Chernobyl Database. The poster was



TABLE 4. Breakdown of Samples by State for Data Recorded

presented at the Health Physics Socisty and Radi- ] _
in the United States

ation Research Society meetings. Slides were
presented and the database was demenstrated to

Number of Number of
scientific representatives of various governmental State _ Samples_ State _ Samples
agencies. As a result, 25 requests for information AX g NG 149
about the database have been received. Of AL 23? ND 103
these, 10 requests have resulted in on-line user AR 112 NE 134
access to the database. AZ 73 NH 110

CA 232 NJ 114
co 121 NM 105
v
TABLE 2. Breakdown of Samples by Media gé ?g :I;y 1?3
1
Number of EE agg 81}-(i 2996
Media Samples GA 67 OR 110
HI 88 PA aro
Alr 25,746 A 94 Al 71
Animal 4,212 ID 214 SC 117
Earth 7,190 IL 107 SD 84
Human. 710 IN o5 TN 218
Vegetation 6,950 KS 93 ™ 199
Water 2,381 Ky 64 uT 73
Other 264 LA 48 VA 116
Unknown __ 8 MA 82 VT 74
MD 44 WA 692
Total 47,536 ME 105 Wl 107
MI 118 Wy 71
MN 130 WY 74
TABLE 3 Number of Samples by Country ::(SJ 1213 Unknown 402
Number of MT 66 Total 7,418
__ Country _Samples
Austria 2,318
Belgium 1230 TABLE 5. Breakdown of Sample Counts by Isotope
Bulgaria 74 Number of
Canada 109 D }
China 480 lsotope -Sampies.
Czechoslovakia 33 233
Denmark 1,179 ﬁ-ﬁ:‘lr:ony 107
Finland 4,445 Barium 2,712
France 3,381 Beta 4,617
Germany, FR 3,096 Bismuth ’250
Germany, GCR 57 Cerium 596
Greece 1,959 Cesium 14,009
Greenland 7 Cobalt 333
Hong Kong 1 Hydrogen 503
Hungary 1,843 lodine 17 502
Iretand 40 Lanthanum 674
Israel 86 Molybdenum ars
taly 4,494 Neptunium 210
Japan 1,496 Niobium 182
Korea 12 Potassium 1,301
Luxembourg 9 Radium 238
Nethertands 801 Radon as8
Norway 433 Rhodium 267
Poland 454 Ruthenium 3,100
Portugal 28 Strontium 1,032
Rumania az Tellurium 2,220
Spain 143 Thorium 453
Sweden 3,644 Uranium 378
Switzerland 1,318 Zinc 263
L%(r:g Kingdom 4 ;Jé Zrconium 6 o
i i ) h 204
United States 7418 Other
USSR 1,855 Total 58,913
Yugoslavia 238
Ciher __ 288
Total 47536
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Radiation Physics

The spatlal pattern and interaction channels by which energy is deposited plays a dominant role in the
subsequent chemical and biological processes leading to radiation damage in biclogical systems. For
radiation of high linear energy transfer (LET), radiochemical and radiobiological models of radiation
action rely on an accurate description of the physical processes which occur along the charged particle
track. OQur studies focus on investigation of the processes of ionization by charged particles which
contribute to understanding of the initial spatial distributions of ionization that define the physical
structure of a charged particle track, on the fate of the target atom/molecuie which undergoes an
ionizing event, and an incorporation of interaction cross sections Into comprehensive Monte Carlo
models of charged particle track structure.

During the past year the experimental studies have focused on determination of the mechanisms for
multiple-ionlzation of atomic targets by fast fons and neutrals (H*, H°, He®*, He*, He®, etc.). Emphasis
was on separation of multiple ionization processes involved in direct ionization, charge-transfer ionization,
and simultaneous ionization and charge transfer. Theoretical studies were undertaken with the Born
Approximation and Binary Encounter Theory to develop teliable models of the single differential
ionization cross sections for protons. Development of Monte Carlo track structure codes were directed
toward investigation of energy deposition in cellular and subcellular structure of X-irradiated oocytes.
This investigation of energy deposition distributions was undertaken 1o provide dosimetric insight into
the interpretation of biological results obtained at the Lawrence Livermore National Laboratory.

Multiple lonization of Atoms by lon Impact regarding these aspects is important in formulat-
ing theoretical treatments of multiple ionization
R. D. DuBois and subsequently testing the theoretical results,
In our efforts to understand energy deposition by During the past year our multiple-ionization
fast charged particles traversing gaseous media, studies have concentrated on four topics: 1) an
we have been studying the role that multiple tar- investigation of the mechanism(s} responsible for
get ionization plays in these collisions. This is double ionization of helium in direct ionization
because the occurrence of multiply ionizing colii- processes by both bare and structured ions,
sions can significantly alter our understanding 2) multiple ionizations of helium resulting from
and modeling of radiation-induced damage. For hydrogen and helium atom impact, 3) multiple
example, if several electrons are ejected in a ionizations of atoms resulting from He"® impact,
single collision, each of those electrons must be and 4) collecting preliminary data for multiple
accounted for in a proper model. Also of poten- ionization of some simple molecules. Topics 1,
tial concern is the possibility that the resultant 2, and 3 will be discussed below while topic 4 will
multiply charged target ions will interact differently appear in a following section.
with their neighbors than would singly charged
ions. Multiple lonization Mechanisms.” The mech-
anisms leading to double ionization of helium
Thus, the goals for our muitiple-ionization studies were investigated by studying the projectile
have been 1) to measure the relative importance charge and impact velocity dependences of total-,
of multiple target fonizations for various light-ion, single-, and double-ionization cross sections.
target atom combinations and impact energies, This study was restricted to the "pure”" ionization
2) to identify the ionization channels (e.qg., "pure" channel since this is the dominant channel for fast
outer-shell ionization, electron capture or loss by ion impact. "Pure" ionization means that any
the projectile, inner-shell ionization) responsible for iotization  resulting from electron-transferring
multiple and single target ionizations, and 3} to
obtain information about the interaction mechan- {a) This subsection is a summary of a paper published in
ism(s) leading to multiple ionizations. Information Physical Review A, October 1988.
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collisions was excluded. The projectile charge
state and impact velocity dependences of cross
sections measured in our laboratory and obtained
from the literature were analyzed to identity
whether the double ionization was a result of a
single projectile-target interaction, two projectile-
target interactions, or a combination of these two
ionization mechanisms. Identifying the mechanism
is important since a single projectile-target inter-
action Implies using only a first order calculation
to describe the cross sections, whereas two
projectile-target interactlons Imply that the second
Born term is required.

For high-energy, bare-ion impact, when the colli-
sion is perturbative (i.e., whenever Z/v is small},
the signature for double ionization resulting from
a single projectile-target interaction is a (Z/v)’In(v)
dependence for both the single- and double-
ionization cross sections. On the other hand,
double ionlzation resulting from two projectile-
target interactions will exhibit a (Z/v)* dependence
while the total-ionization cross sections have a
(Z/v)’In(v) dependence. Thus, evidence that
double ionization occurs by a one-step interaction
mechanism is a constant ratio of double ionization
to single ionization, ¢,/o,, independent of projec-
tile charge and impact velocity; for a two-step
interaction mechanism, the ratio of the total-
ionization cross section to the square root of the
double-ionization cross section, o/, should
increase slowly as In{v). Also for a two-step
interaction, o, and +/o0, should have the same
projectite charge state dependences.

Using data obtained from the literature and from
measurements performed in our laboratory, the
projectile charge and impact velocity depen-
dences for “pure” total and double ionization of
helium were studied for fully stripped ions ranging
from protons to oxygen. From these depen-
dences, the following conclusions can be drawn:
1) the two-step mechanism was found to be the
dominant "pure" double-ionization mechanism for
proton impact energies between approximately 0.1
and 0.5 MeV; 2) for heavier, fully stripped ions,
this mechanism dominates above approximately
0.1 MeV/u and continues to dominate o higher
impact energies than for protons (=2 MeV/u for
He®* and >3 MeV/u for heavier ions); 3) the one-
step mechanism will ultimately dominate for very
high impact energies since it has a vFin(v)
dependence, whereas the two-step mechanism
has a v* dependence; and 4) the total-ionization
cross sections scale as Z° only for situations
where the collision is perturbative, i.e., for small
Z/v. Otherwise, the cross sections increase at a
slower rate.
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The same analysis was also performed using
available partially stripped projectile ion data; but
in this case, the interpretation is complicated
since partially strlpped projectiles interact with an
effective nuclear charge which depends on the
impact parameter. This average effective charge,
Z.,, was determined for partially stripped projec-
tles by scaling experimental cross sections for
these ions to those obtained for fully stripped ion
Impact. For any given projectile, it was found
that Z_, obtained using the double-ionization cross
section data was larger than Z_, obtained using
the total- (mostly single in this case) ionization
cross section data. This occurred for all cases
where the projectile contained most of its bound
electrons, i.e., low charge state ions; for nearly
fully stripped projectiies, the same Z, was
obtained whether total- or double-ionization cross
sections were used.

Since the partially stripped projectiles interact with
different effective nuclear charges, the ratios
a./+/0, are affected. Conclusions about the mech-
anisms responsible for double ionization for
structured ions could, therefore, be obtained for
only a few cases. It appears that the two-step
interaction mechanism dominates the double ioni-
zation of helium for He' impact between 0.05 and
0.5 MeV, but never dominates for H° and He®
impact. This work indicates that the type of inter-
action mechanism responsible for "pure” double-
(multiple) target ionizatlon depends on the magni-
tude of Z/v, where Z is the nuclear charge for
bare-ion impact, but is the effective charge for
partiaily stripped ion impact.

Hydrogen and Helium Atom Impact. By install-
ing a set of electrostatic deflection plates between
the beam collimators, we have been able to
remove all charged components from the incom-
ing beam immediately prior to the interaction
region. Doing so, cross sections for muitiple
ionization of helium have been accumulated for
0.15 to 0.4 MeV H°® and 0.15 to 2 MeV He®
impact. Some of the results for the “pure”
ionization channel were discussed in the pre-
ceding section. In addition, the electron capture
and loss channels were measured. Preliminary

results for 150 to 400 keV H® impact are shown
in Figure 1. Included for comparison are the
measurements of Solov'ev et al. (1962), where the
total single-, and total double-ionization cross
sections were obtained. The present data are
considerably smaller than their measurements,
Included in the figure are total-ionization cross
sections extracted from the present data and total
electron-loss cross sections measured by Toburen
et al. (1968). Efforts are in progress to extend































































Radiation Biophysics

The Radiation Biophysics project conducts specific radioblological studies to test various aspects of the
mathematical models developed in the Modeling Cellular Response program. These studies are de-
signed to determine whether speclfic mathematical expressions, intended to characterize the expected
effects of biochemical mechanisms on cellular response, are consistent with the behavior of selected
biological systems. Cultured cells are used for these experiments. Since stringent requirements are
usually placed on the cellular system, special techniques and culture conditions are used to minimize
biological variability. Cells which have ceased progression through the cell cycle are required to study
the effects of dose protraction during long-interval split-dose or low-dose-rate studies. In another case,
cells of a given age, i.e., from a specific position in the cell cycle, are required to determine changes in
biochemical mechanisms which might be associated with observed cell-cycle effects. These carefully
characterized cell populations are providing data on the extent of repair following low doses of radiation
and on changes in the types of damage that can be repaired as the cells progress toward mitosis.

Other experiments test mechanisms of physical and chemical damage to deoxyribonucleic acids (DNA)
and regulation of the repair of that damage. Particular attention has been given to investigating
mechanisms leading to the effects of intracellular pools of DNA precursors, collectively referred to as
deoxynucleotide triphosphates (dNTPs), on the induction of mutations in Chinese hamster ovary (CHO)
cells. Our results suggest that the relative sizes of dNTP pools are involved in the regulation of the rate
of DNA synthesis and furiher, that changes in these pool sizes can dramatically affect the mutagenicity
of DNA-damaging agents. This appears to be related to the extent to which DNA damage is repaired
before replication, a conclusion based on the observation that an increase in certain dNTP pools can
restore the normal mutation induction response to a repair-deficient mutant strain of CHO-K1 cells.

Modulation by Deoxycytidine of DNA Precursor in the growth medium had no effect ¢n the x-ray
Pools, DNA Synthesis, and the Ultraviolet sensitivity of either CHO-K1 or xrs-5.
Sensitivity of a Repair-Deficient CHO Cell

Line® If the increased sensitivity of xrs-5 to x-rays and

UV light relative to wild-type CHO-K1 is conferred
C. N. Newman and J. H. Miller by a single genetic change, then the differential

effect of 2-mM CdR in the growth medium on the
The presence of 2-mM deoxycytidine {(CdR) in two cell lines must be related to the coupling
the growth medium of CHO cells increased the between the pathways for the repair of DNA dam-
deoxycytidine triphosphate {dCTP) and deoxythy- age induced by the two agents. One possible
midine tri-phosphate (dTTP) pools in the cell line mechanism for coupling these pathways is that
CHO-K1 and a radiation-sensitive mutant, xrs-5, repair of UV-induced pyrimidine dimmers that are
derived from it. We also observed significant dit- closely spaced on opposite strands of the double
ferences in alkaline-sucrose gradient profiles of helix may require rejoining of a DNA doubie-
pulsed-labeled DNA from unirradiated CHO-K1 strand break (DSB). Since xrs-5 may be deficient
and xrs-5 cells. For the latter cell line, a sizable in the repair of DSBs (Kemp, Sedgwick, and
fraction of the DNA synthesized during 5 or Jeggo 1984), this mechanism should increase the
10 min of growth subsequent to a 5-min radio- UV sensitivity to xrs-5 relative to that of CHO-K1.
labeling period was found to cosediment with The effect of 2-mM CdR on alkaline-sucrose gradi-
large chromosomal DNA. This characteristic of ent profiles of pulsed-labeled DNA from xrs-5 can
xrs-5 was dramatically reduced by the presence be interpreted as a reduction in the rate of
of 2-mM GdR in the culture medium and the resis- replication-fork movement. This change in the
tance of the mutant to cell killing and mutation pattern of DNA replication, which may be related
induction by ultraviolet (UV} light was increased to changes in the size of DNA precursor pools,
to nearly that of the parent cell fine under these could also affect the batch size of the nucleotide
culture conditions. The presence of 2-mM CdR excision repair pathway. If the batch size in xrs-5

is reduced by the presence of 2-mM CdR, then
removal of UV photoproducts on opposite stands

{a) Summary of an invited paper for a special issue of i
Mutafion Research on Genetic Aspects Deoxynucleotide would be less “ke'y to produce a DSB and the
Metabalism.
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mutant should be less sensitive to the lethal and
mutagenic effects of UV light under these culture
conditions.

It is also possible that the sensitivity of xrs5 to
both UV light and x-rays results from independent
genetic alterations, only one of which is affected
by the presence of CdR in the growth medium.
This seems unlikely since the probabilty of
selecting a double mutant is extremely low when
no selective pressure favoring UV sensitivity was
applied (Jeggo, Kemp, and Holiday 1982).

Nevertheless, we are attempting to isolate revert-
ants of xrs-5 with normal x-ray sensitivity. Meas-
uring the UV sensltivity of these revertants will
test the independence of the mutant phenotypes.

Relerences

Jeggo, P. A, L. M. Kemp, and R. Holiday. 1982.
"The Application of the Microbial 'Tooth-Pick’
Technique to Somatic Cell Genetics, and Its Use
in the Isolation of X-Ray-Sensitive Mutants of
Chinese Hamster Ovary Cells"  Biochimje.
64:713-715.

Kemp, L. M., §. G. Sedgwick, and P. A. Jeggo.
1984, "X-Ray Sensitive Mutants of Chinese
Hamster Ovary Cells Defective in Double-Strand
Break Rejoining." Mutat. Res. 132:189-196.

Techniques for Monitoring DNA Synthesis

J. M. Nelson, N. F. Metting, M. Nowicki,
and L. A Braby

One of the unexpected resuits of our studies of
the survival of irradiated plateau-phase Chinese
hamster ovary {CHO) cells is the slow rate of one
of the repair processes observed in split-dose
experiments. Although multiple repair rates are
commoniy observed in a variety of cell systems,
the characteristic times for repair are usually ~1 h
or less. The ~17-h time we have observed is
therefore of special interest. Based on experi-
ments to date, we believe that this characteristic
time reflects a rate-limiting step in one or more
enzymatic repair processes. However, other
possibilities, such as a change in the radiation
sensitivity induced by the first fraction of the split-
dose irradiation, could also lead to the observed
increase in cell survival with interval between
doses. Such a change in sensitivity would occur
if irradiation causes a fraction of the noncycling
cells to progress out of G, phase, through mito-
sis, into G, phase, or 1o begin DNA synthesis
and move to a new and more resistant position
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within S phase. We have investigated these pos-
sibilities using & variety of techniques, Including
cell-cycle distribution analysis by flow cytometry
and analysis of the dose-response curves follow-
Ing the initial dose. We have not been able to
detect any indicatlon of a change in radiation
sensitivity or in the distribution of cells within the
cellcycle. Howsver, the techniques used have
limited sensitivity and could not detect a small
shift of the population from one phase to another
or even within S phase.

The choice of techniques to study changes in the
cell-cycle age distribution is necessarily limited
because the cells are held in plateau phase by
nutrient depletion and addition of even trace
amounts of most compounds to the medium
could initiate progression through the cycle. One
recently developed technique which is compatible
with maintaining the cells in stationary phase is
the use of fluorescentdabeled antibodies to bro-
modeoxyuradene (BUdR) for detecting the amount
of DNA synthesis occurring in cells while they are
held in BUdR-containing medium. BUdR can be
added to the cultures after they reach plateau
phase but well before irradiation without concern
for additional effects such as the radiation dam-
age which would be produced by tritium-labeled
compounds. Any perturbation of the plateau
phase induced by addition of the BUdR should
reach equilibrium before the test irradiation, and
its effect can be subtracted out of the results.
However, implementation of this technique re-
quires precise flow cytometric measurements and
customization of the antibody-staining technique
to the specific cell type and culture conditions.

The flow cytometer which we assembled a few
years ago had to be moved this year in order to
make room for some of the molecutar biology
experiments, so we took advantage of the op-
portunity to upgrade the alignment mechanism
and the mounting of the detectors. The system
now operates reliably with very little maintenance
or alignment work, and provides a coefficient of
variation of better than 3.5%. This is more than
sufficient for the detection of very smatl changes
in BUdR incorporation. Unfortunately, the DNA of
plateau-phase CHO cells proved to be resistant
to acid denaturation and a long search was re-
quired to find the required conditions for thermal
denaturation to provide optimum binding of the
antibody. The technique has now been estab-
lished and will be used in conjunction with the
next series of repair studies to evaluate the
amount of DNA synthesis occurring following
single and both between and after split doses.



Mechanisms of Radiation Mutagenesls

J. H. Miller, C. N. Newman, T. L. Morgan,
E. W. Fleck, and J. M. Nelson

We have used exploratory research funds for
several years to investigate the molecular char-
acteristics of muations induced at the
hypoxanthine-guanine phosphribosyl transferase
{HGFRT) locus in Chinese hamster ovary (CHO)
cells by x-ray exposure. The primary tool of
these experimental studies is Southern blot analy-
sis (Southern 1975). In this procedure, DNA ex-
tracted from either mutant or wild-type cells is
digested with restriction enzymes, subjected to ge!
electrophoresis, transferred to nitrocellulose, and
probed with labeled sequences from the gene of
interest. When this experimental technique is
applied to mutations induced in mammalian cells
by ionizing radiation, deletion of genetic infor-
mation is the most frequent type of mutation
found and in many cases these deletions encom-
pass the entire locus under investigation.

We used plateau-phase CHO cells (Nelson, Todd,
and Metting 1984) to investigate the dependence
of these motecular characteristics of x-ray-induced
mutations on dose, dose fractionation, and de-
layed plating. Our exposure conditions and the
results obtained for the total frequency of induced
mutations are shown in Table 1. Increasing the
exposure level from 2 to 4 Gy caused the induced
mutation frequency to increase by about a factor
of 4. We are currently investigating this dose
response in greater detail and comparing it to the
dose dependence of mutation induction at the
HGPRT locus in exponentially growing CHO cells.
Preliminary results suggest that the plateau-phase
cells are hypermutable relative for growing cul-
tures. Table 1 also shows that holding plateau-
phase cells in a nonproliferating state for 24 h

TABLE 1. Total Induced Frequencies

Induced Mutations,

Exposure per 168 surviving cells
2.0 Gy 27+ 6
4.0 Gy 96 + 9
4.0 Gy 104 £ 22
{24 h delayed
plating)
4.0 Gy 70 + 11
20Gy + 24 h
+ 2.0 Gy)
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after radiation exposure does not significantly
affect mutation induction at the HGPRT locus.
However, splitting the 4-Gy exposure into equal
fractions separated by 24 h reduces the frequency
of induced mutations by about 25%. These re-
sults are similar to the findings of Thacker and
Stretch (1983) and are generally interpreted as
evidence for induction of repairable submutagenic
lesions which are converted to unrepairable pre-
cursors of mutations by further interaction of the
cells with x-rays.

Table 2 summarizes the results of our Southem
blot analysis of 88 mutant clones. A mutant is
classified as a full deletion if no HGPRT-specific
bands were detected. If mutant and wild-type
DNA show the same banding pattern on Southern
blots for ali restriction digest (at least two in all
cases), then the mutant is classilied as "no
change.” Most of the mutations in this class
probably result from deletions that are too small
to be resolved by our experimental technique.
Mutations that exhibit a banding pattern of
HGRPT-specific sequences that are different from
the wild type are classified as “alterations." Most
of the mutaticns in the [ast category are probably
intragenic deletions; however, terminal deletions
that may be as large as the full deletions and
mutations produced by insertion and/or rear-
rangement of HGPRT-specific sequences could
also contribute to this class of mutations.

The distinction between ‘“alteration" and “no
change® is dependent on the resolution of gel
electrophoresis and the choice of restriction en-
zymes. The classification of a mutant as a full
defetion is less dependent on these experimental
parameters. For this reason and for simplicity, we
have limited our statistical analysis of the data in

TABLE 2 Mutation Spectrum

MNumber of Clones of Each Mutation Type

Exposure Full Alteration No Change Total
2.0 Gy 9 {43%} 8 (38%) 4 (19%) 21
4.0 Gy 20 (B9%) 7 (24%) 2 (7%) 29
40 Gy 9 (70%) 2 (15%) 2 (15%) 13
{24 h delayed
plating}

40 Gy 16 {B2%) 8 (31%) 2 {7%) 26
(20 Gy +

24 h

+ 2.0 Gy)

Totals 54 (81%) 25 (28%) 10 {11%) 89



Table 2 to comparison of the fraction of full
deletions produced under the different exposure
conditions. This fraction increased as the dose
in single-exposure immediate-plating expetiments
increased (9/21 at 2 Gy versus 20/29 at 4 Gy).
Chi-square analysis shows that this difference is
significant at the 90% confidence level (p = 0.09).
It is unlikely that this difference is due to con-
tamination of isolates by spontaneous mutants
since the spontaneous background is about one-
fifth of the total mutation frequency observed after
a 2-Gy exposure. Splitting the 4-Gy exposure into
equal fractions separated by 24 h shifts the mu-
tation spectrum in the same direction as decreas-
ing the dose to 2 Gy, but the magnitude of the
effect is smaller and not statistically significant.
As was the case for the total induced frequency,
we observed no effect of delayed plating on the
spectrum of x-ray-induced mutations.

Since all of the 4-Gy exposures produced essen-
tially the same spectrum of mutations, it is rea-
sonable to pool these data for comparison with
the fraction of full deletions induced by the 2-Gy
exposure. Pooling the 4-Gy data gives a p value
of 0.056 to the dose dependence of the mutation
spectrum. To explain this effect we propose that
two mechanisms of mutation induction are operat-
ing in our cell system. One of these produces
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mostly intragenic deletions and predominates at
low exposure levels, The other mechanism favors
multiiocus deletions and becomes more important
as the dose increases. The nonlinear dose de-
pendence of the total Induced mutation frequency
should place additicnal constraints on this model;
however, more data at the molecular level are
crucial for understanding the dose dependence of
the mutation spectrum. The observation that
intragenic deletions in our system tend to cluster
near the cetter of the HGPRT locus is a step in
this direction.
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Modeling Cellular Response to Genetic Damage

The objective of this project is to understand the mechanlsms that undedie cellular responses to
physical and chemical carcinogens with particular emphasis on the role of damage to deoxyribonucleic
acids (DNA} in cell killing and mutation induction by ionizing radiation. Our approach is multilevel in
that it combines kinetic modeling of cellular response with molecular modeling of the interaction of
radiation with living matter. The curment focus of the project is investigation of mechanisms and effects
of Interaction between damaged molecules in cells that have absorbed energy from the radiation
exposure. At the ceflular level these interactions appear to affect the dose and dose-rate dependence
of cell killing by radiation with low linear energy transfer (LET) through accumulation of damage. For
high-LET radiation, the Interaction between damaged molecules in the same particle track seems to
manifest as lesions that are unrepairable or prone to misrepair. Computer simulation of particle tracks
by Monte Catlo methods is our basic tool for investigating radiation damage in cells at the molecular
level. The current focus of these studies is energy transfer along DNA chains and its effect on the
quality and quantity of radiation-induced DNA damage. Our results in this area suggest that sites of
damage in DNA that are separated by as much as 100 base pairs may interact in ways that influence
the free-radical yield.

Modeling Radiation-Induced DNA Damage increase in the importance of the linear term in
the linear-quadratlc model of survival dose re-
J. H. Milfer, W. E. Wilson, and sponse. Thus, modeling the LET dependence of
C. E. Swenberg®™ cellular responses leads us to consider types of
interaction that occur between molecules dam-
Spatial pattems of energy deposition by ionizing aged by the same particle track and the relation-
radiation have a large effect on the yield of ship of this interaction to subsequent cellular
reactive species in the absorbing medium. Cur processing of the damage which determines its
efforts to model the effect of track structure on refractory quality.
radical production in simple condensed matter
were reviewed in the invited paper "Track Effects The computational techniques currently being
in High-LET Radiation Chemistry," which will be used to model DNA damage by high-LET radiation
published in a special issue of Radiation Physics are based on the assumption that energy depos-
and Chemistry on eatly events in radiation chem- fed in mammalian chromatin produces localized
istry. One of the goals of the Modeling Cellular chemical changes. Recent experiments with
Response project is to understand how these orlented DNA fibers exposed to neutrons (Arroyo
physicochemical aspects of radiation exposure et al. 1986) suggest that this assumption may not
are related to the relative biological effectiveness be valid. Arroyo and coworkers reported that the
of radiations with different LET. Computer simula- yield of neutron-induced free radicals in DNA at
tion of damage to DNA by high-LET radiation is 77K is dependent on the orientation of the mole-
one approach to investigating these phenomena. cule relative to the neutron flux. We are investi-
Our contributions to this type of research were gating the hypothesis that these unusual observa-
reviewed in the paper "Modeling the Biological tions are due to intramolecular energy transfer in
Effectiveness of High-LET Radiation,” which will be DNA {Miller et al. 1988a and 1988b). Our resuits
pubiished in Health Physics. The basic hypothe- suggest that emergy transport over distances
sis underlying this type of modeling is that some greater than 100 base pairs is necessary to
types of damage or some combinations of dam- explain an orientation dependence of radical
age are impossible to repair or more likely to be yields comparable to that reported by Arroyo et
repaired erroneously. This increase in the amount al. Conventional mechanisms of energy migration
of “refractory" damage with increasing LET of the such as exciton transfer cannot account for
radiation exposure is generally associated with an transport of energy over distances this farge in

DNA of heterogeneous base composition. Hence

fa) Armed Forces Radicbiology Research Institute, Bethesda, we speculate that coherent transfer of vibrational
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energy may be involved and we modeled this
mechanism by a large asymmetry in thermal
diffusion coefficients. A more realistic model
based on the induction of solitons by radiation
exposure (Bednar 1985) is being developed.
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Comparison of Models for the Effect of Split
Dose and Delayed Plating on Cell Survival
After Radiation Exposure

L. A. Braby, J. M. Nelson, and H. D. Thames™

Mathematical models of the response of biclogi-
cal systems to irradiation serve not only as input
to the process of estimating risks and setting
radiation exposure limits, but also as tools for
organizing information and helping to design
experiments which clarify our understanding of
the mechanisms of damage induction and cellular
response. The survival dose response of many
cellular systems exposed 1o ionizing radiation is
consistent with the "alpha-beta" model § =
exp{aD + BD%, where § is the surviving fraction
after a dose D, and @ and A3 # are adjustable
parameters. However, there is considerable
disagreement over the nature of the mechanisms
that lead 1o this relationship and the way the
coefficients will vary with radiation quality and the
dose rate or other dose protraction schemes.
One fundamental uncettainty concerns the con-
sequences of unrepaired damage: |s all damage
lethal unless repaired, or is part of it cumulative
(innocuous unless it combines with additional

{a) M. D. Anderson Hospital, Houston, Texas
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damage) In nature? If all damage is lethal unless
it is repaired, what processes limit the extent of
repair?

Some models of cellular radiation response are
based on the concept that absorption of energy
in critical subcellular targets, such as nucleic
acids, produces lesions that will be iethal or
mutagenic unless they arg successfully repaired
by cellular enzymatic functions. These models
attribute the shoulder that is frequently observed
on the survival dose response to depletion of this
repair capacity. They explain the enhancement
of survival that usually results from protraction of
the radiation exposure or holding cells in a
nonproliferating state after irradiation to an
increase in the time available to repair damage
before some critical phase of metabolism in
growing cells makes it unrepairable. We have
investigated several variations on this hypothesis
that involve a degree of misrepair, fixation, or
interaction of potentially lethal damage that is
propottional to the square of #ts concentration.
All of the models considered thus far predict that
survival following delayed plating will exceed the
survival following a split-dose exposure with the
time between exposures equal to the holding time
in the delayed-plating experiment. This prediction
is contrary to our observations with plateau-phase
Chinese hamster ovary (CHO) cells that survival
following a split dose exceeds that of cells given
a single dose and a delay before entering the
cell cycie,

One of the difficulties in making these compari-
sons among potentially lethal damage models is
the fact pointed out by Curtis (1985) that the time
available for repair after replating cannot be
directly measured. We are currently conducting
experiments in our laboratory with the repair in-
hibitor adenine-9B-0-arabino furanoside (8 ara-A)
that may provide information on the amount of
damage repaired after replating, if the drug does
not also alter the production of specific types of
damage. However, since the amount of repair
after replating should be similar in split-dose and
delated-plating survival studies, it seems unlikely
that this uncertainty in the application of models
based on the concept of potentially iethal damage
can explain the deviation of these models from
experimental observations. Currently, the only
type of model that explains the higher survival of
plateau-phase CHO cells following a split-dose
exposure than a comparable delayed-plating treat-
ment is a model that allows for accumulation of
damage by interaction of sublethal damage.
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Interpreting Swrvival Observations Using
Phenomenological Models®

J. M. Nelscn, L. A, Braby, and N. F. Metting

It is generally accepted that the dose-rate
dependence observed in the shoulder region of
the mammalian cell survival curve results from the
modification of some fraction of the original
damage by biochemical processes within the cell.
Although most models assume that enzymatic
removal of repairable damage is at least partly
responsible for the shoulder at ali dose rates, it
is stil not known whether the same processes
are involved at low and high dose rates. It is
also not clear what role these processes play in
determining the effects of ionizing radiations of
different stopping powers. Nevertheless, survival
and perhaps other endpoints appear to depend
on both the accuracy of the biochemical proc-
esses involved in removal or fixation of radiation-
induced defects and on the consequences of the
unprocessed damage remaining within the cells
at any given time.

According to repair-saturation models, if all of the
damage produced were lethal or potentially lethal
(capable of killing the cell unless repaired), then
the curvature observed as a shoulder on survival
curves would have to have resulted either from
the saturation of one or more repair processes or
from a misrepair process which depends on the
square of the concentration of damage. Another
group of models assumes that some fraction of
the damage is not necessarily lethal or potentially
lethal, but can be made so only by interacting
with additional sublethal damage. The assump-
tions of these interaction models also lead to a
shoulder on the survival curve, but it would be
the repair of this sublethal damage that is re-
sponsible for the observed dose-rate and split-
dose effects. Each of the different mechanisms

{a} Summary of a paper in the proceedings of the
conference "Quantitative Mathematical Madels in Radiation
Biclogy," J. Kiefer, ed.,

Heideiberg, 1988,

published by Springer-Verlag,
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by which repair might affect the shape of the
survival curve reflects a possible mechanism
underlying the linear energy transfer (LET) effect.
An increase in biologlcal effectiveness with in-
creasing LET would be expected if there was
either sublethal damage interaction or a concen-
tration-dependent misrepair process. The repair-
saturation concept, at least in its simplest form,
should be LET independent. {f repair saturation
were solely responsible for the dose-effect
relationship and an increase in effectiveness with
increasing LET could be identified, then there
must have been additional damage which was
produced as a consequence of the higher energy
deposition densities. This leads to the
inescapable conclusion that regardless of the
model considered, we must assume two or more
different types of damage.

We have demonstrated two distinct components
of radiation damage repair in plateau-phase CHO
cells and have attempted to study each of these
independently using split-dose, dose-rate, and
delayed-plating techniques. Analysis of the rate
of repair shows one component with a mean re-
pair time of less than 1 h and the other, about
18 h. The repair rates and fractions of damage
repaired appear independent of the initial amounts
of damage produced. Although the two proc-
esses may share some common steps in the bio-
chemical sequence, there is strong evidence to
indicate that they involve different types of initial
damage. Our data have been compared with the
predictions of several diflerent phenomenological
models. These resuits do not appear compatible
with models which assume simple types of mech-
anisms, such as the saturation of a rapid repair
process or the interaction of pairs of sublesions.
Our data are, however, consistent with more com-
plex models which consider combinations of both
sublethal and potentially lethal damage or multiple
step processes. Unfortunately, since these more
complex models involve more parameters, simple
agreement with dose-effect curves or repair kinet-
ics can provide only a very weak test of their
vahidity. More complex tests, such as determining
dose dependence of the repair capacity, must be
used to provide more definitive tests of these
models. Such tests facilitate our understanding
of the role that hiochemical and celtular processes
play in modifying radiation damage as a function
of dose, dose rate, and radiation quality.
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