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Preface

This 1992Annual Report fromPacificNorthwestLaboratory(PNL)to the U.S. Department of Energy(DOE)
describesresearch in environmentand health conducted during fiscal year 1992. This year the report
consistsof four parts, each ina separatevolume.

The four parts of the reportare orientedto particularsegmentsof the PNL program,describingresearch
performed for the DOE Office of Health and EnvironmentalResearch (OHER) in the Office of Energy
Research. In some instances,the volumesreport on researchfunded by other DOE componentsor by
othergovernmentalentitiesunderinteragencyagreements. Each part consistsofprojectreportsauthored
byscientistsfromseveralPNL researchdepartments,reflectingthe multidisciplinarynatureof the research
effort.

The parts of the 1992 Annual Report are:

Part 1: Biomedical Sciences
Program Manager: J.F. Park J.F. Park, Report Coordinator

S. A. Kreml, Editor

Part 2: Environmental Sciences
Program Manager: R.E. Wildung L. K, Grove, Editor

Part 3: Atmospheric Sciences
Program Manager: W.R. Barchet R.E. Schrempf, Editor

Part 4: Physical Sciences
Program Manager: L.H. Toburen L.H. Toburen, Report Coordinator

VM.C. Cosby, Editor

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 DOE 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 four
parts, and to Ray Baalman, editor in chief, who directed the total effort.

T. S. Tenforde
Health and Environmental Research Program
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Foreword

This report summarizes proE _.;s in OHER biological research and general life sciences research
programs conducted at PNL in FY 1992. The research develops the knowledge and fundamental
principles necessary to identify, understand, and anticipate the long-term health consequences of energy-
related radiation and chemicals. Our continuing emphasis is to decrease the uncertainty of health risk
estimates from energy-related technologies through an increased understanding of the ways in which
radiation and chemicals cause biological damage.

The sequence of this report of PNL research reflects the OHER programmatic structure. The first section,
Biological Research, contains reports of biological research in laboratory animals and in vitro cell
systems, including research with radiation, radionuclides, and chemicals. The next section, General Life
Sciences Research, reports research conducted for the OHER human genome research program.

BiologicalResearch

Life-span studies in beagles with inhaled 239pu(NO3)4were in the 15th postexposure year. Ali 105
plutonium-exposed dogs are dead; 28 dogs had bone tumors, 34 had lung tumors, and 14 had liver
tumors. Bone or lungtumors were also the primary plutonium-exposure-related causes of death in
beagles with inhaled 238puO2initial lung depositions (ILD) _.0.67kBq. Six of the dogs had liver tumors;
however, liver tumors were the cause of death in only 1 dog. Although liver tumors were not a primary
cause of death, chronic increased levels of serum alanine aminotransferase (ALT),indicating liver damage,
were observed in dose-level groups with ILD :.2.9 kBq 9 years after exposure, 4 years earlier than the
median survival time of the group.

The 'National Radiobiology Archives' project is a comprehensive effort to gather, organize, and catalog
data, documents, and tissues related to life-span radiobiology studies for future research and analyses.
The scope of the information system has been expanded to include dose-effect information on
approximately 7,000 beagles and 10,000 mice from seven laboratories. An introduction to the system is
available on diskette.

Dose-effect-relationship studies on inhaled 239pUO2in rats are in progress to obtain lung tumor incidence
data at lifetime lung doses of 0.05 to 55 Gy. The incidence of lung tumors was 0.32% in 1877 rats
receiving <1 Gy to the lung, 42% in 229 rats receiving >1 Gy, and 0.19% in 1052 controls. Although 1%
of deposited plutonium was found in subepithelial locations of upper airways, the dose calculated to
upper-airway epithelium from subepithelially located particles was small, and no tumors were observed
in the bronchi, trachea, or larynx. No significant difference in tumor frequency, location, or type was found
between control and exposed rats, other than for tumors in the lung.

Rats exposed by inhalation to radon, radon progeny, and uranium ore dust are being evaluated to
determine the influence of dose, dose rate, and cigarette smoke in lung cancer incidence. The overall
trend in lung tumor incidence decreases in proportion to the decrease in cumulative radon exposure and
remains elevated at exposures less than 100 working-level months (WLM), levels comparable to those
found in houses. Rats exposed to uranium ore dust alone showed no tumors in the lung, suggesting
minimal involvement of ore dust in carcinogenicity of mixed exposures to radon progeny and uranium ore
dust. Rats exposed to radon (320 WLM)and cigarette-smoke mixtures showed hyperplasia of nonciliated
cells with thickening of tracheal epithelium at 25 weeks of exposure; the epithelium recovered to within
control values by 27 weeks after exposure.

After in vitro x-irradiation or radon exposure, the largest category of CHO-HGPRT mutation types obtained
was full deletions of the gene. The percentage of full deletions obtained from both levels of radon (25 to



77 cGy) and the 300-cGy x-ray exposure were similar (44% to 48%) compared to 14% spontaneous
deletions.

Studies are in progress to determine the relationships between in vivo radon-exposure levels and radiation
dose to cells of the respiratory tract by comparing cellular damage induced by alpha particles both in vivo
and in vitro. Studies on radon-induced micronuclei in rat lung fibroblasts determined that a 1-WLM
exposure in vivo resulted in an amount of chromosome damage similar to that from a 0.6-mGy in vitro
dose. Studies on chromosomes aberration frequency in rat tracheal epithelial cells determined that a
1-WLMexposure in vivo resulted in an amount of chromosome damage similar to a 2.2-mGy in vitro 238pu

alpha-particle dose.

Microdosimetric dose-effect relationship modeling of in vitro rat lung epithelial cells exposed to 238pu

alpha particles showed that a cell whose nucleus received a single alpha hit has a 50% probability of not
showing any micronuclei. Most cells exhibiting more than two micronuclei had experienced multiple hits.

Physiologically based pharmacokinetic (PBPK) models to predict the uptake and retention of radon,
thoron, and their progeny were refined to more accurately predict individual variation following ingestion
exposure and then compared with human data. A new model was developed to predict uptake and
retention of lead.

A recirculating animal exposure system that simulates the ultrafine (unattached) fraction of radon-progeny
potential alpha energy in homes was designed. Our ultrafine radon progeny size-spectrometer and low-
pressure impactor, both employing CR-39 track-etch technology, are used to monitor and measure the
conversion coefficient between exposure and dose during a representative period and at low levels of
exposure.

We are examining the role of oncogenes and tumor suppressor genes in lung cancer in rats and dogs
that had inhaled radon progeny or plutonium and in leukemic dogs that were exposed to whole-body
irradiation. We have identified activating ras mutations in leukemic dog spleen tumors, in lung tumors
from plutonium-exposed dogs, and in lung tumors from radon-progeny-exposed rats. We also have
identified ras second-exon mutations that have not been documented previously as ras activating and
have characterized the p53 suppressor gene. The rat gene lacks one intron that occurs in the human
and mouse gene. The sizes of the exons, introns, and splice junction are similar for ali species.

Research on the potential interaction of mutated oncogenes with 239pu and the organic solvent COl4 in
the production of liver cancer in mice showed an increase in liver nodules and liver cancer and decreased
survival in animals that received combined exposure relative to those exposed to single insults. Analysis
of liver nodules indicated that the cells in the nodules expressed either K-ras or neo genes and were
clonal in origin.

Studies are in progress to determine whether benzo[a]pyrene diolepoxide (BPDE) adduct locations and
frequency of adduction are altered in plasmid DNA reconstituted into nucleosomes. When reconstituted
supercoiled pGEM-5S plasmid was incubated with (_+)-anti-BPDE, less binding was observed on
reconstituted DNA than on naked plasmid, suggesting that interactions between the DNA and histones
protected the DNA from BPDE modifications. When a site-specific BPDE-modified oligomer was incubated
with a polymerase, a significant amount of synthesis past the lesion was observed. The position of
polymerase blockage and the amount of translesional synthesis varied with the polymerase used.

In a new project, we are examining the effects of DNA structure and chemical microenvironment in free
radical-induced DNA damage. Liquid chromatography-thermospray mass spectrometric analysis of an
irradiated sample of 2"-deoxyadenosine revealed formation of (R)- and (S)-8,5"-cyclodeoxyadenosine and
8-oxodeoxyadenosine in addition to radiolytic base release. Completion of these analyses coupled with

vi



our ongoing effort to synthesize 8,5"-cyclodeoxyadenosine provides the essential background to
quantitate these products in irradiated samples of DNA using mass spectrometry.

General Life Sciences Research

Pacific Northwest Laboratory is developing a computer information system to graphically display and
manipulate the vast amounts of information in genome databases. GnomeView is an interface to
databases rather than a data repository, lt integrates information across databases and between different
levels in the mapping hierarchy. In 3nomeView Version 1.0 Beta, entry at the chromosome level is to
Genome Data Base and entry at the sequence level is to GenBank. Other possible entry levels including
restriction enzyme, contig, and linkage mapping are inactive in Version 1.0 Beta. As more cross-
referenced databases containing the appropriate data became available, entry at these levels will be
incorporated into the system.

Biomedical research at PNL is an interdisciplinary effort requiring scientific contributions from many
research departments throughout the laboratory. Personnel in the Life Sciences Center are the principal
contributors to this report.

Requests for reprints from the list of publications will be honored while supplies are available.
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Inhaled Plutonium Oxide in Dogs

Principal Investigator: J. F. Park

Other Investigators: R. L. Buschbom, G. E. Dag/e, E. S. Gi/belt, G. J. Powers,
C. R. Watson, and R. E. We//er

Technical Assistance" R. F. F/ores and B. G. Moore

This project is concerned with long-term experiments to determine the life-span dose-effect relationships
of inhaled 239puO2 and 238puO2 in beagles. This report describes dose-effect relationships in the liver
of beagle dogs receiving a single exposure of 238puO2aerosols to obtain dose-level groups of 20 dogs
with mean initial lung depositions (ILD) of 0.061, 0.67, 2.9, 13, 51, and 192 kBq. Bone or lung tumors
were the primary plutonium-exposure-related causes of death in dose-level groups with ILDs > 0.67 kBq.
Approximately 20% of ILD was translocated to the liver. Six of 116 dogs had liver tumors; however, liver
tumors were the cause of death in only 1 dog. Although liver tumors were not a primary cause of death,
increased levels of serum alanine aminotransferase (ALT),which indicates liver damage, were observed
in dose-level groups with ILD > 2.9 kBq as compared to control dogs. In the lowest dose-level group with
increased ALT, the level of serum ALT was first observed to be higher than that of controls 9 years after
exposure, 4 years earlier than the median survival time of the group. At 9 years after exposure, the mean
cumulative dose to the liver was 0.2 Gy; the mean dose rate was 0.03 Gy/yr, and the concentration of
plutonium in the liver was 1.2 Bq/g.

To determine the life-span dose-effect relation- TABLE 1. Life-Span Dose-Effect Studies with Inhaled

ships of inhaled plutonium, 18-month-old beagle 239PUO2 in Beagles (a)

dogs were exposed to aerosols of 239puO2 Exposure- Numberof
[mean activity median aerodynamic diameter Level Dogs InitialLung Deposition(b)
(AMAD), 2.3 i_m; mean geometric standard Group Male Female kBqlc) _.
deviation (GSD), 1.9], prepared by calcining the
oxalate at 750°C for 2 hours; or to 238puO2 Control lO 10 o 01 10 11 0,12_+0,05 0,93+0,39
(mean AMAD, 1.8 i_m;mean GSD, 1.9),prepared 2 11 11 0.69_+0.14 6.2_+1.3
by calcining the oxalate at 700°C and subjecting 3 11 10 2.7_+0.5 23_+4
the product to H2160 steam in argon exchange 4 12 12 11_+2 95_+17
at 800°C for 96 hours. This material, referred to 5 10 10 41_+6 349_+46
as pure plutonium oxide, isused as fuel in space 6 3 _ 213+120 2130+1160
nuclear-power systems. 67 69

" One hundred thirty dogs exposed to 239puO2 (a) Exposed in 1970 and 1971.(b) Estimated from external thorax counts at 2 and 4 weeks

in 1970 and 1971 were selected for Iong-terrn afterexposure,andfromestimatedlung weights
studies; 14 dogs were periodically sacrificed to (0.Ollx body weight).
obtain plutonium distribution and pathology data, (c) Mean-4-95%confidenceintervalsaroundmean,
and 116 were assigned to life-span dose-effect
studies (Table 1). The 116 dogs exposed to
238puO2 in 1973 and 1974 were selected for sacrifice. The Appendix (which follows Part 1 of
life-span dose-effect studies (Table 2), and 21 this Annual Report) shows the status of the dogs
additional dogs were exposed for periodic in these experiments. The Pacific Northwest



Bone tumors were the primary cause of death in
TABLE2. Life-Span Dose-EffectStudieswithInhaled dose levels 4, 5, and 6, and they were usually
23SPu02in Beagles (a) fatal; that is, the dogs were euthanized because

Exposure- Numberof of the bone tumor. Although lung tumors were
Level Dogs InitialLun.qDeposition (b) observed in 14 of 33 dogs euthanized because
Group Male Female kBq(C_) Bcl/g Lung (c) of bone tumors, the bone tumors were the cause

of death. Lung tumors were observed in dose-
Control 10 10 0 0 level groups 2 and 3 at dose levels lower than

1 10 10 0.061+0.036 0.48+_0.28 those at which bone tumors were observed. The
2 11 10 0,67+0,12 5.9+-1,2

3 12 10 2.9+_.0.4 24+-3 lung tumors were fatal in 6 of the 10 dogs with
4 10 10 13___3 106+-21 lung tumors in dose-level groups 2 and 3. Six
5 10 10 51+10 403+_68 dogs had liver tumors; however, liver tumor was
6 _Z ._6 192+_51 1651+_443 the cause of death in only 1 dog, and that dog

70 66 died of a hepatocellular carcinoma; 3 dogs had
bile-duct adenomas and 2 had bile-duct

(a) Exposed in1973and1974. carcinomas; 1 dog died of liver abscesses. No
(b) Estimated from external thorax counts at 2 and 4 weeks

after exposure, and from estimated lung weights other deaths were associated with liverdamage,
(O.Ollx body weight), and none of the dogs had clinical signs related

(c) Mean +_ 95% confidence intervals around mean, to liver dysfunction. However, increases in
serum alanine aminotransferase (ALT) levels,
indicating liver damage, were observed in the

Laboratory Ai,nua/ Report for 1989 to the DOE four highest dose-level groups as compared to
Office of Energy Research, Part 1, summarized controls.
the resultsof the 239puO2 study, and the results
of the 238puO2 study were summarized in the
Annua/Report for 1990. Because liver damage The plutoniumcontent in the liver at death for
was one of the effects of inhaled 238pUO2,this each dog, measuredby radiochemicalanalysis,
,,,earwe focused on evaluating dose-effect rein- was expressed as percent initiallung deposition
tionshipsof inE_led 238puo2 in the liver. (ILD), determined by in vivo counting, to obtain

a liver uptake and retention function fitted by
Bone tumors or lung tumors were the primary nonlinear regression (Figure 1). The liver
plutonium-exposure-relatedcauses of death in retention equation was y = 22.2(1-e°'°°1°9t)
dose-level groups 2, 3, 4, 5, and 6 (Table 3). where y = percent ILDin liverand t = days after

TABLE 3. Primary Lung, Bone, and Liver Tumors in Dogs After Inhalation of 23BPuO2

Mear_ Median
Initial Survival Number of Dogs with Tumors

Dose- Lung After Number _Lung Tumors Bone Tumors Liver Tumors
Level Deposition, Exposure, of

kBq days Dogs Total Fatal (a) Total Fatal Total Fatal

Control 0 4974 20 1 1 0 0 1 0
1 0.061 4548 20 1 1 1 1 0 0
2 0.67 4752 21 8 5 0 0 1 0
3 2.9 4640 22 2 1 0 0 2 0

4 13 4244 20 4 1 7 6 3 1
5 51 2780 20 5 0 17 17 0 0

6 192 1899 13 9 3 9 9 0 0

(a) Fatal tumors causing death or euthanasia,
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FIGURE 1. Liver Retention of Inhaled 238puO2 Determined by [(final liver burden of plutonium)/(initial lung deposition of
plutonium)] x 100,

exposure. Approximately 20% of the ILD was Bloodsamples for serum ALT analyses to assess
translocated to the liver by 1500 days after liver damage were collected before exposure
exposure, and this amount was retained in the and every 4 months thereafter throughout the life
liver until death, of the dogs. Figure 4 shows the median serum

ALT values for dose-level groups compared to
Cumulative dose to the liver was estimated by the upper and lower 95% confidence limits of
integrating the liver retention function and control animals. Serum ALTvalueswere higher
multiplying by the appropriate factors. Figure 2 than those of the controls in dose-level groups 3,
shows the cumulative dose to the liver for a 4, 5, and 6; ALT values increased soonest after
10-kg dog with an ILD of 37 Bq. Dose rates to exposure in the highest dose-level group, group
the liver were estimated by taking the derivative 6, and increased at increasingly later times after
of the cumulative dose equation. Figure 3 exposure for lower dose-level groups 5, 4, and 3.
shows the dose rate to the liver for a 10-kg dog When ALT values for a dose-level group
with an ILD of 37 Bq. Cumulative radiation dose increased relative to controls, they remained
to the liver continued to increase throughout the elevated. Dogs with liver tumors, hyperadrenal
lifetime of the dog; however, dose rate was corticism, or hypoadrenalcorticism treated with
relatively constant by 1500 days after exposure, glucocorticoids were not included in these
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FIGURE2, CumulativeDose(Gy)tothe LiverCalculatedfor10-kgDogwith37-Bq 238puO2 Initial LungDeposition(ILD)and the
LiverRetentionEquationinFigure1.

evaluations because marked increases in ALT weight to liver weight was frequently abnormal at
levels are associated with these conditions, death. Increased levels of ALT were observed in

dose- level groups (3, 4, 5, and 6) with a
Cumulative radiation dose to the liver for the cumulative dose to liver of 0.2 Gy and higher
mean ILD for each dose-level group (3, 4, 5, and (Table 4). Dose-level groups 1 and 2, with a
6) with increased serum ALT levels was calcu- cumulative dose of 0.076 Gy and less, did not
lated to the time after exposure for each have increased serum ALT. In dose-level group
dose-level group when the median ALT values 3, increased ALT levels were not observed
were first observed to be significantly higher until 9 years after exposure, 4 years earlier than
(p < 0.05, Wilcoxon rank-sum test) than the the mean survival time of the group. At 9 years
control group median ALT at the same time after after exposure, 17 of the 18 dogs were alive for
exposure (Table 4). For dose-level groups (1 ALT measurements.
and 2) with no increase in ALT values, cumula-
tive radiation dose was calculated to the mean The dose rate to the liver at the time that serum

survival time after exposure. For these calcula- ALT values first increased was 0.03 Gy/yr or
tions, 5% of mean body weight of the dose-level higher for dose-level groups 3, 4, 5, and 6
group at the time of expos_Jre was used to (see Table 4). The liver dose rate at death for
estimate liver weight because the ratio of body dose-level groups 1 and 2, which did not exhibit
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FIGURE 3. Dose Rate (Gy/day) to the LiverCalculatedfor 10-kg Dogwith 37-Bq23ePuO2Initial Lung Deposition(ILD) and the Liver
RetentionEquation in Figure 1,

increased serum ALT levels, was less than methods of calculating dose rate. The dose
0.0075 Gy/yr. The mean plutonium concentra- rates at death were similar to those calculated
tion in the liver at death for dose-level groups for the dose rates at the time of increased serum
3,4, 5, and 6, which had increased serum ALT ALT values in Table 4, which were calculated
values, was 1.2 Bq/g liver or more (see Table 4). using the liver retention equation. As shown in
For dose-level groups 1 and 2, which did not Figure 3, liver dose rate was expected to be
have increased ALT levels, the plutonium nearly constant from 1500 days after exposure
concentration in the liver was less than 0.26 until death. Therefore, dose rate at death would
Bq/g liver, also predict dose rate at earlier times when ALT

was increased.

Table 5 compares the mean dose rate at death
for each dose-level group calculated using the Sulfobromophthalein sodium (BSP)retention test
liver retention equation (Figure 1) and the ILD of was performed in 10 dogs with marked in-
each dog with the dose rate at death as calcu- creased ALT values to assess whether the
lated from the plutonium liver concentration at increased enzyme activity reflected functional
death for the individual dog. The mean values impairment; the BSP retention test revealed no
for each dose-level group were similar for both evidence of functional impairment.
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FIGURE 4. SerumAlanine Aminotransferase(ALT)Values in Dogs After Inhalationof 238puO2.

TABLE 4. Time After Exposure,CumulativeDose, Dose Rate, and PlutoniumConcentrationin LiverWhen
AlanineAminotransferaseValues Were FirstObservedto Be IncreasedCompared to Controls

Mean
Survival

Dose- Number Mean After ALT Increase
Level of InitialLung Exposure, AfterExposure, Cumulative Dose Rate, Liver,

Gro_r.r.r.r.r.r.m__Dogs _Deposition,kBq days days Dose, Gy Gv/yr Bct/g

Control !7 0 4760 None 0 0 0
1 19 0.081 4501 None 0.0089 0.00091 0.036
2 20 0.67 4589 None 0.076 0.0075 0.26
3 18 2.7 4788 3346 0.20 0.030 1.2
4 16 14 3808 2129 0.58 0.15 4.9
5 18 54 2853 1643 1.4 0.5 20
6 12 198 1961 1034 2.5 1.5 67



The most common histopathological liver lesion Liver lesions were not severe, and there was no
in these dogs was adenomatous hyperplasia, evidence of liver function impairment. However,
which was graded 0 (none) to 5 (most severe) in the dose-related levels of serum ALT increased
each dog. The number of dogs with lesions and compared to controls, indicating that liver
the average grade per dose-level group are damage that was observed several years before
shown in Table 6. The fraction of dogs with death should be considered in evaluating
iesions and the severity grade were higher for noncancer effects of inhaled 238pUO2.
dose-level groups 2 through 6 than for controls
or dose-level group 1. Adenomatous hyper-
plasia is not unusual in old dogs; it is generally
considered a regenerative change in response to
liver damage.

TABLE 5. Liver Dose Rate (Gy/yr) at Death Calculated from the Liver Retention Curve and

from Liver Plutonium Concentration (Bq/g) Measured at Death (mean __ SD)

Dose-Level Liver, Liver Concentration, Liver Retention Curve,

Group Bq/q Gy/yr Gy/yr

1 0,036_+0.028 0,0010_+ 0,00076 0.00086_+0,00069
2 0.26_+0.17 0.0072_+0.0048 0.0079_+0,0036
3 1,2_+0,7 0,035_+0.021 0.030_+0.0091
4 4.9_+2.6 0.14_+0.07 0.15-+0.06
5 20_+13 0.54 _+0,36 0.53_+0.18

6 67_+28 1.8_+0.8 1.9_+0,7

TABLE 6. Liver Adenomatous Hyperplasia in Dogs After Inhalation of 238puO2

Median Adenomatous Hyperplasia
Dose- Number Survival After Number Mean

Level of Exposure, of Severity

Grou P Dogs days Dogs Grade (a)

Control 20 4974 11 1.4
1 20 4548 13 1.8
2 21 4752 18 2.2
3 22 4640 20 2.8
4 20 4244 17 2,5
5 20 2780 16 2.3

6 13 1899 12 2.2

(a) 0 (none) to 5 (most severe).



Inhaled Plutonium Nitrate in Dogs

Principal Investigator: G. E. Dag/e

Other Investigators: R. R. Adee, R. L. Buschbom, K. M. Gideon, E. S. Gi/bert,
G. J. Powers, H. A. Ragan, C. O. Romsos, S. K. Smith,
C. R. Watson, and R. E. We//er

Technical Assistance: B. M. Colley, K. H. Debban, R. F. F/ores, B. B. Kimsey,
B. G. Moore, C. R. Petty, M. A. Pope, and R. P. Schumacher

The major objective of this project is to determine dose-effect relationships of inhaled plutonium nitrate
in dogs to aid in predicting health effects of accidental exposure in man. For life-span dose-effect
studies, beagle dogs were given a single inhalation exposure to 239pu(NO3)4in 1976 and 1977. Ali
the 105 plutonium-exposed dogs died or were euthanized by 15 years after exposure; 28 dogs had
bone tumors, 34 had lung tumors, and 14 had liver tumors. Additional plutonium-induced changes
included radiatio,, pneumonitis, tracheobronchial lymphadenopathy, radiation osteodystrophy,
hepatopathy, and hematologic alterations.

The skeleton is generally considered the cri- TABLE1. Life-Span Dose-EffectStudieswithInhaled
tical tissue after inhalation of "soluble' 239pu(NO3)4in Beagles(a)

plutonium (e.g., plutonium nitrate), on the Dose- Number of

assumption that the plutonium will be rapidly Level Dogs InitialLungDeposition (b)

translocated from the respiratory system to the Group MaleFemale kBq(c) Bq/¢!Lung(c)
skeleton. In several rodent studies, however,
inhalation of "soluble"plutonium has resulted Control 10 10 0 0
primarily in lung tumors. Skeletal tumors were Vehicle 10 10 0 0

1 10 10 0.062 _+ 0,033 0.48 _.+0.26
seen less often, perhaps because they were 2 10 10 0,32 _+ 0.06 2.6 +_ 0,6
not expressed within the short life span of the 3 10 10 2.2_+0.3 19_+4
rodents. Therefore, beagle dogs were chosen 4 10 10 11 +_ 1 91 _+ 15

for this study to compare relative risks with 6 10 10 63 __+11 518 _.+106

those from intravenously injected radionuclides 6 3 2 202 + 84 1772 _ 747

in beagles at the University of Utah, inhalation
studies with beta-, gamma-, and alpha-emitting (a) Exposedin 1976 and 1977.
radionuclides at the Inhalation Toxicology (b) Estimated from external thoraoic counts at 2 weeks

post exposure and estimated lung weights
Research Institute (Lovelace), and external (o.ollx bodywelght).
irradiationat the Universityof California (Davis) (c) Mean_+95%confidenceintervalsaroundmean.
and at Argonne National Laboratory. More
specifically,this study can be compared with238
inhaled 239puO2 and PuO 2 studies in beagle 20 dogs were exposed to nitric acid aerosols
dogs at PNL (see Inha/ed P/utonium Oxide in as vehicle controls;25 dogs were exposed to
Dogs, thisvolume), aerosolsof 239pu(NO3)4for periodicsacrificeto

obtain plutoniumdistributionand pathogenesis
Six dose groups (105 dogs) were exposed, in data in developing lesions; 7 dogs were se-
1976 and 1977, to aerosols of 239pu(NO3)4for lected as controls for periodic sacrifice; and
life-span observations ('lable 1). In addition, 20 dogs were selected as untreated controls



for life-span observations. The Appendix (at Evaluation of these data has revealed a
the end of this volume of the Annual Report) biphasic elevation of serum alkaline phos-
shows the current status of each dog on these phatase (ALP) and serum glutamic pyruvic
experiments, transaminase (GPT) in individual dogs. An

early increase was followed by a return to
Ali the plutonium-exposed dogs had died or control values, and a later effect was char-
had been euthanized by 15 years after expo- acterized by persistent, increased elevations of
sure. Plutonium analyses of tissues were both ALP and GPT. Calculation of the cumula-
completed on ali the dogs (Table 2). The tive average radiation do._ to mean time after
average amount of plutonium in the lungs exposure, when serum chemistry values were
decreased to approximately 1% of the final first observed to be different from controls for
body burden in dogs surviving 5 years or dose-level Group 5 dogs, revealed a mean
more. More than 90% of the burden trans- dose to liver of 2.8 Gy for the late effect, which
located to the liver and skeleton; only about occurred 4.1 years post exposure. At this
1% translocated to thoracic and abdominal time, the dose rate was 60 to 70 cGv per year.
lymph nodes. This was in contrast to dogs GPT and ALP values in dose-level Groups 3
that inhaled 239pUO2;in these dogs, approxi- and 4 were significantly higher (p __0.05) than
mately 50% of the final body burden was pres- those for the control group.
ent in thoracic lymph nodes, but only about
2% in the skeleton at 10 to 11 years after Table 3 summarizes, by dose-level group, the
exposure, mortality and lesions associated with deaths

through the 15 years after exposure to
The earliest observed biological effect was on 239pu(NO3)4. Ali five dogs at the highest dose
the hematopoietic system: lymphopenia occur- level (Group 6) died from radiation pneumonitis
red at the two highest dose levels at 4 weeks 14 to 41 months after exposure. Histopatho-
after exposure to239pu(NO3)4. Total leukocyte logical examination of the lungs of these dogs
concentrations were reduced significantly in revealed interstitial fibrosis, alveolar epithelial
the two highest dose groups, that is, Group 5 hyperplasia, increased numbers of alveolar
(mean initial lung deposition, 63 kBq) and macrophages, occasional small emphysemat-
Group 6 (202 kBq). ous cavities and, at times, very small nodules

of squamous metaplasia at the termini of respir-
The reduction in white cells in Groups 5 and 6 atory bronchioles. One dog at the highest
resulted from an effect on most leukocyte dose level had a small bronchioloaiveolar carci-
types (neutrophils, lymphocytes, monocytes, noma as well as radiation pneumonitis.
and eosinophils). This is in contrast to the
effects of both 239puO2 and 238puO2, which Ali the dogs in dose-level Group 5 died or were
significantly depressed lymphocyte concen- euthanized 34 to 92 months after plutonium
trations in groups with initial lung burdens of exposures. The principal cause of death at
approximately 3 kBq or more. The lympho- this exposure level was osteosarcoma, which
penia at lower dose levels of plutonium oxides occurred in 17 of 20 dogs. Other deaths in
may be related to the more extensive trans- dose-level Group 5 were caused by radiation
location of plutonium oxide to the tracheo- pneumonitis (2 dogs)and multiple lung tumors
bronchial lymph nodes and subsequent higher (1 dog). The multiple lung tumors, in different
dosage levels to lymphocytes circulating lobes, were papillary adenocarcinomas, com-
through those lymph nodes, bined epiderrnoid and adenocarcinoma, and

bronchioloalveolar carcinoma; metastases were
Serum enzyme assays have been performed present in the tracheobronchial lymph nodes.
throughout the postexposure period in an
attempt to identify specific damage to liver or Malignant but nonfatal lung tumors were also
bone by plutonium translocated from the lung. present in nine dogs from dose-level Group 5
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TABLE 2. Tissue Distribution of Plutonium in Beagles After Inhalation of 23gpu(N03)4

Percent of Final Body Burden

Time After Final Body Thoracic Abdominal
Dog Exposure, Burden, Lymph Lymph

Number months Bq Lunqs Nodes (a) Nodes (b) Liver Skeleton Cause of Death

1359M O.1 2966 90.50 O,15 0.06 2,46 3.20 Sacrifice
1375F 0,1 2708 89.61 0.14 0.01 0.97 4.68 Sacrifice
1407F 0,1 3398 51,87 0,41 0.13 10.99 18.70 Sacrifice
1389M 0.5 1964 24.07 0.38 0.08 41.28 26,21 Sacrifice

1390M 0.5 1898 24.62 0.32 O.11 20,05 44.45 Sacrifice
1445F 0.5 2096 26,42 0.32 0.11 21,28 44,73 Sacrifice
1329F 1 17935 70.05 0,16 0,04 8,28 18.79 Sacrifice
1346M 1 33388 76,81 0,32 0,03 10,45 10,30 Sacrifice

1347F 1 25851 71.71 0.36 0.08 9.33 14,09 Sacrifice
1336M 1 1199 71,38 0.22 0.05 5.72 19.73 Sacrifice
1341 F 1 883 64,43 0,29 O,10 12,92 18,63 Sacrifice
1344F 1 1959 58,68 0.25 0,04 21.87 16,09 Sacrifice
1335M 1 102 19.52 0.07 0.06 6,68 25.04 Sacrifice
1339F 1 51 19,08 O,13 0.08 20.92 45,47 Sacrifice
1351M 1 74 40,68 1.22 0.09 17.09 28.89 Sacrifice
1522F 3 2175 54.68 0,57 O.10 11,52 28.24 Sacrifice
1529F 3 1811 51,68 0.40 0.07 18,48 23,74 Sacrifice
1539M 3 2647 52.45 0.31 0.05 18,58 25.03 Sacrifice

1564F 12 1358 18.00 1.27 O.11 33,53 42,63 Sacrifice
1571F 12 1957 22.37 1.47 O,11 28,76 42.91 Sacrifice

1588M 12 1950 13.14 0.40 0.12 35,85 46,18 Sacrifice

1424M 14 171111 33,10 1.43 0.16 26,49 36.88 Radiation pneumonitis
1517F 16 148928 18.99 0.94 0,18 29.51 47.88 Radiation pneumonitis
151 OF 17 69587 22.00 1.1 5 0,05 20.71 52.00 Radiation pneumonitis
1420M 25 59811 16.51 0.86 0.20 7,77 70.06 Radiation pneumonitis
1471M 34 50893 9,25 0.73 O,12 26.92 58.34 Radiation pneumonitis
1518M 42 69587 6.87 0.24 0.07 21.34 67.51 Radiation pneumonitis, lung

tumor
1512M 42 79051 4.31 0.60 0.08 49,93 42.66 Bone tumor
1508M 43 64022 3.24 0,62 0.08 41.53 52,70 Bone tumor

1459F 51 57971 4.40 0,15 0.12 30,86 61.41 Radiation pneumonitis, lung
tumor

1492F 52 44480 2.81 0.20 0.17 27,02 66.38 Bone tumor
1485F 54 38928 0,82 0.35 0,07 31,13 63.94 Bone tumor

1502F 55 115170 0.80 0,39 0,09 33,33 62.51 Bone tumor, lung tumor
1387F 55 6170 1,41 0,22 0.12 45,48 49,10 Bone tumor

1429M 59 42891 4.14 0.35 0,10 37.06 54.70 Bone tumor, lung tumor
1598F 60 2136 0,90 O.14 O,17 24,44 31.62 Sacrifice
1576M 60 2411 1.54 0.36 0.13 46,23 39,15 Sacrifice
1605F 60 954 1.87 0.11 O.12 52,32 39.37 Sacrifice
1646F 60 29815 0,72 0,20 0.40 46,92 48.42 Bone tumor
1619F 62 50394 0.55 0.59 0.13 37.87 58.63 Bone tumor
1589F 63 1088 0.68 0.04 O.13 46.43 50.32 Sacrifice

1636M 66 23475 1.21 0.27 0.52 53.97 39.09 Bone tumor

1652F 68 24356 1.46 0.23 0,29 50,47 44,32 Bone tumor, lung tumor
1498F 69 31277 0.59 0,32 O,13 26,83 53,37 Bone tumor, lung tumor
1659F 69 27229 1.14 0,34 0,40 38.90 55.89 Bone tumor

1640M 76 6540 4,01 0,64 0,63 54.41 36.59 Lung tumor
1419M 76 32296 0.69 0,28 0,39 44.08 50,70 Bone tumor, lung tumor
1660M 82 31601 0.76 0.53 0.53 37,51 56.17 Bone tumor, lung tumor
1621M 84 31074 0,94 0.56 0,29 40,87 54.55 Bone tumor, lung tumor
1655M 88 18705 1,05 0,22 0,93 41.83 52,14 Lung tumor, bone tumor
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TABLE 2. Continued

Percent of Final Body Burden
Time After Final Body Thoracic Abdominal

Dog Exposure, Burden, Lymph Lymph
Number month Bq Lungs Nodes (a) Nodes (b) Liver Skeleton Cause of Death

1501M 92 71 1,62 0.50 0,79 38.05 48,41 Thyroid tumor
1648M 92 23661 1.12 0.25 0.73 42,63 50.61 Bone tumor, lung tumor
1641M 92 32169 0,78 0,24 0.48 45,72 48.89 Lung tumor
1408F 93 6704 0.60 0.19 0,37 49.47 45,52 Bone tumor
1404M 93 8041 0,82 0.28 0.72 46.24 48.62 Pleuritis

1470F 95 49 1,11 0.48 0.34 43.21 50,23 Meningioma
1489F 98 82 1,23 0,73 0.70 41,36 48,52 Esophageal tumor
1565F 101 31 0,77 1.55 0,87 43,62 44.09 Hemanglosarcoma
1385M 101 13399 0,62 0,51 0.42 46.38 49,36 Bone tumor, lung tumor
1364M 102 13704 1.13 0.32 0,40 49,46 46.17 Lung tumor
1503F 103 271 0.37 0,64 0,25 60.15 35,37 Thyroid tumor
1645F 105 6749 0,73 0,41 0.46 55,96 40.70 Lung tumor
1587M 106 1013 0.65 0.74 0,51 20.11 74,97 Hemangiosarcoma. lung tumor

1534M 106 7443 0.96 0.43 0.49 50,78 43.95 Congestive heart failure
1521F 106 5407 0.88 0.34 0.36 51.77 44.41 Bone tumor, lung tumor
1599F 106 268 0.69 0,54 0,48 34,04 60,60 Adrenal tumor

1413F 109 966 1.16 0.39 0.51 58.06 37.78 Malignant lymphoma
1391M 111 1383 1,21 0,34 0.47 50,40 45.49 Thyroid tumor, lung tumor
1581M 111 57 0.52 0.95 0,31 38.21 56.46 Hemangiosarcoma
1602M 111 231 1.95 1,29 0,97 42.60 46.45 Epilepsy
1428F 114 8492 0.72 0.62 0.56 35.16 60.14 Bone tumor, lung tumor
1386M 116 1068 1.59 0.26 0.82 56,40 38.62 Hemangiosarcoma
1568M 116 1270 0,93 0.50 0.54 42.27 52,10 Pneumonia

1590F 119 109 0.48 0.35 1.00 59.61 31,23 Mammary tumor
1530F 122 651 0.89 0,77 0.84 42,50 50.30 Bone tumor, lung tumor
1570F 122 51 0.34 0.91 0.42 30,80 63,13 Stomach tumor

1535F 122 5373 0.62 0.67 0,74 19,27 73.73 Bone tumor, lung tumor
1446F 123 6102 0.40 0.56 0,63 27.06 67,94 Pyometra, liver tumor
1540M 124 1384 0,61 0.45 0,38 39.21 55.37 Lung tumor
1414F 126 4479 1.29 0,42 0.54 44,44 49,50 Bone, lung, and liver tumors
1569F 126 1146 0,53 0,42 0.31 50,23 45,17 Lung tumor
1575M 128 137 0,43 0.54 0.51 55.53 37.17 Prostate tumor
1456F 132 1522 0.33 0.60 0.49 41.34 52.74 Pneumonia

1637M 132 3873 1.22 0,64 0.31 45.50 49,64 Lung tumor
1607M 135 38 0,53 1.80 0.44 37.49 55.95 LIver tumor

1363M 135 1715 0.51 0,69 0.44 55,62 40,23 Pneumonia, adrenal/liver tumor
1582F 136 1266 0.64 0.69 4,82 31,22 57.87 Mammary tumor, liver tumor
1380M 136 1502 0.57 0.70 0.82 34,11 58,90 Pneumonia
1618F 140 4990 0,38 0,23 1.05 38,34 56.67 Bone tumor

1439F 143 1230 0,41 0.69 0.75 25.65 68,09 Malignant lymphoma
1379M 144 7459 0.56 0,72 0,85 25.30 67,38 Liver, lung, and bone tumors
1507M 144 90 1.69 0.38 0.58 51,27 38.98 Malignant melanoma

1639F 145 3449 0.84 0.70 0.73 35,42 57.73 Radiation pneumonitis, lung
1647M 146 5741 0.78 0.46 0,17 45,84 51,38 Lung tumor, liver tumor
1591M 147 266 0.68 0.56 0.70 31.49 59.61 Malignant lymphoma
1585F 148 192 1.03 0,80 0,85 28.77 60,90 Thyroid tumor
1490F 149 494 0.45 0.42 0.34 46,01 49.06 Mammary tumor
1583F 149 29 1,20 3.65 1.33 29.96 57,51 Thyroid tumor
1592F 150 38 0.63 0.47 0.48 44,39 50.24 Pneumonia

1595M 154 1109 0.61 0,68 0.53 43,98 50,01 Nephropathy
1362M 155 6207 0.45 0.44 0.61 36.97 58.06 Bono, liver, and lung tumor
1465F 156 45 1.71 0,37 1.31 45.84 44,12 Nephropathy
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TABLE 2. Continued

Percent of Final Body Burden

Time After Final Body Thoracic Abdominal

Dog Exposure, Burden, Lymph Lymph
Number month Bq ,,. _ Nodes (a) Nodes (b) Liver Skeleton Cause of Death

1604M 156 1190 0,91 0,72 0,58 21,71 70,83 Encephalopathy
1423M 157 362 0,83 0,49 0.65 27.97 58.67 Panophth almitis
1567M 157 129 0,56 0.34 0.88 35.26 58.91 Nephritis
1579M 157 237 0.51 0.17 0,89 53.11 41.14 Hepatocellular carcinoma
1656M 157 2845 1.21 0,66 0,51 42.64 50.80 Pneumonia; lung tumor
1600F 158 37 0.86 0.69 0.86 22.77 72,87 Nephropathy
1606F 158 140 0,68 0.54 0,51 36.11 58.65 Hemangiosarcoma, spleen
1417M 160 399 0,37 0.37 0.26 64,40 32.21 Malignant lymphoma
1427F 160 1273 0.79 0.79 0.56 32,90 60,50 Malignant melanoma, oral cavity
1458F 160 83 0,71 0.26 0.61 30.68 62.00 Malignant pheochromocytoma,

adrenal

1573M 160 36 0,31 0,36 0.45 47.84 41,85 Gastric dilatation
1574M 160 1140 0,60 0.54 0.41 54.97 40.47 Lung tumor

1472F 162 225 0.47 0,81 0.62 39.29 52,78 Nephropathy; carcinoma, bile
duct

1415M 163 130 0.82 0.63 0.54 40.58 54,07 Transitional carcinoma, urinary
bladder

1466F 163 410 0.23 0.50 0,41 44,52 50.88 Nephropathy
1603M 164 37 0.46 0,80 0.46 24,89 68.59 Nephropathy
1416M 165 46 0,25 0,13 0,78 64.53 30.75 Heart failure
1444F 168 1715 0.70 0.23 0.37 23,89 68,60 Transitional carcinoma, urinary

bladder

1520M 168 367 0.33 0.53 0,70 37,73 57.58 Carcinoma, bile duct
1487F 169 50 0.44 0.51 0.30 35.91 58.55 Gastric dilatation

1519M 169 97 0,72 0.13 1.16 24.84 68.40 Nephropathy
1596M 170 31 0.48 0.73 0.65 40,62 52.90 Senility
1513M 172 219 0.48 0.59 0.49 46.03 49.21 Hepatitis; lung tumors
1422F 173 1765 0,70 0,35 0,77 27.36 66,38 Lung tumor; adenoma, bito duct
1484F 173 158 0.81 0,96 0.64 12.45 79.95 Malignant lymphoma
1523F 173 1089 0.54 0.66 0.57 28.81 65.68 Metastatic sarcoma
1515M 174 57 0,30 0,11 0.44 56,93 39.77 Urethral carcinoma;

hepatocellular carcinoma
1580F 176 123 1,06 0,59 0.45 46.39 47,75 Transitional carcinoma, urinary

bladder

(a) Includes trac,_eobronchial, mediastinal, and sternal lymph nodes.
(b) Includes hepatic, splenic, and mesenteric lymph nodes,

that died from osteosarcomas and in one dog one dog; and a bronchioloalveolar carcinoma,
that died from radiation pneumonitis. Typically, a papillary adenocarcinoma, and a mixed lung
these arose subpleurally, proximal to areas of tumor in one dog. No metastases of these
interstitial fibrosis or small cavities communi- lung tumors were observed.
cating with bronchioles. They consisted of
bronchioloalveolar carcinomas in four dogs; In dose-level Group 4, ali the dogs died or
papillary adenocarcinomas in two dogs; both were euthanized 54 to 157 months after plu-
bronchioloalveolar carcinoma and papillary tonium exposure. The causes of death, proba-
adenocarcinoma in one dog; both papillary bly related to plutonium exposure, included
and tubular adenocarcinomas in one dog; a bone tumors (9 dogs), lung tumors (5 dogs), a
combined epidermoid and adenocarcinoma in delayed-onset radiation pneumonitis (1 dog),
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TABLE 3. Lesions in Beagle Dogs 15Years After Inhalationof 23_pu(N03)4

Dose Group
6 5 4 3 2 _1 Vehicle Control

Numberof Dogs/Group 5 20 20 20 20 20 20 20
Numberof Dead Dogs/Group 5 20 20 20 20 20 17 18

Condition(a)

Radiationpneumonitis 4 1
Radiationpneumonitisand lung tumor 1 1 1
Bonetumor 8 3

Bone and lung tumor 9 4 1
Bone, lung, and livertumor 2
Lung tumor 1 4 3
Liver,lung, and bone tumor 1
Lung and liver tumor 1 1
Hemangiosarcomaand lung tumor 1
Thyroidand lung tumor 1
Pneumoniaand lung tumor 1
Hepatitisand lung tumor 1
Pyometraand liver tumor 1
Pneumoniaand livertumor 1 1
Mammary and livertumor 1
Nephropathy,livertumor 1
Livertumor 2 1

Pneumoniaor pleuritis 1 3 1 3
Lymphoma 2 3 4
Thyroidtumor 2 2 2
Meningealtumor 1
Statusepilepticus/encephalopathy 1 1 1
Congestiveheartfailure 1 1 1
Hemangiosarcoma 1 1 2
Adrenaltumor 1 1 1
Esophageal/stomachtumor 2
Intervertebraldiscprotrusion 2 2
Mammarytumor 2 3
Cerebral hemorrhage 1
Urinarybladder/urethraltumor 1 3 1 1
Pyometra 1
Mastocytoma 1
Splenictumor 1
Endocarditis f
Nephropathy 1 5 3
Malignant melanoma (oral) 2 1 1
Nephritis 1
Panophthalmitis 1
Gastricdilatation 1 1
Skin tumor (lung metastasis) 1
Hypothyroidism 1
Pituitarytumor 1
Ovariantumor 1
Senilityand livertumor 1
Unknown 1

(a) Numberof dogs with lesionsassociatedwithdeath.
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and a bile duct carcinoma (1 dog). Intra- control dogs, but we have observed a nonfatal
hepatic bile duct tumors were present in the hepatocellular carcinoma in a control dog. In
livers of 4 additional dogs that died of other addition, a nonfatal lung tumor was present in
causes. Nonfatal lung tumors were present in 1 dog from dose-level Group 1.
9 dogs that died of other causes.

The skeleton is generally considered the criti-
In dose-level Group 3, ali the dogs died or cal tissue after inhalation of soluble plutonium,
were euthanized 106 to 173 months after and 28 of the exposed dogs died with bone
plutonium exposure. Four dogs died of tumors (Table 4). The sites of the bone tumors
lung tumors, and lung tumors were present in were lumbar vertebrae (6 dogs), humerus
each of 3 additional dogs that died of a bone (6 dogs), cervical vertebrae (4 dogs), pelvis
tumor, a thyroid tumor, and a hemangiosar- (4 dogs), thoracic vertebrae (3 dogs), sacrum
coma. Three dogs had nonfatal bile duct (3 dogs), ribs (3 dogs), facial bones (2 dogs),
tumors, femur (2 dogs), radius (1 dog), scapula

(1 dog), and nasal turbinates (1 dog); several
In the lower dose levels (Groups 1 and 2), ali dogs had tumors at more than one site, and
the dogs died or were euthanized by 15 years metastases were frequent. However, 34 of the
after exposure, and the incidence of lesions 105 exposed dogs also had lung tumors, and
was not clearly different from that of the control lung tumors were more frequent than bone
groups. Of uncertain relationship to plutonium tumors in the middle dose-level groups.
exposure, however, were bile duct _.umorsin Fourteen of the exposed dogs had liver tumors
3 dogs (2 from dose-level Group 1 and 1 from compared to 1 of 35 controls. Only 4 of the
dose-level Group 2) and hepatocellular carci- liver tumors were fatal; however, they were
nomas in 3 dogs (1 from dose-level Group 1 more frequent than lung or bone tumors in the
and 2 from dose-level Group 2). Bile duct lower dose-level groups.
tumors have not yet been observed in any

TABLE 4. Primary Lung, Bone, and Liver Tumors in Dogs 15 Years

After Inhalation of 239pu (NO3) 4

Dose-Level Number Median Survival Lung Bone Liver

Group of Dogs after Exposure Tumors Tumors Tumors
Total Fatal Total Fatal Total Fatal

6 5 16.6 1 0 0 0 0 0
5 20 62,5 11 1 17 17 0 0
4 20 114.3 14 5 10 9 5 1
3 20 135.8 7 4 1 1 3 0
2 20 157.6 0 0 0 0 3 2

1 20 150.0 1 0 0 0 3 1
Vehicle 17 154.4 0 0 0 0 0 0
Control 18 139,5 0 0 0 0 1 0

Total -- _ 3"4 1"0 2"8 2-7 1-5
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National Radiobiology Archiver_

Principal Investigator: C. R. Watson

Other Investigators: S. K. Smith, E. K. Ligotke, J. C. Prather,L.G. Smith, and
M. T.Karagianes

The National RadiobiologyArchives (NRA) project is a comprehensiveeffort to gather, organize, and
catalog data, documents, and tissuesrelatedto radiobiologystudies. This archivingactivitywill provide
future researcherswith informationfor statisticalanalysesto compare resultsof these and otherstudies
and with materialsfor applicationof advanced moleculaLbiologytechniques. The project concentrated
initiallyon studiesof beagle dogs exposedto ionizingrad:,ationat five DOE laboratories,and has been
expandedto includesimilarstudiesin otherspecies. Three majortasksare associatedwiththisproject:

1. implementingan interlaboratorycompute_'izedinformation system containinga summarized dose-
and-effectsdatabase with resultsfor each of morethan 5,000 life-span-observationdogs, a collection
inventorydatabase, and a bibliographicdatabase. During the past year, database structureswere
designed and populated. The scope of the informationsystemhas been expandedto include about
7,000 beagle and 10,000 mouse recordsfrom seven laboratories. An introductionto the system is
availableon diskette. A NRA-sponsoredworkshopfocused on combining informationfrom control
beagles resultedin designationof 1,096 animalsas well-characterizedrepresentativesof controlsin
sixlaboratories.

2. establishing a document archives of research materials such as logbooks, clinical notes, radio-
graphic films, and pathologists'observations. The first major collectionof documents and radio-
graphs,donated by the Universityof Californiaat Davis,was receivedthisyear.

3. establishinga specimen archives for researchmaterialssuch as tissue samples or histopathology
blocks and slides. Tissue specimens, histopathologyblocks and slides, serial radiographs, and
extensiveclinicalrecords from more than 1,000 Universityof Californiaat Davisdogs are organized
and available. In addition, two groups of investigatorsvisited the tissue archives to harvest brain
specimensfromselected aged dogsto analyzefor indicatorsof Alzheimer'sdisease.

Many investigations have been conducted into Radiobiology Studies
the biological effects of ionizing radiation. The
focus has been on understandingthe nature of Nearly 40years ago, the U.S. Atomic Energy
human health effects and the degree of risk. Commission began life-span radiation effect
When acute effects of relativelylarge doses had studies in a relatively long-lived animal, the
been characterized, attention shifted to the rela- beagle dog. As a consequence, a group of
tionship between lower doses, lower dose rates, closely related experimentsare now coming to
and cancer. This focus led to initiationof life- fruition. These studies,conducted at the Univer-
span studies of experimental animals in several sityof Utah (U of Utah),the Universityof California
DOE-supported laboratories. As DOE radio- at Davis (UC Davis),Argonne National Laboratory
biology studies are completed, the National (ANL), Pacific Northwest Laboratory (PNL), and
RadiobiologyArchives (NRA) providesintegration the InhalationToxicologyResearch Institute(ITRI)
and preservationof this unique body of informa- were summarized in 1989 by Roy Thompson in
tion and materials,and encouragesand facilitates Life-Span Effects of Ionizing Radiation in the
itscontinued use. Beagle Dog and became the initial focus of NRA
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activities. Another multigeneration study in Ronald E. Filipy, Washington State University,
beagle dogs was conducted by the Food and Tri-Cities
Drug Administration at Colorado State University Marvin E. Frazier,U.S. Department of Energy
(CSU). Information from CSU about effects of Thomas E. Fritz, Argonne National Laboratory
gamma rays is being included in the NRA. There Scott C. Miller,University of Utah
have also been many life-span studies of rodents, James F.Park, Pacific Northwest Laboratory
notably those conducted at Oak Ridge NatiP.nal Otto G. Raabe, University of California at Davis
Laboratory (ORNL), ANL, Brookhaven National Roy C. Thompson, Pacific Northwest Laboratory.
Laboratory (BNL), and PNL.

A subcommittee of the NRAAC met in December
The experiments currently available from NRA are 1991 to plan for implementation of a collaborative
listed in Table 1, showing the NRA study code, database combining information from 1096 con-
the time period over which exposures were con- trol beagles. This reference set will provide base-
ducted, the nature of exposures, and the number line information for comparison with experimental
of animals held for life-span observation. Informa- groups. The NRA is coordinating this effort, and
tion is available on 7,061 life-span beagles and several reports will be prepared describing infor-
9,765 mice. mation available on control beagles.

Three tasks are associated with integrating and Information System
preserving information from these studies. The
computerized information system provides elec- Computer database technology is essential to
tronic access to summary data on each animal, to integrating this broad and diverse collection of
the document and specimen collection catalogs, information. The NRA is developing several inter-
and to bibliographic citations about the studies; related databases, each of which follows the rela-
the document archives house and preserve tional model. There are three major databases:
nonbiological materials; and the specimen the dose-effects summary, the collection inven-
archives house and preserve biological tory, and the bibliography. These systems are
materials, maintained on IBM PC systemsat PNL usingthe

Paradox database managementsystem.
Advisory Committee

The computerized summary database contains
The NRA is guided by the National Radiobiology dose to and effect on each significant tissue in
Archives advisory committee (NRAAC)consisting each animal. The summary database has six
of five external advisors: major tables:

Stephen A. Benjamin, Colorado State University: LAB: describing each laboratory
Dog Studies STUDY: describing each study (as shown in

J. A. Louis Dubeau, University of Southern Table 1)
California: Molecular Biology GROUP: describing groups of animals within

Kenneth L. Jackson, University of Washington: each study
Radiobiology ANIMAL: summarizing each animal

Elizabeth Sandager, Chemical Heritage "I'EFFECT: effect (and diagnosis dates)
Foundation: Archivist observed in each significant tissue

Philip R.Watson, Oregon State University: c_.tegory
Databases TDOSE: dJse to each significant tissue cate-

gory at diagnosis dates in TEFFECT.
and eight participating (or internal) advisors:

Bruce B. Boecker, Inhalation Toxicology
Research Institute
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TABLE 1. MajorLife-SpanStudiesBeing Incorporatedintothe NationalRadiobiologyArchives

NRA

Study, Dates of Number of

ID(a_ Exposures Description of Study Life-.Span Animals

Beagle Dogs:

A-O 1 1956 90Sr, Transplecental 53

A-02 1957 90Sr, SC Injection (multiple, various ages) 98
A-03 1960-1964 144C,e, IV Injection 49

A-04 1961-1963 t37Cs, IV injection 65

A-05 1968-1978 Gamma ray, whole body (continuous to death) 311

A-06 1968-1977 Gamma ray, whole body (continuous to predetermined dose) 343

C-03 1967.1973 Gamma ray, whole body, F 3 and F4 generations 1680

D-0 t 1952-1958 X ray, whole body (fractionated) 360

D-02 1961-1969 90Sr, ingested (in utero to 540 days) 483

D-03 t964-1969 90Sr, IV injection 45

D-04 1964.1989 226Ra, IV injection (multiple) 335

1.01 1965-1967 90SRCI2, Inhalation 63

1-02 1966-1967 144CECI 3 , Inhalation 70
1-03 1966-1967 91YCI,_, Inhalation 54

1-04 1967-1971 144Ce_FAP)(b), Inhalation 128

- _ , 1-05 1968-1969 137CSCI, IV injection 66

1-06 1969-1971 90y (FAP), Inhalation 101
1-07 1970.1971 91y (FAP), Inhalation 108

1-08 1970-1974 90Sr (FAP), Inhalation 124

1-09 1972-1976 144Ce (FAP), Inhalation (juvenile) 54

1.10 1972-1975 144Ce (FAP), Inhalation (aged) 54

1.11 1972-1975 144Ce (FAP), Inhalation (multiple) 36

1-12 1973-1976 238puOo, Inhalation (3.0 i_m) 84

1-13 1974-1978 238puO L Inhalation (1.5 i_m) 84

1-14 1977.197n 239puO 2' Inhalation (0.75 l=m) 60

I. 15 1977-1979 239puo 2' Inhalation (f.5 I_m) 108
I- t 6 1977-1979 239puo 2'

1-17 1977.1978 239puO2o,' Inhalation (3,0 i_m) 83Inhalation (multiple, 075 pm) 72

1-18 1979.1983 239puO '=;P,Inhalation (juvenile, 1.5 pm) 108

I-19 1979-t 982 239puO 2, Inhalation (aged, 1.5 pm) 60

P-01 1959-1962 239puOo, Inhalation 35

P-02 1967 238puO_, Inhalation 22
P-03 1970-1972 239puO=.. Inhalation 136

ct'
P-04 1972-1975 238puOo, Inhalation 136

P-05 1975-1977 239pu(N=O3) 4 , Inhalation 148

U-01 1952-1974 239pu, IV injection 285
U-02 1953- f 970 226Ra, IV injection 184

U-03 1954-1963 228p_, IV injection 89

U-C4 1954-1963 228Th, IV Injection 94

U-05 1955-1966 90Sr, IV injection 99

U-06 1966-1975 241Am, IV injection 117

U-07 1971-1974 249Cf, IV injection 36

U-08 1971-1973 252Cf, IV injection 35

U-09 1972-1978 239pu, IV injection (juvenile) 75

U-10 1973 253Es, IV injection 5

U-11 1975-1978 239pu, IV injection (aged) 34

U- 12 1975-1978 226Fie, IV injection (juvenile) 53

U- 13 1975-1980 226pas, IV injection (aged) 33

U-14 1977-1979 224Ra, IV injection (multipie) 128

Totah 1952-1983 7061

Mice:

R-or 1977 Gamma ray, single exposure at 10 wk, BALB/c & RFM females 4728

R-O2 1987 Gamma ray, single exposure at 10 wk, C3Hf & C57BL/6, both sexes 5037

Total: 1977-1987 9765

(a) Laboratory codes: A, ANL; C, Colorado State University; D, University of California at Davis; I, ITRI; P, PNL; R, ORNL; U, University

of Utah. Study numbers: arbitrarily assigned by NRA.
(b) FAP: radionuclide was adsorbed to an insoluble fused alumlnosilicate vector aerosol
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The summary database also includes laboratory- than 500 items of a supporting nature; animal-
specific supporting tables for information such as specific documents that arrived in 1992 are being
serial hematological determinations or clinical added tothe database.
observations. Progress toward populating the
summary database is shown in Table 2. An introduction to the NRA information system is

available as a stand-alone application that can
The collection inventory database contains infor- be self-loaded from diskette onto a DOS-based
mation about each of the bar code labels affixed microcomputer. The accompanying documenta-
to materials (or containers of materials) in tion, "National Radiobiology Archives Distributed
NRA collections. The database defines materials Access User's Manual," explains usage and
and also tracks the location of items to allow extensively describes fields (Watson et al, 1991;
rapid retrieval. About 15,000 items related Smith et al. 1992). This document and software
to 4000 animals are currently managed by this are an important summary of the meta-data
system. (information describing data) collected. The

introductory subset diskettes have been

The bibliographic database uses the same bar distributed in conjunction with responses to
code label system as the collection inventory requests for information about the NRA.
database to identify reference materials. Location
information about materials is stored in the Document Archives
collection inventorydatabase and a complete bib-
liographic citation are stored in the bibliography The researchdocument archivescollectsdetailed
system. The bibliography systemincludes more research findings associated with each study.

i'

TABLE 2. Progress Toward Populating theSummaryDatabase

Statusof NRADatabaseTables(b)

NRA Laband
Study lD(a) LAB STUDY GROUP ANIMAL TEFFECT TDOSE LABSPECIFIC

A-01, A-02,A-03 F C C P
A-04 F C C C C C
A-05, A-06 F C C P
C-03 F P P I I
D-01 F C C P
D-02, D-03, D-04 F C C C C C C
1-01to 1-19 F C C C

P-01,P-02 F C C P P
P-03,P-04,P-05 F C C C P P P
R-01, R-02 F C C C C C C
U-01 to U-14 F C C C C C C

Number of Records: 7 66 486 19,691 63,318 7,911 : >200,000

(a) LaboratoryCodes: A, ANL; C, Colorado StateUniversity;D, Universityof California at Davis; I, ITRI;P,PNL; R,ORNL;
U, Universityof Utah. Studynumbersaredefinedin Table1.

(b) StatusCodes:
C, Complete:database recordsarecomplete;ali significantfieldshavecompleteinformation.
F,Final:database recordsarecompleteand reviewedby investigator.
I, Incomplete:databasetablesare partiallyfilledwith representativerows.
P,Partial:database recordsarepartiallycomplete;some fields have no information.
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Materials include handwritten "raw" data such as Collaborations and Retrievals
exposure logbooks, clinical notes, laboratory
analysis forms, hematological profiles, and anl- The cooperation of participating institutions and
mal care observations. A significant class of investigators is essential to achieve the goals of
research decuments from these studies com- the NRA project. Collaboration has been excel-
prises photographic film, autoradiographs, radio- lent with the seven institutions that have donated
graphs, and photographs. "Summarized" data, information and materials. NRA staff have partici-
usually reduced to computer files or publication pated in, or have been invited to participate in,
reprints, are also included. Each document (or several site visits; collaborative projects were initi-
document container such as a folder) is given a ated, and these laboratory directors serve on the
bar-coded accession number label and is stored NRAAC.
in a controlled environment, This material is

cataloged in the bibliographic database for rapid The NRA encourages analysis of studies that ex-
selection and retrieval, amine previous information from a new perspec-

tive by applying different analytical approaches or
The first contribution to the document archives is by combini,_g results of studies performed at dif-
the extensive collection of supportive documenta- ferent institutions. This year, NRA continued our
tion that provided the basis for Radioactivity and collaboration with ANL and ITRI to combine infor-
Health: A Hist_)ry, by J. Newell Stannard; about mation from two studies (I-05 and A-04) of in-
50 boxes have been accessioned. The UC Davis jected 137Cs0l. NRA also collaborated with
clinical and radiographic records were donated in investigators at UC Davis to obtain brain speci-
June 1992. The NRA accessioning team organ- mens of dogs whose clinical records indicated
ized the shipment and supervised the packing Alzheimer-like symptoms. The NRA staff retrieved
and unpacking of almost 10 tons of materials, tissues and provided laboratory facilities, and the
Documents such as c!inical records, radiographs, UC Davis team prepared histopathology slides for
photographs, and autoradiography preparations, staining and interpretation.
as well as specimens such as organs, histology
blocks, and slides, at the U of Utah were acces- In addition, the NRA specimen archives supplied
sioned in 1990: these materials will remain in Utah histopathology slides of control beagle stomach
pending completion of the studies, to the Veterinary School at the University of

California and brain specimens to the University
Specimen Archives of Tennessee. The information system re-

sponded to several requestsfor detailedsubsets.
, The biological specimen archives contains col-

lected research materials such as tissues pre-
served in formalin or alcohol, tissue samples Future Activities
embedded in paraffin or plastic for histopath-
ological analysis, microscope slides, and radio- The NRAwill continuethe orderlyaccessioningof
graphic films. Many materialsare radioactiveand life-span beagle study informationand shipment
are associatedwith hazardous materialssuch as of selected specimens and documents to PNL.
formalin,alcohol, or paraffin. A buildinghas been While these studies are being completed, NRA
renovated to serve as the repository of these will play an increasingrole in facilitatinganalyses
specimens. The building contains a specimen that cut across studies and species. For exam-
manipulationlaboratoryand storagebays with an pie, NRA will compile and publish a combined
automatic fire suppressionsystem. Materialsare data set of controlanimals based on consensus
nominated for donationto NRA by an institution of donating investigators. Because most rodent-
which recognizes that specific completed studies based radiobiology studies involved thousands of
are worthy of consideration for archival animals, access to original, unpublished data
preservation, from them is limited. However, additional rodent
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studies, initially those conducted at ANL, ORNL,
and PNL, are planned to be included in the NRA
information system.
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Low-Level 239pu02 Life-Span Studies

PrincipalInvestigator:C. L. Sanders

Other Investigator: G.A. Sanders

Wistar female rats are being examined for spatiotemporal dose-distribution patterns and pathological
sequelae leading to lung tumor formation following inhalation of 239puO2.Plutonium lung clearance was
dependent on initial lung burden (ILB). To estimate lung dose, a lung clearance function was derived
from experimentally determined data for inhaled 239puO2that represents clearance for each rat in the
life-span study. The incidence of lung tumors was 0.32% in 1877 rats receiving < 1 Gy to the lung, 42%
in 229 rats receiving >1 Gy, and 0.19% in 1052 controls. Scanning electron microscope (SEM)
autoradiographic determination of subepithelial 239pUO2 showed that many fewer particles concentrated
in large bronchioles (> 1 mm2 in diameter) than in small (< 1 mm2 in diameter) bronchioles. Bronchiolar,
bronchial, tracheal, and laryngeal epithelialcellsdid not phagocytize inhaled 239puO2;however,about 1%
of deposited 239pUO2 was found in subepithelial locations of these upper airways. Particle transport
occurred through intercellular gaps of upper airway epithelial cells. The dose calculated to upper airway
epithelium from subepithelially located particles was very small. Notumors were observed in the bronchi,
trachea, or larynx.

Tumors in the pituitary gland, mammary glands, and uterus, in order of decreasing prevalence, accounted
for 91% of alinonpulmonary tumors; uterine tumors composed 54% of ali nonpulmonary malignant tumors.
Pulmonary metastases were seen in 12%of rats; two-thirds of these were uterine adenocarcinomas that
appeared histologically similar to some primary lung adenocarcinomas. Other than those in the lung, no
significant difference was found in tumor frequency, location, or type between control and exposed rats.

Introduction 239pu02. Concentrationof 239pu02in pulmonary
macrophagesandin aggregates,withthe limited

This projectisone of only a few that can provide penetrationof alpha particles in tissue, resultin
lung cancer risk data from an animal model at a highly nonhomogeneous dose-distribution
radiation _.._sesas low as allowed for nuclear pattern in the lung and other respiratory tract
worker limits, using a sufficient number of tissues.
animals in control and low-dose groups to esti-
mate tumor risk. The determination of lung dose Lung Dosimetry
for each animal and the large numbers of ani-
mals in control and low-dose groups provide Clearance of inhaled 239pu02 from the lung of
new informationfor decreasingthe uncertaintyof rats changes as a function of initiallung burden
carcinogenicrisk estimatesinthe lung. Quanti- (ILB), with higher deposition levels depressing
tative light and scanning electron microscopic early clearance (Figure1). Clearanceof inhaled
(SEM)autoradiography,cellkinetics,morphome- 239pu02 in rats was best described by the sum
try, and pathologicalstudies are used to evalu- of two exponentialswith half-timesof weeksto a
ate and quantitate radiation dose received by few months during the early, rapid clearance
type II alveolar epithelium,the apparent target phaseand of many monthsto more than a year
cell, as it progressesto carcinoma, duringthe slowclearance phase.

Spatiotemporal dose-distributionpatterns in the The experimentally derived lung clearance
lung continually change following inhalation of equations for ILBs of 0.4 kBq and 3.9 kBq were

23



To generate Yk(t) (where k is ILB in kBq), a
120 percentage of the difference between Y3.9(t)and

L Yo.4(t)curves is added to the Yo.4(t)curve. This

_. percentage, P(k), is the difference between k
r-_100 -_ [ILB for the calculated Y(t)] and 0.4, compared

_ with the ILB difference between the two experi-
mentally determined curves, or 3.5 (3.9-0.4):

80
P(k) - k -0.4

3.5

60
This gives the function:

40 Yk(t) = Yo.4(t)+ e(k)[Y3.9(t)- Yo.4(t)]

._ 20 - For k > 4.0, Y4.0(t)is used to calculate dose to
-- " lung. Otherwise, for k < 4.0, Yk(t) is used

_-, (Table 1). Ali rats exposed to 239pUO2for life-
00 100 2oo 3oo 4oo 5OO 6oo 7OO span study were arranged into lung dose

cohorts based on individually determined ILB,
Time After Inhalation (d) survival time, and clearance function. Group

mean doses ranged from 0.06 to 55 Gy
FIGURE 1, Influenceof ILB on Clearance of Inhaled 23gPuO2. (Table 2).Clearance curvesfrom female Wistarrats with ILBvaluesof

0.4 and 3.9 kBq. Values are means _+S.D.

TABLE 1. RadiationDose Estimateto Lung (Gy)at 100

normalizedto provide 80% early clearance and Days and 1000 DaysAfter Inhalationof 23ePuO2BasedonClearance Functionand ILB
20% late clearance, retaining experimentally
determined exponents. Thus initial lung clear- Lung Dose, Gy
ance curves were represented by: Clearance ILB.0.4 kBq ILB,3.9 kBq

Function 100 daysta) 100 days(a) 100 days(a) 100 days(a!

Y0.4(t) = 0.78 e"0'037t + 0.22 e "0'0039t Yo.4 (t) 0.69 1.36 ....

Y3,9(t) = 0,81 e°'°°88t + 0.13 e "0'0014t Y3.e(t) .... 11.5 26.1

Normalized,the lung clearance curves become: Yk(t) 0,67 1,28 12,5 34.5

Yo.4(t)= 0.80 e"0'037t + 0.20 e"0'0039t (a) Postexposure,

and Long-TermRetentionof Plutoniumin
Y3.9(t)= 0,80 e°'0088t+ 0.20 e"0'°014t Upper Airways

We have assumed that there is a mathematically Clearancedoes not removeali 239puO2 particles
predictableand directlyproportionalrelationship initially deposited in the airways of the rat.
between ILB and Yk(t) for ILBvalues of 0.4 kBq Published studies indicate that about 1.0% of
and 3.9 kBq. We used thisrelationshipto gener- deposited plutoniumparticles are found in the
ate a clearance curve for each life-span239pu- walls of the upperairways (bronchi,trachea,and
exposedrat thatwas then used to calculateradi- larynx), exhibiting long-term retention in these
ation dose to the lung of each rat. tissues. In contrast, the respiratory tract
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TABLE 2. Survival Time, Lung Dose, and Incidence of Lung Tumors in Female Wistar Rats Following Inhalation of 23gPuO2(a)

Number Survival, Crude Incidence

of Rats ILB, kBq days after exposure Lung Dose_ Gy o! Lung Tumors_ %

15 8.13 + 1.27 441 ___131 55.1 +_3.7 53.3
17 6.08 +- 0,79 536 +_ 148 44.4 +- 3.1 88,2

32 4,70 _+0.98 566 +_ 153 34.5 _+2,7 65,5
17 4,07 _+ 1,66 585 +_ 203 25,1 __+2.7 70.6
33 2.96 +_ 1.44 608 + 216 15,7 +_ 3.1 63.6
18 1.65 ___0.11 727 _ 176 7,99 +_0,67 33.3
38 1,20 +- 0.11 732 _+ 196 5,03 +_0,60 21.2
58 0.67 _ 0.21 647 _ 177 2,32 +- 0.77 6.9

145 0,22 + 0,05 722 _+ 167 0,62 _ 0,16 0,69
343 0.069 +_ 0.032 710 + 160 0.19 _ 0.09 0,87

1389 0.026 _+ 0,005 722 +_ 169 0.056 __.0,020 0.14
1052 0 733 + 164 0.002 (b) 0,19

(a) Values are means _ S.D.
(b) Background dose from alpha emitters.

clearance model proposed by the International TABLE 3. Number of Deposited 23_PuO2 Particles Found

Commission for Radiological Protection (ICRP) Following SEM Autoradiographic Examination of the TotalInner Surface of the Trachea (a)
for the upper airway assumes that only 0.05% of
deposited particles are transported to the walls
of trachea, larynx, and bronchi. TimeAfter Numberof

Inhalation zdays Plutonium Particles

Particles found in bronchioles, bronchi, or 1 47---17
trachea by SEM autoradiography at 1 day after 15 8.4+- 2.0
inhalation were mostly on the surface of these 3o lO +-1.2
structures while particles found at later times 60 8.4_+2.790 2,6 +- 0,6
were mostly in subepithelial locations. Surface 120 8.0_ 5.2
particles in the trachea may have been washed 15o 3.0+_ 1.3
into deeper parts of the lung by the fixation 18o 5.0 +- 2.2
procedure, resulting in an underestimation of 210 1.2_ 1.0
surface particle numbers for the trachea. Par- 240 1.4+-0.7
ticles present in subepitheliallocations gave a (a) Mostparticles seen after 1 daywere
diffuse alpha star formation on SEM autoradio- insubepithelial locations.ILBwas
graphs; we did not expect that their location 3.9 +_ 0.2 kBq (n = 50). Values are

would be influenced by the fixationprocedure, mean _ S,E, (n = 5).
Absolute counts of fewer than 10 239puO2par-
ticles, as measured by SEM autoradiography,
werefound irradiatingthe totaltrachealepithelial lial forms that are seen between zones of
surface from subepithelial locationsat ali times laryngeal squamous and respiratory epithelial
more than 1 day post inhalationafter an ILB of cells (Figure 2).
3.9 kBq (Table 3). Occasional 239puO2 particles
were found withinpulmonarymacrophagesthat Within the respiratory tract is an elaborate
were being cleared from the tracheal surface network of lymphatics around the bronchi,
more than 1 day after inhalation, trachea, and larynx. In the large bronchialwall,

a network of lymphatics occurs between the

The larynx is lined by four types of epithelial muscular and epithelial layer. Inert particles
cells:squamous,squamoid,cuboid,and respira- such as thorium dioxide are removed within
tory. Particularlywide intercellularspaces are lymphaticvesiclesand aggregate into vacuoles
found for intermediary cuboid/squamoidepithe- that become as large as several microns in

diameter within the lymphatic endothelium,
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FIGURE 2. Transmission Electron Micrograph of Area of ,= _,
Cuboidal/Squamoid Epithelium in the Normal Rat Larynx. ' _,_"s,..._ " "* '_,

Note relatively large intercellular gaps. (x3000) ,p. :l _'

where they remain for a prolonged time period,

A few large 239pUO2 particles may be trans- .' "_'_"_,, .
ported within intercellular gaps of epithelial cells e
in open junctions, finding residence in sub-
epithelial connective tissue lymphatics. Auto-
radiograms of larynx showed occasional single _
239 o. 239

PuO 2 particle° or aggregates of PuO 2

particles in laryngeal subepithelial locations . ,
more than 1 year after inhalation (Figure 3). An
early inflammatory response caused by the initial
radiation dose from inhaled 239puO2 deposited FIGURE 3, Light Microscopic Autoradiograph (30-day expo-

and cleared from the upper respiratory tract sure) of Larynx in Area of Squamous Cell Differentiation,
Numerous 239PUO2 particles have penetrated the epithelium

airways by the mucociliary escalator may have and lodged in the subepithelial area of fibrous tissue.
increased intercellulargap formation and facili-
tated the uptake of 239puO 2 particles into
subepithelial regions. No examples of phago-
cytosis of 239-PUO2or other particles by is concluded that phagocytosis by nonalveolar
bronchiolar, bronchial, tracheal, or laryngeal respiratory epithelial cells cannot account for
epitheliumwere observed in the current life-span subepithelial deposition of inhaled particles in
study with inhaled 239pUO2or similarstudies, lt upper respiratorytract airways.
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Dose Contribution from

Subepithellal 239pu02 <1mm2
6"

Subepithelial particles of 23gPuo2, seen as T
diffuse stars on autoradiograms, exposed tra- 5

I

cheal epithelial cells to only a few alpha tracks
per day. Aggregates of diffuse stars, such as
often seen in smaller bronchioles and in occa- _ 4 _ Suhmucosal

o"
sional sections of larynx, were never seen in the

._ 3
trachea. Fewer than 50 tracheal epithelial cells -_
were within the range of alpha tracks from a ._ 2
single immobilized, subepithelially located _
239puO2 particle. Thus, of the several hundred = lmillion tracheal epithelial cells, only a few _" 1
hundred cells were exposed to alpha particles
from immobilized subepithelia1239pUO2 particles. 0 No ,
On the basis of a lung deposition of 75% of 0 200 400 600 800
inhaled 239pUO2in the upper respiratory tract Time After Inhalation, days
(exclusive of the nasal cavity) and an alveolar
deposition of 6.5%, we estimated that the dose
delivered to tracheal epithelial cells is at least >lmm2
105 less from subepithelially located particles 6-
than from naked 239puO_particles or pulmonary
macrophages laden with'239PuO2particles being 5
cleared by the mucociliary escalator on the ,_E
surface of airways. Similar dose relationships 1_4
are also probable for mainstem bronchi and 0"

.._ 3larynx. ...

.._ 2
Long-Term Retention of Plutonium in : ql_ Surface Submucosal

Lower Airways _ i _ ,,_ ,.

At an ILB of 3.9 kBq, bronchiolar exposure is 0
delivered in a biphasic manner, first from 0 200 400 600 800
239puO2 deposited on the bronchiolar surface
and rapidly cleared from the alveoli, and then Time After Inhalation, days

from 239puO2retained and aggregated within FIGURE 4. Concentration of 23ePuO_ Particles in AinNays
peribronchiolaralveolarsites. Inhaled 239puo 2 with Surface Areas < 1 mm 2 or >1 mm _. Location of particles
depositedin peribronchiolaralveoliwas retained determined for surface of bronchioles and in adjacent parl-

or concentrated in these regions. Indeed, no bronchiolar alveolar or subepitheiial regions (submucosat) as

evidence of peribronchiolaralveolar clearance a function of time after inhalation; 23ePu02 particle concen-
tration determined by SEM autoradiography. ILB, 3,9 kBq;

was seen. In contrast, nearly 99% of deposited points are means ( n = 5) with standard error bars,
239pu02 was clearedfromthe whole lungby 700
days after exposure.

bronchiolarand bronchialepitheliumfrom sub-
The number of subepithelialplutoniumparticles epitheliallylocated 239pu02.
for largerairways (>1 mm2) was much smaller
than that seen for smaller ai,ways (< 1 mm2) Transepithelialtransportof a varietyof insoluble
(Figure4), clearlydemonstratingthat a substan- particles, including239pu02,has been shownfor
tiallyhigher radiationdose is deliveredto small type I alveolar cells. Typically, about 1% of
bronchiolar airway epithelium than to larger alveolar-depositedparticlesare phagocytizedby
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type I cells. Particles of 239puO2 penetrating the
alveolar epithelium may be expected to stay in
the lung for a long time, and most will be cleared
by the lymphatics to the lymph nodes. Several Aliri_,c_
previous light and electron microscopic and auto- lc)()- / • iL._i]bi-_l]t-_ _
radiographic studies conducted by the author /_ __ ? " -' . ,_- _ Culmoi tj)

with various pulmonary-deposited particulates _ I()_r_, . , . .___--1have failed to demonstrate any example of __
particle phagocytosis by type II alveolar > IJ/l
epithelium. "_

'_ I nl

Volumetric measurements from plastic sections _. )i)
were made of focal alveolar regions associated

with 239puO2 aggregations photographed under
oil immersion with the light microscope. Type II () i , , --7() I_)() 2(')() 3()() 4_)(_ 5()() _()()
alveolar epithelium, the most probable target cell "l'imcArlcrhihahtliOl_.(lays

for carcinomas in the rat lung, accounted for
only 3% to 4% of the alveolar surface in the
normal rat lung but as much as 100% in some FIGURES. VolumeDistributionofAlveolarTissuesFollowing

focal regions of plutonium particle aggregation. Inhalationof 23_)PuO2. Morphometri¢ measurementsweremade only In focal alveolar regions exhibiting the greatest

A marked increase in alveolar histiocytes and pathological or cellularresponseto plutonium particle

macrophages was seen 6 months after expo- aggregation, Measurementsincludealveolarair spaces;
sure, with an increase in type II cell numbers. A points are means_+S.D.
greatly increased cellularity of focal alveolar
lesions was associated in part with a 20-fold
increase in type II cell volume at 600 days after upper respiratory airway epithelium. Likewise,
exposure(Figure5). Increased cell proliferation much greater radiationdoses to epithelialcells
oftype II cells in regions of 239puO2 aggregation from initially deposited and rapidly cleared
is not surprising in view of the vulnerability of 239puO2 failed to induce any tumors in the
type I alveolar epithelium to damage and the bronchi, trachea, or larnyx.
requirementof type II cell proliferationto renew
type I cells. Proliferation and differentiation of Primary Lung Tumors
type II cells are the earliest cytological changes
associated with carcinoma formation in the lung. Histopathological analyses have been completed

on ali female Wistar rats in the first life-span
study. To date, the lung tumor incidence was

Tumors of the Respiratory Airway 0.32% in 1877 rats receiving doses to lung

Epithelium between 0 and < 1 Gy,42% in 229 ratsreceiving
lung doses >1 Gy, and 0.19% in 1052 sham-

Penetration of alveolar epithelium by phago- exposed controls. These data clearly indicate
cytosis and aggregation of inhaled 239puO2 that a "practical"threshold dose is about 1 Gy
particles in alveolar interstitial areas was for lung tumor formation from inhaled 239puO2;

below this threshold,a tumor is much lesslikelyassociated with pulmonary tumor formation.
However, inhalationof 239puO2did not result in to develop. The dose-response relationship
tumor formation in bronchi, trachea, or larynx, appears to be well fitted by a pure quadratic
nor have tumors in these locations been function. 239pUO2appears to act as a promoter
observed by the author in life-spanstudieswith of type II alveolarepithelialcell-relatedpulmonary
inhaled transuranicswith severalthousand rats. carcinogenesisat lung doses >1 Gy; at such
lt may be concluded that even though inhaled doses, aggregation of plutonium particles leads
239puO2istranslocatedtosubepitheliallocations to a sequence of inflammation, fibrosis, and
associated with bronchi, trachea, or larynx, it epithelial metaplasia preceding carcinoma
does not contribute a carcinogenicdoseto the formation.
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Pleural Mesothelioma posed and 1052 control rats. No significant
differences were noted between control and

Pleuralmesotheliomawas infrequentlyobserved exposed rats in incidence of nonpulmonary
following inhalation of 239puO2. In the current tumors in any organ or tissue, except at the
study, only five mesotheliomas were found in highest doses of radiation to the lung, which
2106 rats exposed to 239puO2aerosols and one shortened the life span (Table 4). Most non-
in 1052 control rats. Althoughthe incidence of pulmonary tumors were found in three organs:
pleural mesotheliomain exposed ratswas about pituitary gland, mammary glands, and uterus.
2.5 times greater than in controls, the difference These types of tumors accounted for 88% of ali
was not significant. Ali pleural mesotheliomas nonpulmonary tumors found in control rats and
were considered to have been lethal. One 91% of alinonpulmonarytumors inexposed rats.
pleural mesotheliomawas of the tubulopapillary Benigntumors were 71%of ali tumors incontrols
type and five were of the mixed spindle cell- and 73% of ali nonpulmonarytumorsinexposed
epithelial cel type. lt was concluded that the rats; of these, about 90% were in the mammary
lack of 239pu0 2 aggregation on pleural surfaces gland and pituitary gland. Uterine tumors
is responsible for the small numbers of pleural accounted for 58% of ali malignant tumors in
mesothelioma observed following deposition of control rats and 54% of ali nonpulmonary malig-
239pu02. nant tumors in exposed rats. Of the various

uterine tumor types, 6% were adenocarcinoma,
Nonpulmonary Tumors in Control 1% squamous carcinoma, 2% leiomyosarcoma,
and Exposed Groups and 43% stromasarcoma. Tumorincidence was

significantlygreater(atp > 0.05) inexposedrats
The Pacific Northwest Laboratory Annual Report than in control rats only in the lung. No
for 1991 to the DOE Office of Energy Research, differences were noted in incidence of thyroid
Part 1, reported data on tumorfrequency,mostly tumor between exposedand controlrats. A total
occurring in the lungs. In this study, non- of 169 benign and malignant thyroid tumors
pulmonary tumorswere evaluated in 2106 ex- were seen in control and exposed rats,for an

TABLE 4, Crude Incidence of the Most Prevalent Tumors in 239PuO2-Exposed Rats According to Lung Dose (a)

Number of Survival, Crude Incidence of Tumors, %
Rats _daysafter exposure Lung Dose, Gy Pituitary Gland Mammary Gland Uterus

15 441 _+ 131 55,1 _ 3,7 13,3 6,7 13,3 53,3
17 536 +_ 148 44.4 + 3.1 17,6 17.6 5.9 88,2

32 566 +_ 153 34,5 _ 2,7 28.1 28,1 9,4 65.6
17 585 _ 203 25.1 _+.2,7 41,2 41,2 23,5 70,6
33 608 .+_216 15,7 +_ 3.1 33,3 36,4 3,0 63,6
18 727 _+ 176 7,99 _ 0,67 38,9 50,0 27,8 33,3
38 732 _+ 196 5,03 _ 0.60 55,3 28,9 28.9 21,2
58 647 +_ 177 2,32 + 0.77 34,5 36.2 20,7 5.2

145 722 _ 167 0,62 _ 0.16 47.6 44.8 27,6 1.4
343 710 _+ 160 0.19 _+0.09 47.2 46.6 19.2 0,9

1389 722 +_ 169 0,06 _+0.02 46,2 43,2 17.1 0.1
1052 733 _+ 164 0,002 (b) 47.2 45.1 23.3 0.2

(a) Values are means _+ S.D.
(b) Background dose from alpha emitters.
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incidence of 5.4%; 33% were follicular adenoma,
39% C-cell adenoma, 14% follicular carcinoma, TABLE 5, Crude Incidence of Tumors In 239PuO;_-Exposed

and 12% medullary adenoma, and Sham-Exposed Rats According to Anatomtc Location
and Lung Doses of <1 Gy and >1 Gy

An increase in incidence of twofold or more for CrudeIncidenceof Lung Tumors, %_

tumors of the zymbal gland, urinary bladder, Number of rats 1052 1877 229
brain, and liver was found in exposed rats,
Tumor incidence in each organ was less than Anatomicallocation Controls Lung dose, Lung dose,
1%, and the differences were not significant <1 Gy >1 Gy

(Table 5). Despitethe findingof nonsignificance, Adrenal gland 3.3 2.6 3.1
five carcinomas of the bladder in exposed rats Brain 0.57 1.2 0.44
and none in control rats suggest an effect from Gastrointestinaltract 0,19 0.33 0,44
alpha irradiationfrom 239pUO2cleared in urine. Harderlangland 0 0 0.44Heart (a) 0.86 0.32 0.44The dose contribution to bladder mucosa from

Hematopoietic system 0.67 1,1 0.44

239pUO2 apparently was very low, however, Kidney 0.67 0.75 1.7

because 239pUO2is very insoluble in tissues. Larynx 0 0 0
Also, urine constitutes a small source of 239puO2 Liver 0,095 0.21 0.44
excretion from the body, and the tumors were Lung 0.19 0.32 41.5
found in rats with comparatively low 239puO2 Mammary gland 45.1 44.0 31,9Ovary 0.48 0,48 0.87
lung deposition. Pancreas 1,5 2.2 0

Pituitary gland 47.2 46.5 34.9

Pulmonary Metastases salivary gland 0.48 0,32 0Skeleton 0.095 0.11 0
Skin 4.7 3.8 0,87

A total of 384 rats, or 12,2%, exhibited pul- Thymusglandand 3.0 1.9 1.7
monary metastases. No significantdifferences lymph nodes
between control and exposed rats were seen in Thyroid gland 5.9 4.9 6.1
total incidence of metastases or in pulmonary Trachea 0 0 0

Urinary bladder 0 0.27 0
metastases from any organ site or tumor type, Uterus 23.3 18.3 17.0
except at the highest lung doses that were Zymbal gland 0.19 0,43 0.87
associated with reduced life span. About
two-thirds of ali tumors metastatic to the lung (a) Includesendocardialhyperplastlc and neoplastic
were uterine adenocarcinomas, Pulmonary lesions.
metastases of some uterine adenocarcinomas,
whichexhibitedextensiveconfluentgrowthwithin
the lung and within the pleural cavity, were
similarto some primary adenocarcinomas in the
lung induced by inhaled 239puO2.

If histologicalexaminationis not made of organs
of potential metastatictumorgrowth to the lung,
such as the uterus, misdiagnosis of primary
growth from metastatic tumors in the lung is
possible. Although careful examination of the
lung itselfcan usuallydifferentiateprimary from
metastatictumors,occasional cases haveoccur-
red in this study in which such definition was
possible only after finding histologicallysimilar
tumors in the uterus.
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Radon Hazards in Homes

PrincipalInvestigator:F..T.Cross

OtherInvestigators:R. L. Buschbom,G.E.Dagle,K.M. Gideon,
and R.A. Gies

TechnicalAssistance:C. If. Petty

Histopathological data on life-span rats exposed to radon, radon progeny, and uranium ore dust have
shown that the overall trend in lung tumor incidence decreases in proportion to the decrease in cumula-
tive radon-progeny exposure and remains elevated at exposures less than lO0-working-level months
(WLM), levels comparable to those found in typical houses. Histopathological data on rats exposed to
only uranium ore dust showed no excess lesions in the nose, larynx, trachea, or kidneys, and no
neoplasms in the lungs, when followed throughout their life span. The absence of lung tumors and
proliferative epithelial lesions suggests minimal involvement of ore dust in the carcinogenicity of mixed
previous exposures to radon progeny and uranium ore dust. The design of a recirculating whole-body
animal exposure system, simulating home-environment exposures, was initiated. Testing will proceed in
FY 1993 for planned exposures of rats to graded levels of unattached radon progeny such as are found
in homes.

Lung cancer incidence and deaths from degen- radon progeny (at two rates of exposure) and to
erative lung disease are significantly elevated carnotite uranium ore dust. The 8000 Series
among uranium miners, but the cause-effect rela- (IO0-WL) experiments (Table 2) are designed to
tionships for these diseases are based on inade- extend the exposure-response relationships to
quate epidemiologic data, thus compromising cumulative exposure levels comparable to current
their utility in determining risks of environmental conditions in uranium mines and to lifetime envi-
radon exposures. More recent human data sug- ronmental exposures. The 9000 Series experi-
gest that radon is also implicated in other organ ments (Table3) continue the "low-dose" studies
disease, although confirmatory data are lacking in at exposure rates comparable to former occupa-
animal systems. This project identified agents or tional working levels (10 WL). They will help to
combinations of agents (both chemical and radio- further evaluate the hypothesis that the tumor
logical), and their exposure levels, that produced probability per working-level month (WLM) expo-
respiratory tract and other system lesions in mine- sure increases with decreasing exposure rate. In
simulation experiments. The emphasis now is on addition, concurrent exposure to varying levels of
the development of lung carcinoma and collabo- uranium ore dust tests the hypothesis that irri-
rative mechanistic data for environmental expo- tants (both specific and nonspecific)act synergis-
sures. The new project title, 'Radon Hazards in tically with radiation exposures. The exposures of
Homes,' reflects the change in research direction 6000, 7000, and 8000 Series animals are com-
from the former title, "Inhalation Hazards to plete. Exposures of 9000Series animals were
Uranium Miners.' suspended with the 80-WLM and 15 mg/m3 ore-

dust exposures to allow analyses of existing data.
Wistar Rat Exposure Protocols Exposures of rats to uranium ore dust alone

(10,000 Series experiments;Table 4) have been
The 6000 Series (1000-working level, WL) and completed,
7000Series (100-WL) mine-simulation experi-
ments (Table1) are designed to developthe rela- The ore-dust studiesaddress the potentiallink of
tionships between response and exposure to lungcancer to silica and long-livedradionuclide
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TABLE 1. Exposure-ResponseRelationshipStudy for Radon-ProgenyCarcinogenesisinRats
(6000 and 7000 Series Experiments)

Number ofAnimals(a) Total
Exposure,

6000 Series 7000 Series ExposureRegimen(b,c) WLM(d)

64 0 IO00-WLradon progeny 10,240
15 mg/m3 uraniumore dust

56 32 IO00-WLradon progeny 5,120
15 mg/m3 uraniumore dust

56 32 IO00-WL radon progeny 2,560
15 mg/m3 uraniumore dust

56 32 IO00-WLradon progeny 1,280
15mg/m3 uraniumore dust

88 64 IO00-WLradon progeny 640
15mg/m3 uraniumore dust

152 128 1000-WLradonprogeny 320
15mg/m3 uraniumore dust

64 96 Controls

(a) Numberof animalsis sufficientto detectthe predictedincidenceof lung tumorsat the
0.05 to 0.1 level of significance,assuminglinearityof responsebetween0 and
9200 WLM (seefootnoted) and 0.13% spontaneousIncidence.

(b) Exposurerate,90 hr/wk;planned periodicsacrifice.
(c) Study is repeatedat tO0.WLrate (withoutperiodicsacrifice)to augmentprevious

limitedexposure-ratedata (7000 Seriesexperiments),
(d) Workinglevel (WL) is definedas any combinationof theshort-llvedradonprogeny in

1 liter ofair thatwill resultinthe ultimateemissionof 1.3 x 105 MeVof potentiala
energy. Working-levelmonth (WLM)is an exposureequivalentto 170 hoursat a 1-WL
concentration.Previousexposureat 900 WL for84 hr/wkto 9200 WLM producedan
80% incidenceof carcinoma.

exposures. Exposures of rats to radon progeny, Rat Respiratory Tract Pathology
uranium ore dust, and cigarette-smokemixtures
[initiati°npr°m°ti°ninitiati°n (IPI; 11,000 Series) The developmentof exposure-responserelation-
experiments; see Mechanisms of Radon Injury ship studies were initiated with the 6000 and
project, this volume] have been completed. 7000 Series experiments(see Table 1). Current
These experiments investigate the induction- summaries of primary tumors of the respiratory
promotion relationshipsof radon and cigarette- tract in subsequent experiments (8000 and
smoke exposures. Exposures of female rats 9000 Series animals) are shown in Tables6 and
(12,000 Series experiments; Table 5) are 7. These sampled data show that the incidence
complete. These experiments providecompara- of lung tumors decreases in proportion to the
tive riskdata to exposuresof male animalsusing decrease in cumulativeradon-progeny exposure
mine-simulationaerosols. Tables1 through 5 are and, incomparisonto an assumed 0.13% sponta-
shown here with the actual numbers of animals neous incidence, remains elevated at exposures
(including serial-sacrificeanimals) used at each comparable to those found in houses (20 to
exposurelevel. 80 WLM). Histopathological examinationsare in
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TABLE 2, Low Exposure-Response Relationship Study for TABLE 3, Ultralow Exposure-Rate Study for Radon-
Radon-Progeny Carclnogenes!s in Rats (8000 Series Progeny Carcinogenesis in Rats (9000 Series Experiments)
Experiments)

Total

Total Number of Exposure
Number of Exposure Animals (a) Exposure Regimen (b) WML (c)
Animals(') Exposure Regimen (b) WLM (c)

64 10-WL radon progeny 320
96 IO0-WL radon progeny 640 (d) 15 mg/m 3 uranium ore dust

15 mg/m 3 uranium ore dust

64 I O-WL radon progeny 320
96 IO0-WL radon progeny 320 (d) 3 mg/m 3 uranium ore dust

15 mg/m 3 uranium ore dust
384 10-WL radon progeny 80

192 100-WL radon progeny 160 15 mg/m 3 uranium ore dust
15 mg/m 3 uranium ore dust

384 I O°WL radon progeny 80
384 IO0-WL radon progeny 80 3 mg/m 3 uranium ore dust

15 mg/m 3 uranium ore dust
512 IO-WL radon progeny 20

480 I O0-WL radon progeny 40 15 mg/m 3 uranium ore dust
15 mg/m 3 uranium ore dust

512 IO-WL radon progeny 20
544 100-WL radon progeny 20 3 mg/m 3 uranium ore dust

15 mg/m 3 uranium ore dust
192 Controls

192 Controls

(a) Number of animals is sufficient to detect lung
(a) Number of animals is sufficient to detect lung tumors at the 0.05 to 0.1 level of significance,

tumors at the 0.05 to 0.1 level of significance, assuming linearity of response between 0 and 640
assuming linearity of response between 0 and WLM (tumor incidence is approximately 16% at 640
640 WLM (see footnote c) and 0.13% spontaneous WLM) and 0.13% spontaneous incidence.
incidence, (b) Exposure rate, 90 hr/wk; planned periodic sacrifice.

(b) Exposure rate, 90 hr/wk; planned periodic sacrifice. (c) Working level (WL) is defined as any combination of
(c) Previous exposures indicated a tumor incidence of the short-lived radon progeny In 1 liter of air that will

16% at 640 WLM, Working level (WL) is defined as result in the ultimate emission of 1.3 x 105 MeV of
any combination of the short-lived radon progeny in potential a energy. Working-level month (WLM) is
1 liter of air that will result in the ultimate emission an exposure equivalent to 170 hours at a 1-WL
of 1.3 x 105 MeV of potential = energy. Working- concentration.
level month (WLM) is an exposure equivalent to
170 hours at a 1-WL concentration.

(d) Repeat exposure is for normalization with Table 1
data. TABLE 4. Control Study for Uranium Ore-Dust Carcin-

ogenesis in Rats (10,000 Series Experiments)

Number of

progress on the remainder of tissues from 8000, Animals Exposure Regimen(a)
9000, 11,000, and 12,000 Series animals.

96 15 mg/m 3 uranium ore dust

Histopathological examinationwas completedon
64 Sham-exposed controls

10,000 Series young adult male rats exposed
to uranium ore dust [15 mg/m3 concentrations,
2% U30 8 by weight; 1.6pm mass median aero- (a) Exposures,67weeksat72hr/wk; plannedperiodic sacrifice.
dynamic diameter (MMAD), 2.8 geometric stan-
dard deviation(GSD)] for 18 hr/day,4 days/week,
for approximately 15 months. In these experi-
ments, 6 exposed rats, plus 6 sham-exposed rats,plus 42 controlrats, livedout their normallife
control rats, were sacrificed at 6, 12, and span. Histopathologicalexaminationwas made
18 months from startof exposures;75 exposed of the nose, larynx, trachea, lung, mediastinal
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experiments in the former Inhalation Hazards to
TABLE 5. Exposure of Female Rats to Radon Progeny and Uranium Miners project. The modification ensur-
Uranium Ore Dust (12,000 Series Experiments) ing uniform exposuresof animalsthroughout the

Number of chamber to a high concentration of ultrafine
Animals Exposure Regimen (a) radon progeny, represented by radon-progeny

attachment to 5-nm-diameter silver particles, is
96 lO0-WL radon progeny; 640 WLM achieved by recirculatingfiltered radon-laden air

5 mg/m 3 uranium ore dust at a moderately high velocitythrough the cham-
bers (Figure1). lt is expected that a chamber

96 Sham-exposed controls
flow rate of 420 liters/rainwill produce a uniform
distributionof the ultrafine radon progeny in the

(a) Exposure rate, 72 hr/wk; planned periodic sacrifice, chamber. This will be tested in FY 1993, and the
Working level (VVL) is defined as any combination of
the short-lived radon progeny in 1 liter of air that will flow rate will be adjusted, if necessary,to reduce
result in the ultimate emission of 1,3 x 105 MeV of spatial variability to less than 10% for planned
potential ,_ energy, Working-level month (WLM) is exposuresin FY 1993.
an exposure equivalent to 170 hours at a

1-WLconcentration. Environmentalconditionsin the chamber will be
maintained by cleaning the recirculatedair and

lymph nodes, kidney, and ali grossly observed adding oxygen when needed. Actual ventilation
lesions. No lesions related to uranium ore-dust of the chamberwill be only 20 liters/rainto main-

exposure were observed in the nose, larynx, tain a relativelyhigh radon concentrationin the
chamberatmosphere. Radon progeny generatedtrachea, or kidneys, and no neoplasms were
in this atmosphere will associate rapidly withobserved in the lungs of ore-dust-exposedrats.

However, a lower incidence of nonpulmonary ultrafine silverparticles,which are introducedto
neoplasmswas noted in rats exposed to uranium the chamber as described in the report Aeroso/
ore dust (35%) compared to that in control rats Techno/ogyDeve/opment (thisvolume). Whilethe
(48%). Table 8 showsthe average severitygrade air is being recirculatedat 400 liter/rain(fora total

of 420 liters/min through the chamber), it is fil-of lung and lymph node lesions related to ura-
nium ore-dust exposures of rats. The absence of tered by a high-efficiency particulate air (HEPA)
lung tumors and of proliferative epithelial lesions filter to remove any particles introduced to the air-
compatible with preneoplastic changes in rats stream by the rats. This air is blown through the
exposed to ore dust suggests that only the radia- recirculation loop by a fan (see Figure 1). Flow
tion dose from inhaled radon progeny attached to rate will be controlled with a calibrated orifice
ore dust is responsible for the carcinogenicity of plate to determine the speed of the fan. Part of
mixed exposures to radon progeny and uranium the recirculating air goes through a conditioning
ore dust. loop that removes moisture, ammonia, and

carbon dioxide. This air-conditioning system (Fig-

Recirculating Whole-Body ure 2) is mounted on a cart adjacent to the expo-sure chamber. The air then returnsto the inletof
Animal-Exposure System the chamber wt_ere it is mixed with added radon,

radon progeny,and carrierparticles.
To increase animal upper-respiratory-tractdoses
from those employed in previousmine-simulation The chamber environmentwill be monitored for
experiments,and to make them more nearly com- radon and progeny (see Aeroso/ Techno/ogy
parable to those received by humansexposed to Development report) and for temperature,
indoor radon,the ultrafine(unattached)fraction of humidity,ammonia, carbon dioxide,and oxygen.
home-simulated radon-progeny potential alpha Temperaturewill be measured near the center of
energy needs to be high (> 10%). Work was ini- the chamber. Because the air flow circulatesrap-
tiated, therefore, to modify the PNL-designed idly, this temperature should not become much
H-2000 chambers (manufacturedby Harford Divi- higher than roomair temperature. If the chamber
sion of Lab Products, Aberdeen, Maryland) previ- temperaturerises above 25"C, chamber wallswill
ously used in mine-simulation radon animal be cooled using water jackets. Humidity will be
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TABLE 8. Average Severity Grade of Lung and Lymph Node Lesions Related
to Uranium Ore-Dust Exposure of Rats (10,000 Series Experiments) (a)

Sacrifice Rats(b) Life-Span Rats

6 mo 12 mo 18 mo Exposed Control

Lung
Dust-laden macrophages 2.8 3.0 3.0 3.0 0.0
Interstitial reaction 1.3 1.3 1.8 1.5 0.6

Alveolar proteinosis 1.0 1.0 2.3 104 0.0
Nodular fibrosis 0.0 0.0 0.0 0.2 0.0

Mediastinal lymph nodes
Dust-laden macroph:._es 3.0 3.8 3.6 3.7 0.0
Reactive hyperplasia 3.0 3.0 3.0 2.2 1.1
Fibrosis 0.2 0.0 0.0 0.2 0.0

(a) Lesions were graded on a scale of 1 through 5:+1 (very slight); +2 (slight); +3 (moderate);
+4 (marked); +5 (extreme).

(b) Sacrifioed control rats showed only reactive hyperplasia in mediastinal lymph nodes at 12 and
18 months from start of sham exposures; average severity grades were 2.0 and 1.7,
respectively.
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CC_ Absorber

....... _,,,_,.

H-H-H+t+H+H H+i'H-H4-H+N
,.;:::;;,;!!!!! ....

dsx=_=['azzi=_,t
.............. Refrigerated
:! ! : ' ' ' '; ' ! ' ' =" Condenser

lll|ll/l|lllll
I I I i i i i ! i i i ! ! I

Turbo Fan

Hadord-2000 ~400 L/min
ExposureChamber

20 L/mln
Exhaust

HEPA
filter

FIGURE 1. Exposure Chamber and Aerosols to Be Used for Exposure of Rats to Simulated Home Radon Environments.
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measured by a dew-point hygrometer that will dioxide exceeds 5000 ppm, absorbent will be
sample air from near the center of the chamber, added to the conditioning train; if oxygen in the
and will be maintained in the range of 40% to 70% chamber decreases to less than 19.5%, the
relative humidity by diverting air through the con- oxygen content of the ventilation air will be
ditioning train in the recirculation loop. Water is increased.
removed by condensation, ammonia is absorbed
by hydrogen chloride, and carbon dioxide is The modified chamber and controls should
absorbed by sodium hydroxide. Ammonia and maintain a comfortable environment, ensure
carbon dioxide will be tested by sampling the air normal breathing behavior, and allow the
between the HEPA filter and the conditioning successful conduct of exposures to graded levels
loop. If ammonia exceeds 50 ppm or carbon of unattached radon progeny.

FIGURE 2. Air-Conditioning System for Recirculating Whole- Body Animal Exposure Chamber.
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Mechanisms of Radon Injury

PrincipalInvestigator:F. T. Cross

Other Investigators:G. E.Dag/e,E. W.F/eck,(a)M. E. Foreman,R.A. Gies,
R. F. Jostes, G. L. Stieg/er,and L. Sti//we//

TechnicalAssistance: T.L. Curryand C. R. Petty

In this project, we conduct dosimetric, molecular, cellular, and whole-animal research relevant to
understanding the mechanisms of radon and radon-progeny injury to the respiratory tract. The work
specifically addresses the exposure-rate effect and other major factors influencing radon-progeny
carcinogenesis; the induction-promotion relationships associated with exposure to radon and
cigarette-smoke mixtures; the role of oncogenes and suppressor genes in radon-induced cancers; and
the effects of radon exposure on chromosomal aberrations, mutations, and DNA strand-break production
and repair.

Efforts to correlate oncogene data with pathological data derived from animal radon studies continued
in FY 1992. Eight ras mutations were identified in 15 radon-induced rat lung epidermoid tumors, sug-
gesting that ras gene mutations are involved in a subset of radon-induced tumors. Collaborative, mech-
anistically based cellular studies with researchers at PNL and at other institutions also continued.
Collaborations with researchers at other institutions included: (1) Dr. Earl Fleck, Whitman College, on
molecular analysis of radon-induced CHO-HGPRTmutations using Southern biot and PCRexon analyses;
(2) Dr. Helen Evans, Case-Western Reserve University (CWRU), on mutational response of radiosensitive
and radioresistant L5178Y cells as well as the dosimetric evaluation of the CWRU in vitro radon exposure
system; (3) Drs. James Cleaver and Louise Lutze, Universityof California, San Francisco (UCSF),on radon
exposure of shuttle vectors for molecular analysis of induced mutations; and (4) Drs. Richard Albertini and
J. P. O'Neill, University of Vermont, on investigation of the molecular basis of radon-induced mutations
at the HGPRT locus in human peripheral blood lymphocytes. A new in vivo/in vitro radon mutation study
was initiated involving the determination of mutation frequency and molecular analysis of the target
sequence in radon-exposed Big Blue_ transgenic mice. Initiation-promotion-initiation experiments in adult
male SPF Wistar rats exposed to radon and cigarette-smoke mixtures showed hyperplasia of nonciliated
cells with thickening of tracheal epithelium at 25 weeks of exposure; the epithelium recovered to within
control values by 27 weeks after exposure ceased.

Oncogene Studies mutation. The first e×on of H-ras, and the
second exons of H-ras, K-ras, and N-ras have

Research on the molecular basis of radon- not been examined. K-ras and N-ras firstexons
induced carcinogenesis in ratscontinued. Thus from5 spontaneousadenocarcinomasin control
far, a totalof 20 lung tumorshave been analyzed animals were examined but no 12th- or 13th-
for ras oncogene involvement. Of 10 radon- codon mutations were identified. The H-ras
induced epidermoid tumors, 3 were found to second exon was examined in 5 additional epi-
have 13th-codon, ras-activatingmutations and dermoid tumors, and a 62nd-codon change re-
1 tumor had a 12th-codon, K-ras-activating suiting in an amino acid substitutionwas found

(a) Whitman College, Walla Walla, Washington,
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in 4 of 5 tumors; this mutation has not been deletion of the gene). Further, the percentages
documented as a ras gene-activation mutation, of full deletions obtained from both levels of
The other ras exons have not been examined in radon exposure, as well as from the 300-cGy
these tumors, x-ray exposure, are essentially the same. The

largest category of mutations in the spontaneous
Preliminary data on ras gene mutations asse- population have no changes from the parental
ciated with radon exposure were published in cell line that are detectable by Southern biot or
1992 (Foreman et al. 1992). On the basis of PCR exon analysis. This phase of the investiga-
current data, ras gene mutations may be a tion has been completed and a manuscript is
primary event in a subset of developing epi- being prepared for submission to Radiation
dermoid tumors, and it is equally conceivable Research. We intend to investigate the mole-
that in some tumors ras gene mutations are cular basis of mutations that exhibit "no change"
secondary events resulting during tumor from the parental cell line by Southern biot or
progression. PCRoxen analysis. We will examine these muta-

tions by using RNA single-strand conformational

Radon Cell-Exposure System and polymorphism (rSSCP) to identify the affected
Molecular/Cellular Studies oxen followed by DNA sequence analysis.If this

provesfeasibleusingexisting'no-change"muta-

In Vitro Radon Studies tions, the investigationcan be expanded taking
advantageof simplifiedisolationtechniquesand

The PNL in vitro radon cell-exposuresystemwas multiplexexert screening of selected mutations
extensivelyemployedinPNLexperimentsas well (John Thacker, Medical Research Council,
as inseveralcollaborativeexperimentswithother Radiobiology Unit, Didcot, England, personal
laboratories. The first collaboration is with communication).
Dr. Earl Fleck, Whitman College, on molecular
analysis of radon-induced CHO-HGPRT muta- The second collaboration is with Dr. Helen
tionsusingSouthern biot and polymerasechain Evans, Case-Western Reserve University
reaction (PCR) oxen analyses;ali exons except (CWRU), on mutational response of radiosen-
the first were evaluated. A current summary of sitiveand radioresistantL5178Y cellsas well as
CHO-HGPRT mutationtypesis showninTable 1. the dosimetric evaluationof the CWRU in vitro
Our preliminarywork was published in 1992 radon exposure system. We have completed
(Jostes et al. 1992). The largest category of experimentationand calculationof the dosimetry
mutation types obtained after x-irradiation or for L5178Y cells usingthree exposure systems
radon exposure is the full deletion (i.e., total (at PNL, CWRU, and the Universityof Chicago

TABLE 1, Current Summary of CHO-HGPRT Mutation Types (a)

Treatment Full Deletion (b) Alteration (c) No Change (d) Tota_._.__l

None (spontaneous) 4 (14%) 3 (10%) 22 (76%) 29

Low-dose radon 11 (48%) 4 (17%) 8 (35%) 23

(25 and 30 cGy)

High.dose radon 11 (44%) 8 (32%) 6 (24%) 25
(75 and 77 cGy)

300-cGy x rays 16 (47%) 8 (24%) 10 (29%) 34

(a) DNA from each mutant cell line was digested with one or more restriction enzymes.
(b) Full deletion, no residual HGPRT-specific coding sequences detectable.

(c) Alteration, loss of bands, and/or appearance of new bands.
(d) No change, banding pattern not different from that of untreated parental controls.
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[UC]); Dr. Evans has submitted this work for four in vitro lymphocyte exposures for mutation
publication in Radiation Research. As a future analysis and are currently establishing the
direction for improving dosimetry, we intend to dosimetric parameters for isolated Go
employ an alpha-probe detector designed at lymphocytes.
PNL to investigate the buildup of radon and
radon progeny in the in vitro radon exposure Dosimetry of In Vitro Radon Exposures
systems at PNL and CWRU.

Theoretical models of hit probability require
The third collaboration,with Drs. James Cleaver experimental validation. We have used the
and Louise Lutze, University of California, single-cellgel(SCG)electrophoretictechniqueto
San Francisco (UCSF), is radon exposure of evaluate hit probabilitycalculations based on a
shuttlevectors for molecularanalysisof induced dosimetry model (Josteset al. 1991) developed
mutations. This work indicates that a high pro- at PNL. The SCG technique measures DNA
portion of radon-induced mutations are large strand breaksas increased migrationofthe DNA
deletions that are not randomly distributedbut out of lysed cells embedded in the middle layer
appear to begin and end in defined regions of of a three-layer gel formed on a microscope
the episome. Deletion ends were rejoined by slide. We have used the alkaline SCG technique
nonhomologous recombination involving as to estimate the percentage of cell nuclei "hit' by
many as 6 base pairs of homology. This work alpha particles after irradiation with an in vitro
was published in 1992 (Lutze et al. 1992). radon exposure system (described in the 1991
Dose-response data from UCSF indicated that Annual Report, Part I). This work has been
mutations are induced in the pHAZE shuttle submitted to Health Physics for publication.
vector in a linear fashion at a rate of approxi- Another dosimetry-related paper submitted to
mately 0.22 x 10.6 mutations per cGy with a rela- Health Physics evaluates the PNL alpha-probe
tive biological effectiveness of 38 compared to detector for in vitro cellular dosimetry.
x-ray induction of pHAZE mutations; the spon-

taneous frequency for pHAZE in the RAJI cell Radon Mutation Studies In Animals
lineaverages2.9 x 10. The mutationfrequency
obtained at PNL with the HGPRT locus in CHO Radon mutationstudiesinanimalsincluded,first,
cells using the same exposure system is exposures(320,640, and 960WLM) ofBig BlueTM

1.4 x 10-6 mutants per viable cell per cGy. The transgenic mice. We have initiated mutation
difference could be caused in part by the frequency determinationand molecular analysis
recovery of larger deletion events in the HGPRT of the transgenic target sequence to be per-
system. The radon RBE for CHO-HGPRT mura- formed by Drs. Lutze and Richard Winegar
tions relative to 300 cGy of x rays was 12. (UCSF and Stanford Research Institute [SRI],
Dr. Lutze is currently restructuring the pHAZE respectively)and by Drs. Jostesand Stiegler at
vectorto change the relativeregionsthat contain PNL. Initially,both laboratorieswill investigate
clustered deletionendpoints. In thisway we will tissues from the lung. If the induced mutation
be able to determine whether damage induction frequencies are sufficientlygreater than back-
orthe subsequent damage repairprocesses are ground,the target sequence willbe excisedfrom
concentrated in these regions. She is also the phage and analyzed by restrictionfragment-
optimizing the shuttle vector parameters in length polymorphism. This will allow an initial
repair- proficientand repair-deficient human cell determination of the spectrum of mutations
linesfor investigationwiththe PNL in vitro radon induced in different tissues and whether these
exposure system, differsignificantlyfrom spontaneous mutations.

Other tissues willbe studied withoutduplication
The fourth joint effort, with Drs. Richard Albertini of effort. Frequency informationwillprovide the
and J. P. O'Neill, University of Vermont, investi- relative mutational damage incurred in the vari-
gates the molecular basis of radon-induced ous tissues after in vivo radon exposure.
mutations at the HGPRT locus in human peri- Sequence analysis of mutations from the differ-
pheral blood lymphocytes. We have completed ent tissues will provide information on whether
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the initial lesions are processed differently,
resulting in a different spectra of damage at the TABLE2. Initiation-Promotion-Initiation(IPI) Protocolfor
base-pair level, lt will also be useful to deter- Radon(R), Dust (D), and Cigarette-Smoke (S) Inhalation
mine whether the process of nonhomologous Exposure of Rats(a)

recombination, which we have found is used to DurationofExposure,weeks
rejoin radon-induced double-strand breaks in Group 0 4 __8 17 2_1 25
cells in culture, is also observed in cells in intact
tissues. 1 R+ D................ >

2 R+D ..... > R+D->

A second study included radon exposures of 3 R+D .... >S................................... > R+D->
Chinese hamsters comparable to those of the 4 R+D ................ >S................................... >
transgenic mice in a pilot study to investigate the
feasibility of selecting mutations for molecular 5 s................................. > R+D ................. >

analysisat the HGPRTlocus in lung cells. If this 6 D.....................>s ...................................>
proved feasible, we would then compare the
spectrum of molecular lesions with the existing
PNL database from CHO cells exposed in vitro. (a) Moderately lowconcentrationsof uraniumoredust(D) accompany radonexposuresas the carrieraerosol
In ourinitialexperiment,cellswere processedfor forradonprogeny;sham-exposed controlanimals(not

mutation analysis in two different protocols for shown)are Included in each exposuregroup. Ten

mutation selection. A largenumberof mutations animalsfrom each group are killed at 25, 52, and

were obtained in one protocoland none in the 78weekstoevaluatedeveloping lesions.Protocol
maybe repeatedfor different radon-progenyand

other, lt is possible that the one protocol cigarette-smoke exposureratesandlevels.
resultedin cell death below the induced muta-
tion frequency. This pilot study has been
temporarilysuspended.

on ali IPI serieslife-span rats exposed to radon,

Initiation-Promotion-InitiationStudies radon progeny, uraniumore dust, and cigarette
smoke, as wellas on one sham-exposedgroup

Processingof tissuesand analysesof data from of animals. These data were based on our his-
torical protocol examination of one centralinitiation-promotion-initiation(IPI)experimentsin
sectionper lung lobe, plus any observed lesionyoung-adult, male SPF Wistar rats with radon

and cigarette-smoke mixturescontinued. The at necropsy, rather than the multiple-slicing
exposureprotocolsare shown inTable 2. techniqueemployedinthe seriallysacrificedrats

reported in the 1990 Annual Report, Part 1.

Radon-progeny exposures were at l OOworking- Multiple slicing of the remainder of the IPI
level (IO0-WL) concentrations with cumulative life-span rat lungs for histopathological

examination continues. Our histopathologicallevels of 320 working-level months (WLM);uran-
ium ore-dust concentrations ranged from about analyses of serial-sacrifice rats were published in
5 to 6 mg/m3. Cigarette smoke from Kentucky 1992 (Cross et al. 1992).
1R4F cigarettes, in exposures of 1 hr/day,
5 days/week, for 17 weeks, contained total Determination of the histomorphological effects
particulate mass concentrations of about 0.5 mg/ of inhaled radon, uranium ore dust, and cigarette
liter and carbon monoxide concentrations smoke in the tracheal epithelium of serially
between 650 and 700 ppm. Mean plasma con- sacrificed IPI rats was initiated in FY 1992.
centrations of nicotine and cotinine were about Groups of 5 to 7 rats per exposure group were
260 and 125 ng/ml, respectively, in cigarette- measured for tracheal epithelium thickness,
smoke-exposed animals; carboxyhemoglobin ciliated cell population density, and non-ciliated
levels were about 29%. Blood samples were cell population density. Table 3 shows a com-
obtained within 15 min after exposures ended, parison of data at 25 and 52 weeks from start of

exposure. Five major conclusions can be
Histopathological examination (reported in the derived from these measurements. First, epithe-
Annual Report for 1991, Part 1) was corrlpleted lial thickening at 25 and 52 weeks is correlated
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with nonciliated cell density (this group contains References Cited
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exposure group means that was significant at F.T. Cross. 1992. Cytotoxic, clastogenic and
52 week was for ciliated cell density in rats mutagenic response of mammalian cells ex-
exposed first to cigarette smoke and then to posed in vitro to radon and its progeny. In:
radon (Group 5 rats), compared with rats Indoor Radon and Lung Cancer: Reality or
exposed to single-dose radon (Group 1). As is Myth?, Proceedings of the 29th Hanford Sympo-
true for cigarette-smoke exposures, there also sium on Health and the Environment, F.T.
appears to be a time-since-exposure effect (a Cross, ed., Part 2, pp. 555-568. Battelle Press,
repair of injury to epithelial tissue) for radon-only Columbus, Ohio.
exposures.

Jostes, R. F.,T. E. Hui, A. C. James, F. T. Cross,
The histomorphological data overall show a J.L. Schwartz, J. Rotmensch, R.W. Atcher,
transitory hyperplasia predominantly of non- H.H. Evans, J. Mencl, G. Bakale, and P. S. Rao.
ciliated cells with thickening of the tracheal 1991. In vitro exposure of mammalian cells to
epithelium. Except for Group 1 exposures, radon: Dosimetric considerations. Radiat. Res.
which terminated at 8 weeks, ali exposures 127:211-219.
terminated at 25 weeks. By 52 weeks, the

majority of changes noted in exposed, 25-week- Lutze, L. H., R. A. Winegar, R. Jostes,
sacrifice rats was diminished to values found in F.T. Cross, and J. E. Cleaver. 1992.
control rats. Future histomorphology will com- Radon-induced deletions in human cells: Role of
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In Vivo/In Vitro Radon-Induced Cellular Damage

Principal Investigator: A. L. Brooks

Other Investigators: F.T..Cross, R. F.Jostes, M. A. Khan, J. E. Morris,
and K. E. McDona/d

Major research efforts are being conducted, both in vitro with model cellular and molecular systems and
in vivo in whole animals, to understand the health effects of inhaled radon and its progeny. This project
provides important links relating the data from mechanistic model studies to those derived from the
animal studies, and renders both types of data more useful in predicting !_ealth hazards from radon-
progeny exposure in homes. The current studies have been designed to define the relationships
between inhalation exposure and radiation dose to the cells of the respiratory tract, accomplished by
comparing cellular damage induced by alpha particles both in vivo and in vitro.

Animals were exposed by inhalation to radon and radon decay products. Cellular damage was deter-
mined in deep-lung fibroblasts by micronuclei assay, and in epithelial cells of rat trachea by mea-
surement of chromosome aberration frequency, as a function of dose and time after exposure. In
chromosome aberration experiments, animals were exposed to either 900- or 320-working-level months
(WLM) of radon progeny; aberrations were scored shortly after cells were isolated from the trachea. In
vitro studies were conducted in the Go/G1 stage of the cell cycle using a 238pualpha-particle source.
The dose-response relationship for induction of aberrations in vitro was recorded as aberrations/cell -
0.001 + 0.48 D, where D is in grays (Gy). Using these data, it was possible to estimam the dose/WLM at
the two different total radon exposures as 2.2 mGy/WLM and 3.0 mGy/WLM for the high- and low-dose
exposures, respectively. In vivo dose-response data indicated that micronuclei frequency increased as
a linear function of cumulative radon-progeny exposure according to the following equation:
micronuclei/1000 cells = 21 + 0.52 WLM. Micronuclei frequency induced in deep lung fibroblasts by
320-WLM exposure was followed for 30 days and was found to decrease with a half-life of about 30 days.
These in vivo data were related to dose-response relationships derived in vitro using a well-defined
exposure system. For nonproliferating Go/G1 cells, the frequency of induced micronuclei increased
linearly: micronuclei/1000 binucleated cells -- -14.3 + 8.2 D, where D is in cGy. For cells stimulated to
divide in tissue culture, the dose-response curve increased: Micronuclei/1000 binucleated cells = 18.6
+ 12.5 D. Using nondividing cells, which better reflect the conditions in the deep lung, it was estimated
that a 1-WLM exposure in vivo caused the same amount of chromosome damage as would be induced
by a 0.6-mGy in vitro dose. Additional studies are under way to link exposure, exposure rate, unattached
fraction, dose, and species-specific responses to produce data that are useful for defining risk from
inhaled radon progeny.

This research is addressing several basic radio- 2. What is the relationship between exposure
biological questions associated with radon- and dosetorespiratorycells?
progeny inhalation to help provide a mechanistic
understanding of the action of radon on respira- 3. How does the unattached fraction influence
tory tract cells and to develop better estimates of the distribution of dose and damage in the
the risk from indoor radon exposure: respiratory tract?

1. How do low-level exposures and exposure 4. What is the biological effectiveness for radon-
rates influence cancer risk? induced damage relative to low-LETradiation?
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Induced chromosome aberrations have been
used to detect radiation dose from internally
deposited radioactive materials following both Tracheal Epithellll Cells in vivo

1,0 (900 WLM r=don)
experimental and environmental exposure. If
chromosome damage is to be a useful indicator /-ofdose, lt is essentlal that damage be measured 0.8 0

:;j
in the cellsat riskor in surrog,ttecellsthat receive ._
similar doses. Micronuclei p,ovide a rapid mea- tj Trach,=lEpllhellel
sure of chromosome damage and also are used _ 0.6 =,v_vo

C (320 WLM radon)
to evaluate damage in cells exposed either in the ..9o
whole animalor underwell-definedculturecondi.
tions. Both chromosome aberrations and micro- '- 0.4 o
nuclei production are being used as biomarkers .=

of dose in different regions of the respiratorytract. <' e.= Epllhell,lCeil, in vitro

Experimental Design and Methods Ab,Ce,. 0.0ol. 0.4.0o,.(Oy)
0.0 , ,

0 1 2
Chromosome aberration frequency was mea.
sured in the trachea following either in vitro expo- Dose (Gy)

sure to 238pu alpha particles or in vivo exposure FIOURE1. Inductionof ChromosomeAberrationsIn Rat
to two levels, 320- or 900-worklng-level months Tracheal Epithelial Cells #1 Vitro by 238pu Alpha Particles and

(WLM),of radon progeny. Aberrationfrequencies In Vivo by Radon Inhalation.
were determined on coded slides 48 hours after
short-term culture. The slopes of the
dose response relationships from the in vitro grays (Gy). The figure includes data on the
studieswereused to estimatedose to the trachea inductionof chromosomeaberrations followinga
from inhalationof radon. 900- or 320-WLM in vivo exposure, lt was calcu-

lated that 2.2 or 3.0 mGy from 23apu alpha-
The frequency of micronuclei production was particle exposure resulted in the same amount of
measuredin rat lungfibroblastsexposed either in chromosomedamage as a 1-WLM exposure to
vitro to radon in suspension cultures or after radon and itsprogeny. These data show that the
graded radon-inhalationexposures; both dose lowerexposurelevel(320 WLM) producesa high-
response and time response studieswere con- er frequencyof aberrationsthan does higherlevel
ducted. For in vitro exposures,cells were either exposure per working-levelmonth. The explana-
grown in culture for 16 hours after isolation,pro- tion could be related to changes in cell cycle
viding cellsinthe Go/Gt stagesof the cellcycleat kineticsor to a greater degree of cell killingpro-
the time of exposure,or for 4 days, at which time duced by the higher level of radon-progeny
cellswere availablein ali stages of the cell cycle, exposure.
Dose/WLM values were estimated by comparing
the slopesof dose response inthe in vitro/in vivo Mlcronuclel In Vivo
studies. Alicellswere scoredon coded slides.

The resultsof the in vivo micronucleistudiesare
Results and Discussion shown in Figure 2. The frequencyof micronuclei

per 1000 binucleatedcells increased linearlywith
Chromosome Aberrations In Tracheal exposure concentration, with a slope of 0.52
Epithelium micronuclei/lO00binucleatedcelIs/VVLM A linear

dose response was observed even though the
The resultsof our studies on chromosomeaber- exposure time was increased for each level,
ration frequencyare presentedin Figure 1, which which suggeststhat there was a very low repair
illustratesthat the slope of the dose response rate compared to the exposure times used in
curve after exposure to 238pu alpha particles is these studies.
aberrations/cell= 0.001 +0.48 D, where D is in
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Animals sacrificed 30 days after exposure had
_= 2oo 105 micronuclei/1000 binucleated cells compared
o to 189 micronuclei/1000 binucleated cells

observed in animals sacrificed at the end of the
1so exposure. This study suggests that cells whichIII

® are damaged by radon exposure survive in the

= @ _ respiratorytract with a half-lifeof about 30 days.

_¢

= 100 Micronuclel in Vitro
0
0
0

Cell cycle kinetics for the fibroblasts exposed in
=-'u so vitro were determined using a Faxstar Plus flow
¢= cytometer. More than 92% of the cells isolated 16
o hours before exposure to radon were found to beU

_- o .... • , . ,. .... . , in the Go/G1 stages of the cell cycle, while cells
o s 0 10 0 1s0 2 00 2s 0 30 0 3 s0 grown in culture for 4 days before exposure were

distributed throughout the cell cycle: 43% in
Expo=ure(WLM) G0/G1, 46% in S, and 11% in G2/M stages of the

FIGURE 2, Induction of Micronuclel in Vivo in Lung cell cycle. More than 90% of the cells isolated
Fibroblastsby InhalationofRadonProgeny. directlyfrom the lungwere inthe Go/Gt stages of

the cell cycle, so that it was appropriate to com-
pare the cells grown in culturefor 16 hours with

To evaluate the rate of loss and repair of radon- thoseexposed in vivo.
induced micronuclei from the cell population,
animalsweresacrificedat 0, 15, and 30 days after In vitro radon exposureof cellsproduced a linear
exposure to 320-WLM radon progeny, and the increase in micronuclei both in cells exposed at
frequency of micronuclei measured (Figure3). 16 hours and in those exposed at 4 days after

isolationfrom animals. The data used to derive
the dose response relationships(Figure4) illus-

=0o- 1a9 trate that there was more damage per unit of

•_ laGO-
= 124 U

los a/= ";

0 100 _ "_=== 1000 Dividing Cells-- Ml/1000 BI= 18.6 + 12.5 D

= R'2=0.95 _ /

° -:
"_ SO0=1

__'= i._,.g c,.s
O • _.. //_,, Ml/1o0oBi = .14.3+ s.2O

0 15 30 _ il_ = 0.93
• - i"' - | - ! '- i • !

Time After Exposure (Days) o 2o 4o 6o so 1oo

Dose (cGy)
FIGURE 3. Frequency of Mlcronuclei in Rat Lung Fibroblasts

as a Function of Time After Radon-Progeny Inhalation, Anl. FIGURE 4. Induction of Mlcronuclei Following in Vitro Expo-

mals were sacrificed at 0, 15, and 30 daya after inhalation of sure to Radon Progeny in Dividing and Nondlvlding Rat Lung
320 WLM of radon and its progeny, Fibroblasts.
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dose in dividing cells than was observed irl cells Summary
in the Go/G1 stages of the cellcycle, These data
suggest that there are differences in cell-stage Studies have been conducted that demonstrate
sensitivityfor the inductionof damage by alpha the usefulnessof cellulardamage as biomarkers
particles, of radiationdose to the lung. These studies are

being expandedto include exposureof cells from
lt was possible to use the frequency of micro- differentspecies, includinghumancells. We also
nuclei induced in vitro in lung fibroblasts as a are startingstudiesthat willevaluatethe influence
standard biological dosimeter to estimate the of the unattached fraction of radon progeny on
radiation dose delivered to deep-lung cells by dose, dose distribution,and distributionof dam-
radon inhalation. When the slope of the dose age in the respiratory tract. Finally, dose rate
response relationshipfor in vitro exposure was studieswill be conducted to determine if there is
compared with that for in vivo exposure, it was an inverse dose rate effect for radon-induced
noted that the same amount of damage was cellulardamage, as has been suggestedfor high-
induced by 1 WLM of exposure in vivo and a LET-inducedcell transformationand lung cancer
0.6-mGy dose from in vitro radon progeny expo- induction. Such an approach will help validate
sure. Models of the dose to the respiratorytract the usefulness of micronucleiand chromosome
suggest that the dose to the upper-respiratory aberration production as markers of radiation
tract is higher than that in the deep lung. These dose, and will determine how cellular and
data will be useful in evaluating modelsof radia- molecular changes can be used to improve our
tion dose to cells critical for the induction of understanding of the risk associated with the
cancer by radon and itsprogeny, inhalationof radonprogeny.
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Dosimetry of Radon Progeny

Principal Investigator: A. C. James

Other Investigators: K. D. Thra//, T. E. Hui, D. R. Fisher, A. Bircha//,(a)
and F. T. Cross

This project develops and validates cellular dosimetry, microdosimetry of cellular components, and
physiologically plausible biokinetic tissue models, and the application of these models to a coherent and
comprehensive assessment of human cancer risks from exposures to radon and thoron progeny. We
havedeveloped physiologically based pharmacokinetic (PBPK)models to predict the uptake and retention
of radon and thoron, and their short-lived progeny, in tissues of experimental animals and in humans.
This report describes refinement of these models to more accurately predict individual variation following
ingestion exposure and compares the model predictions with rare human data. A new model to predict
the uptake and retention of lead in tissues also is described. In addition, we report on research directed
toward improving cellular and subcellular dosimetry.

This project develops and validates cellular Inthe Pacific Northwest Laboratory Annual Report
dosimetry, microdosimetry of cellular compo- for 1991 to the DOE Office of Energy Research,
nents, and physiologically plausible biokinetic Part 1, we reported that we had compared
tissue models, and the application of these human and laboratory animal data and devel-
models to a coherent and comprehensive assess- oped and tested PBPKmodels to describe tissue
ment of human cancer risks from exposures to uptake and retention of radon, thoron, and their
radon and thoron progeny. The major objectives short-lived progeny i,i experimental animals and
of the ongoing project are (1) to develop state- in humans following exposure by inhalation or
of-the-art models of human respiratory tract ingestion. In this report, we describe modifi-
dosimetry for exposures to radon and thoron cations to the PBPK models to more accurately
progeny and to long-lived _-emitters of natural or predict individual variations in rate parameters
manmade origin; (2) to apply these models to following ingestion exposure. We then compare
the review and interpretation of new information the model predictions with rare human data. We
on exposure conditions in homes, mines, and also describe a new PBPK model, which is
other workplaces to improve assessment of based on physiological parameters and devel-
human health risk and risk-based standards of oped to predict the uptake and retention of lead
radiological protection, provide guidance on in tissues following exposure. In addition, we
environmental monitoring and control, and iden- describe progress in in vitro cellular and
tify critical research needs; (3) to develop subcellular dosimetry that will permit us to re!ate
dosimetry of human and experimental animal observed cellular in vitro radiobiological effects
tissues for short-lived radon and thoron progeny, to radon exposures of laboratory animals and
21°ph, and 21°po that is based on physiological humans.
parameters and experimental data; and (4) to
apply comparative tissue dosimetry using epide- Projecting Lung Cancer Risk from
miologic data and risk projection models to Mines to Homes
extrapolate observed carcinogenic risks in

humans and experimental animals to radon During FY 1992, A. C. James participated in
exposuresencountered in homes, committee and task group activities, including

(a) Visiting Scienti3t from the National Radiological Protection Board (NRPB) in the United Kingdom.
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the DOE/CEC Radon Risk Strategy Group, and established a collaboration with C. T. Hess and
the International Commission on Radiological his colleagues at the University of Maine, who
Protection (ICRP) Task Groups on Measures for have obtained experimental data on the time-
Protection Against Radon and on Human course of radon elimination in breath by studying
Respiratory Tract Modelsfor Radiological Protec- a large group of subjects (ranging from 9 to
tion. Research conducted in this project pro- 75 years of age) who ingested radon-laden water
vided substantive ir_ut to deliberations of the in their own homes. These data were obtained
two ICRPTask Groups concerned with limitation from volunteers with a wide range of physio-
of exposures to radon and thoron progeny in logical characteristics.
workplaces and homes. In addition, the lung
dosimetry model developed in this project was The gastrointestinal tract compartment in the
applied in the National Research Council's study general PBPK model (Figure 1) was modified to
of "Comparative Dosimetry of Radon in Mines include four additional compartments represent-
alld Homes' (Fisher et al. 1991; James 1992; ing the stomach, small intestine, upper large
NRC 1991). This study highlighted new intestine, and lower large intestine. This
information on environmental and biological gastrointestinal tract model contains three
parameters generated by the OHER Radon parameters that vary dramatically depending on
Research Program and was of direct benefit in individual characteristics and on postprandial
helping the Environmental Protection Agency changes: (1) the rate of uptake from the
(EPA) review radon risk in the home (Oge and stomach into the blood; (2) the rate of uptake
Farland 1992). from the small intestine into the blood; and

(3) the physical movement of the contents of the
Modeling Radon-Progeny Doses to stomach into the small intestine. In modifying
Tissues Other Than the Lung the radon ingestion model, these three

parameters were automatically optimized using
an iterative 'steepest descent method' (Press

The inert gas model that we developed was
based on a model described by Peterman and et al. 1989)to providethe minimumchi-squarefit

as compared to the set of humandata provided
Perkins (1988), with several modifications, by C. T. Hess (Brownand Hess 1992).
Followingthe method of Peterman and Perkins,

the radon concentration in each organ is Figure 2 shows the measured and predicted
assumed to be in equilibrium with that in the exhalation of radon gas following ingestion of
blood, which is simultaneously in equilibrium with radon-laden water in 3 subjects. Similarly
that in the air spaces of the lungs. Tissue accurate predictions were obtained for most of
uptake of the inert gas from the blood is a the other 26 volunteers. The exhalation of radon
function of the rate at which blood flows through

was found to depend strongly on the subject's
the tissue, divided by the volume of blood in the breathing rate as well as the quantity of water
body. Elimination from each tissue is a function consumed. We are proceeding, in collaboration
of the rate at which blood flows through each with C. T. Hess, to extend the gastrointestinal
tissue, divided by the volume of the tissue, and
also divided by the partition coefficient for the tract modeling to include the effects of food

intake on transit and on uptake through the
inert gas between blood and the tissue. The stomach and small intestine.
partition coefficients for radon and thoron have
been reportec; by Nussbaum and Hursh (1957,
1958). In FY 1992, we also refined the previous

biokinetic model to describe the uptake and
We have focused on modification of these PBPK retention of lead in tissues. Developing a PBPK
models, particularly the model to describe model for lead is complicated by the lack of
human tissue uptake and distribution of radon tissue solubility or partition coefficient information
following ingestion and those describing tissue and by the lack of human kinetic data. To
distribution of the short-lived progeny. We overcome these limitations, we have developed
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FIGURE 1. General Biokinetic Model for Radon, Thoron, and Their Short-Lived Progeny.

a model similarto that developed for radon. The extrapolated to describe tissue distribution in the
tissue solubility coefficients were derived using human by making the plausible assumption that
an innovative parameter optimization procedure the partition coefficients from blood to tissue are
that we are currently developing (GIGAFIT, or the same in the human as in the rat. Thus, the
Graphically .Interactive General Algorithm for appropriate rate constants for tissue uptake and
FI...TTting).This enabled us to fit simultaneously ali retention in the human are given simply by sub-
the available kinetic data for tissue uptake and stituting the documented human values of blood
lead excretion in the rat. Figure 3 illustrates that flow rates and tissue volumes. We are further
the resulting biokinetic model developed for lead testing the human model against the limited
provides a reasonably close representation of kinetic data available in the literature to verify
the data of Morgan et al. (1977) and also of the that this procedure is valid. Our progress in
additional data obtained by Schubert and White PBPK modeling to date has enabled us to
(1952) and Hackett et al. (1982). The GIGAFIT improve the reliability of calculating organ doses
software shows great promise of significantly from inhalation of the short-lived progeny of
reducing the tedious task of manually optimizing radon and thoron, and also those resulting from
model parameters to fit experimental data. retention or redistribution of the progeny of

radon or thoron decay in body tissues, lt may
The rate constants for tissue uptake and reten- be assumed that the short-lived polonium
tion of lead atoms determined for the rat can be isotopes produced in tissues by radioactive
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FIGURE 2. Cumulative Amount of 222Rn Exhaled by Three Subjects After Drinking Radon-Laden Water (points) as Predicted by the

PNL PBPK Model (lines), Compared with Values Reported by Brown and Hess (1992),

decay of radon, thoron, and their 8-emitting these models by means of small-scale
progeny decay in situ. Our significant findings experimental studies.
are:

Dosimetry/Microdosimetry for in Vitro
1. One may neglect absorption of 218p0from Cellular Studies

the respiratory tract intothe blood in either

the 'ultrafine"or 'attached" forms. Activity concentrations of 0c-emitters were
measuredwithan 0_-probedetectordesigned for

2. The biological half-time for absorption of use in the PNL in vitro radon cell-exposure
214pband-212pbis of the order of 10 hours, system (Jostes et al. 1991). The probe, which

consistsof a pen-sized body housinga silicon-
3. There are no data suitable for estimating surface barrierdetector, was tested using both

the absorption rate of bismuth isotopes chelated and unchelated 212Biand 212pb solu-
fromthe respiratorytract, tions (Hui et al., in press). The detector 0¢-

energy spectra, analyzed using a total integra-
OurPBPKmodelingalsohas identifieddeficienc- tion technique, agreed with the solutionactivity
ies inthe literaturefor specificphysicalor chem- measurement to within 4% to 6%. The
ical parameters necessary to develop models congruence of calculated and measured
that are physiologicallyjustified,and thus more detector response has shownthat the _-probe
reliable. We are directing further research detector will be useful for routine dosimetry of
towardtesting and verifyingsome of the critical disequilibriummixturesof radon progeny in the
assumptions involved in the development of radon cell-exposuresystems.
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In collaboration with PNL investigators in the agreement with the measured fraction of cells
"Mechanisms of Radon Injury" project, we have with DNA damage that were placed in the hit
analyzed DNA damage to mammalian cells category (approximately 51%)(see Figure 4).
(CHO, AL, and RAJI) exposed to radon and its Similar agreement between measurement and

progeny in vitro. Under single-cell gel (SCG) calculation were obtained for AL and RAJI cells.
electrophoresis, DNA damage (single-strand We concluded that the SCG tedhnique can
breaks) appears as a comet tail in individual measure DNA damage from single C-particles
cells. Cells undergoing _-traversals showed and that it supports microdosimetry calculations
increased DNA breakage reflected as greater (Jostes et al., in press).
length-to-width ratios. The histograms of length-
to-width ratios of cells exposed to radon and its
progeny were biphasic. One peak corresponded To apply microdosimetry as an effective tool for
to controls, demonstrating that this fraction of predicting radon risk, we also have analyzed the
the cells was not hit by C-particles. Cells hit in vitro data of cell inactivation and micronuclei
showed a marked increase in DNA damage. Hit induction (Brooks et al. 1990) in rat lung epithel-
probabilities were modeled microdosimetrically ial cells exposed to 238pu a-particles. This analy-
using the radon and progeny concentrations sis included calculation of dose distribution and
measured in the suspension medium (Jostes et hit probability; derivation of dose-response rela-
al. 1991). For example, when CHO cells were tionships, such as the probability _(m,n) of
given an estimated dose of 0.39 Gy, observing the production of m micronuclei from
microdosimetric calculations predicted that 63% n _-hits (Table 1); and evaluation of the number
of the cell nuclei would be traversed by an _-par- of a-traversals required to inactivate a cell (Hui
ticle. This prediction was in reasonable et al., in manuscript). Results show that a cell
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Aerosol Technology Development

Principal Investigator: A. C. James

Other Investigators: J. K. Briant, M. A. Parkhurst, and A. Birchall (a)

The purpose of this projectis to developand transferaerosoltechnologyfor basic and applied research
in biology and chemistry,especially in the areas of health and environmentaleffects of energy-related
materials.We reportherethe developmentof specialradon-progenyaerosolsand exposuresystemsfor
the controlledand well-characterizedexposureand dosimetryof experimentalanimalsin studiesrelating
cellulardamage to radoncarcinogenesis. Our ultrafineradon progeny size-spectrometer(URPSS) and
lowpressureirnpactor,bothemployingCR-39 track-etchtechnology,are usedto measurethe conversion
coefficientbetween exposure and dose in a home, indoor workplace, or underground mine during a
representativeperiod and at low levelsof exposure. New methods of data analysis are described for
extractingthe most useful informationfrom particle-sizemeasurements.

The ongoing objectives of this project are (1) to unattached radon progeny (NRC 1991). Ultrafine
improve systems for the control, monitoring, and progeny plate out rapidly on exposure chamber
characterization of exposures of laboratory surfaces, so we need to provide facilities to
animals to toxic aerosols, gases, and vapors; maintain and monitor these special radon proge-
(2) to develop simpler and more widely applica- ny conditions in the H-2000 chambers (manufac-
ble techniques to characterize ultrafine and tured by Harford Division of Lab Products, Aber-
attached radon progeny in domestic and occu- deen, Maryland). Uniform exposures of animals
pational settings, especially to transfer Pacific to a high concentration of ultrafine radon proge-
Northwest Laboratory (PNL)CR-39 (poly-[ethyl- ny will be achieved by recirculating filtered
ene glycol bis-(allyl)]carbonate)track-etch and radon-laden air at moderately high velocity
analysis technology to improve the monitoring through the chambers, as described in the
and characterization of occupational and envi- report for Radon Hazards in Homes. Aerosol-
ronmental exposure to radon progeny and other particle concentration has been demonstrated in
alpha (_) emitters; and (3) to deploy these the H-2000 to be uniform with three full tiers of
techniques in the field to obtain representative animals in the chamber at the normal flow rate of
data for human dosimetry and risk assessment. 283 liters/min (10 volume changes per hour)

(Beethe et al. 1979; Moss et al. 1982). Other
Animal Exposure to Radon in work in this laboratory with reactive, highly
a Recirculating Atmosphere diffusivegases has demonstratedthe need for a

higherflow rateto achieveuniformdistributionof

Whole-Body Exposure System these gases to the animals (Pacific Northwest
Laboratory Report for 1989 to the Office of

To mimic human exposure to radon indoors, Energy Research, Part 1, pp. 87-88). The
animals will be exposed in a manner such that ultrafine (unattached) radon progeny should
the ultrafine (unattached) fraction of radon require an intermediate flow rate. We expect
progeny potentialalpha energy is at least 20%, that a chamber flow rate of 420 liters/rain will
for which dosimetric modeling indicates that give uniform distribution of the 5-nra ultrafine
mostof the dose to sensitivecellsin the respira- radon progeny. This flow rate willbe tested and
torytractepitheliumarisesfromthe depositionof increased if necessary to reduce spatial

(a) Visiting scientist from the National Radiological Protection Board (NRPB) in the United Kingdom.
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variability to less than 10% for two tiers of deposit primarily in the pulmonary region of the
exposure cages housing a total of 64 rats in lungs, thus completing the distribution of
each chamber, progeny deposition throughout the respiratory

tract.
Ultrafine radon progeny will be controlled in
association with ultrafine silver particles to pres- Radon-Progeny Metrology
ent progeny for inhalation at a size that deposits
activity in the nasal, pharyngeal, and tracheo- The concentration of radon gas in the animal
bronchial regions of the respiratory tract. Mono- exposure chambers is monitored continuously in
disperse silver particles are introduced to the the PNL facility by a commercial Lucas Cell
ventilation air by vaporization-condensation interfaced through a computer to the radon
(Gotoh et al. 1990; Scheibel and PortendSrfer generator and a control system. The concentra-
1983). The silver-particle number concentration tions of the individual radon progeny (218po,
will be generated at 10 times the expected 214pb' and 214Bi/214po) are monitored periodi-
progeny number concentration, which ensures cally throughout an exposure by collection on a
that most of the progeny will associate with the filter and by alpha spectroscopy. The ultrafine
silver particles rather than plate out on other (unattached) fraction of radon progeny and its
surfaces. Even at this high number concentra- size distribution will be measured using the
tion (-106/cm3), the airborne mass concentra- ultrafine radon progeny size-spectrometer
tion of silver (< 1 pg/m 3) will be well below the (URPSS). In the exposure-chamberatmosphere,
level of any inhalation toxicity effect. These which is contaminated with vapors and other
particles will pass through an aging chamber, chemicals from the experimental animals, the
with a mean residence time of 1 hour, to allow ultrafine radon progeny are likely to grow sub-
buildup of radon progeny on the ultrafine silver stantially in size. So-called unattached progeny
particles before they enter the exposure cham- have been observed to grow to a diameter of 10
ber. Particle number concentration will be nm in indoor air that is heavily contaminated with
measured in the exposure chamber by a con- vapors (Hopke 1990). Because dosimetric
densation nucleus counter, modeling indicates that even moderate growth of

ultrafine radon progeny has a significant impact
Some progeny will be attached to wax aerosol on doses to respiratory tract tissues (NRC 1991),
particles of about 0.1-pm diameter, generated by it is important to characterize both the size
evaporation-condensation (Tu 1982). Ultrafine distribution and the concentration of unattached
silver particles with associated progeny will tend progeny in the exposure-chamber atmosphere.
to attach to the wax particles, in addition to the This will be achieved by deconvolution of the
attachment of freshly generated progeny, recorded profile of alpha activity deposited along
Adjustment of the wax-particle concentration will the length of the CR-39 strip in the URPSS.
be used to control the unattached fraction. A
preliminary experiment achieved 16%unattached Attached radon-progeny particle size will be
progeny during recirculation with animals in the measured by continuously sampling with a low-
chamber and acondensation nucleusconcentra- pressure cascade impactor. The radial-slot
tion of 3000/cm 3, Reducing the carrier aerosol- impactor (model SE2110, Andersen Instruments,
particle concentration to about 2000/cm3 should Atlanta, Georgia) will be equipped with CR-39
raise the unattached fraction into the desired impaction plates that will record alpha activity
range. Again, the airborne mass concentration deposited on each stage. By diluting the sam-
will be very low (<10 g/m3). Total mass con- pied aerosol (Hirano 1987), a sample can be
centration will be measured by a continuous air continuously drawn from each chamber, giving
sample collected on a filter for gravimetric deter- an integrated record of attached-activity particle
mination at the end of each exposure day. As size for each chamber. The primary measure-
with the ultrafine particles, the wax aerosol mentoftotalattached-activity aerosol concentra-
particles will pass through an aging chamber to tion will be determined by the conventional wire-
allow buildup of radon progeny attached to the screen sampler (George 1972; James et al.
particles. These wax aerosol particles should 1972) used periodically during exposure. Radon
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concentration, unattached andattachedconcen- ments in a home while the air was being
tration, and size of progeny provide the informa- continuously filtered (Li and Hopke 1991)
tion needed to modelthe distribution and dosim- showed that this cleaning produced a 40%
etry of inhaled radon-progeny radioactivity, reduction in the concentration of radon progeny

in the ultrafine size range (particles between 2

Ultrafine Radon-Progeny Size Analysis nm and 15 nm in diameter). The reduction
achieved for the smaller 'unattached' progeny

Analysisofalpha-trackdensityalongthechannel (,:2 nm in diameter) was approximately 10%
of the URPSS requires inversionof the data to (James,submitted).
extract the particle-sizedistributionof the sam-
pled ultrafine radon progeny. This is accom-
plishednumericallyby fittingthe data to theoreti- Cascade Impactor Data Analysis
cal formulasforthermodynamicdeposition,using
the newly developed computer code GIGAFIT The aerodynamic particle-sizedistributionof an

aerosolis classifiedby depositionon a seriesof
(Graphically Interactive General Algorithm for impactorstages. Measurementof the amountof
FITting) as developed by A. Birchall. The pro-
gram resolvesthe two modes of radon-progeny material deposited on each stage is accom-
particle-size distribution typically, that is, the plished by the method best suited to analysis.
free atoms and ultrafine clusters associated As reported in The Pacific Northwest Laboratory

Report for 1991to the Office of Energy Research,
with other vapor molecules. Thus, the so- Part 1, we measure uranium alpha activity by
called unattached progeny are divided into two
modes of particle size (Figure 1)0 Additional recording alpha-radiation tracks on CR-39. Tounfold modes of particle size from the data, the
modes of particle-size distribution, when present numbers of tracks on the stages of the
in the data, can be discerned by GIGAFIT. impactors are input to a deconvolution routine

(IMPACT-30,S. B. Solomon, Australian Radiation
Measurement of Ultrafine Radon Laboratories, Yallambie, Victoria). This decon-
Progeny at Grand Junction volution is carried out using two different algo-

rithms based on the Twomey method and the
Samples of radon progenywere drawn withthe expectation-maximization method. These
URPSS during air-cleaner tests in the Grand methods give essentially identical results,
Junction, Colorado radon chamber. The chain- including median particle size, geometric
ber was maintainedat a radon-progenyconcen- standard deviation (GSD), and fraction of the
tration of 1 working level (WL). Size-distribution total activityforeach peak (mode) of the particle-
analysis of a sample collected during a 2-day size distribution,under most conditions. The
period with no air cleaningis shown in Figure 1. dose-equivalentconversionfactor,based on the
The small-particlemode (0.77 nm) constitutes ICRP-30 model, is alsocalculatedfor each of the
only 42% of the total unattached progeny three retention classes (D, W, and Y) for each
activity. The remaining 58% is associated with peak of the distribution.
an "ultrafine" mode of median particle diameter
12 nm. This finding supports the results Size-distribution data are often presented as a
obtained with a graded wire screen array (GSA) log-probability plot of the cumulative activity.
technique in actual dwellings (Li and Hopke The distribution is commonly approximated by a
1991; Wasiolek et al. 1992). A total of 219 quasi- single log-normal curve, and specified as the
continuous measurements in several normally median diameter with its GSD. Figure 2 shows
occupied homes (Wasiolek et al. 1992) showed this for an impactor sample of uranium aerosol
that, on the average, the so-called "unattached with curves representing the particle-size peaks
fraction" constitutes about 9% of the total unfolded by IMPACT-30. Information about the
potential C-energy, with an additional 9% carried peak at 10 pm, which constitutes 17% of the
by particles of diameter between 2 nm and 15 aerosol activity, would be lost by the simple Iog-
nm (James, submitted), lt is also of dosimetric probability presentation as a single distribution.
interest to note that GSA aerosol-size measure- In some cases; information added by resolving
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FIGURE 1. Calculated Particle Sizes Are for Two Modes of Distribution of Radon Progeny During Air-Cleaner Operation in the

Grand Junction, Colorado, Radon Chamber. Distance L is along the channel of the ultrafine radon-progeny size spectrometer.
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Oncogenes in Radiation-Induced Carcinogenesis

Principal Investigator: G. L. Stiegler

Other Investigators: L. C. Stil/well and J. M. Heineman

We are investigatingthe role of oncogenes in lung cancer in rats and dogs that inhaled radon progeny
or plutonium and leukemia in dogs exposed to whole-body irradiation. Specific ras oncogene sequences
were amplified by RNA-directed reverse transcriptase polymerase chain reaction (rt-PCR) or by
DNA-directed PCR methods. The amplification products were analyzed for base-pair change by the
single-strand conformational polymorphism (SSCP) method and by DNA sequence analysis. We have
identified activating ras mutations in gamma-radiation-induced leukemic dog spleen tumors, lung and
spleen tumors from plutonium-exposed dogs, and radon-induced rat lung tumors. We have also identified
ras second-exon mutations that have not been documented as ras activating. We are initiating
quantitative mRNA northern biot analysis using ras, c-myc, c-los, and C.lUngene probes.

The major goal of our research is to identify and The carcinogenic process involves the functional
characterize genes that are consistently associ- alteration of a critical set of genes (proto-
ated with radiation-induced carcinogenesis. The oncogenes) involved in cellular growth control or
identification of these genes and the molecular differentiation; afterthey are altered, these genes
definition of their activating lesions will provide are termed oncogenes. Oncogenes are derived
genetic markers for radiation damage and also from three broad categories of genes. The first
provide a genetic basis for assessing the risk of set of gene products acts at the surface of the
radiation exposure, cell as ligand and ligand receptors (Aaronson

1991). Examples of these oncogenes are erbB,
Ionizing radiation damage causes major rear- fms, and neu. The altered gene products are
rangements of chromosomal structure such as involved in cellular processes as growth factors
large deletions, translocations, or chromosomal or growth factor receptors. Their aberrant cellu-
loss that often result in cell death (Thacker 1985; lar functions result in deregulation of pathways
Thacker and Cox 1983). These effects are an controlling cell division, cytoskeletal structure,
important component of radiation-induced dam- and cell metabolism leading to a transformed
age, but radiation can also cause less apparent phenotype. The second set works within the cell
damage such as point mutations, small dele- cytoplasm as signal transducers carrying signals
tions, and insertions. Ali these genetic altera- from the cell surface to the nucleus. The src
tions can contribute to the molecular events that family of tyrosine kinases (Buss et al. 1984) and
lead to cancer, ras family of oncogenes (Hall 1992) are members

of this group. Some members of the src family
Two classes of genes have been described as physically associate with and are phosphorylated
being involved in the induction of cancer: one bytransmembrane receptors. Other cytoplasmic
class acts in a functionally recessive way, and oncoproteins, such as ras, play a more central
the other in an opposite or dominant mode. role in signal transduction by interacting with a
Dominant genes are activated by mutational variety of cellular growth-related proteins. The
events, and their gene products directly affect third category nf cellular oncogene products are
the mechanismofcancer. Recessive oncogenes the nuclear oncoproteins, such as c-jun and
act in a negative, indirect way; their gene c.fos. These oncogene products are involved in
products decrease the activity of other genes transcriptional regulation of genes controlling
that regulate growth or differentiation, cell growth and differentiation (Landschulz et al.
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1988). A number of tumor suppressor genes radon-progeny-exposed rats has revealed one
also express their oncogenic potential by affect- K-ras 12th-codon-activating lesion in which the
ing Ihe function of transcriptional regulatory codon was altered from GGT to GTT. Three
proteins (Weinberg 1991). 13th-codon activating lesions were identified; the

codon was altered from GGC to TGC in two of

Thus, the study of oncogenes and tumor sup- the lesions and from GGC to GAC in the thlrd.
pressor genes reveals a complex pattern of inter- We also found one K-ras 12th-codonoactivating
actions. Mitogenic signals that begin at the cell lesion in a lung tumor from an inhaled-plutonium-
surface ultimately result in positive and negative exposed rat in which the codon was altered from
stimuli of nuclear transcriptional factors control- GGT to GTT.
ling the tightly regulated genes responsible for
differentiation and cell growth. Development of We have performed PCR amplification and DNA
the cancerous phenotype probably requires at sequence analysis on ras geno second exons
least four or five mutational events in key growth- from canine leukemic spleen tumors induced by
regulating genes, whole-body gamma irradiation, lung tumors from

dogs exposed to inhaled plutonium, and lung
Because it is not possible to study comprehen- tumors from rats exposed to radon progeny
sively the large number of oncogenes that have (Table 2). We identified one activating mutation
been reported in the literature, we are currently and several second-exon mutations resulting in
focusing our work on a few oncogenes that amino acid substitutions that were not previously
appear to be more centrally Involved in the car- identified as activating lesions. To summarize:
cinogenesis process (c-myc, c.fos, C.lUn,c-abl, Examination of seven canine leukemic spleen
and the ras oncogene family). Much of our tumors detected a 64th-codon change in K-ras
research has concentrated on the dominant-act- (TAC to CAC) and a 72nd-codon (ATG to ATA)
ing ras oncogene family, which we chose change in N-ras in one tumor sample, and a
because its activation has been well charac- 73rd-codon change (AGG to AGA) in another
terized and there is a large body of literature leukemic spleen. In examining a lung tumor
describing the molecular mechanism of ras from an inhaled-plutonium-exposed dog, we
oncogene activation. The regions of tile ras identified, in the K-ras gene, a 61st-codon-
gene family that havebeen documented as mura- activating (CAA to CGA) mutation and changes
tional activation sites are at codons 12 and 13 in at the 63rd (GAG to GCG), 64rh (TAC to TT'C),
the first exon and codons 59 and 61 in the and 67rh (ATG to ACG)codons. In an appar-
second exon of the gene (see review by ently normal spleen from an inhaled-plutonium-
Barbacid 1987). exposed dog we found changes in the N-ras

gene at codons 55 (ATA to CTA), 70 (CAA to
We have analyzed the first and second exons of CGA), and 74 (ACA to TCA). The activation of
the N-ras, H-ras, and K.ras genes by polymerase ras genes has been reported for specific codons
chain reaction (PCR) amplification, single-strand 12 and 13 in the first exon and 59 and 61 in the
conformational polymorphtsm (SSCP) analysis, second exon (Barbacid 1987). The mutations we
molecular cloning of the PCRproducts, and DNA have identified in codons 55, 62, 63, 64, 67, 70,
sequence analysis. An example of ras second- 72, 73, and 74 have not been documented in the
exon SSCP analysis is shown in Figure 1; first- literature as betng activating lesions, and their
exon analysis is summarized in Table 1. We relevance to carcinogenesis is not known. In
have found, in gamma-radiation-induced canine lung tumors from four radon-progeny-exposed
leukemic spleen tumors, a 12th-codon-activating rats, we identified a H-ras codon change at
lesion in both H-ras (GCT to ACT) and K-ras position 62 (GAA to GAT).
(GGT to GTT) in one tumor sample and an N-ras
13th-codon- (GGT to AGT) activaling lesion in We are examining gene expression as an addi-
another tumor. We have examined a lung tumor tional indicator of oncogene activation using
from a dog exposed to inhaled plutonium and northern biot analysis (Figure 2). We have found
identified a H.ras 13th-codon-activating (GGA to increased expression levels of ras in total RNA
AGA) and a K-ras 12th-codon-activating (GGT to from spleen tissue isolated lrom a plutonium-
GTT) mutation. Examination of lung tumors from exposed dog with splenic malignant lymphoma.
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la 2a 3a lb 2b 3b

!

labeled 3a _
antisense 2a

strand la _ ..4._. lh, 2b,3b labeledsense strand

BamHl

1 5'--GGATCC A GAA ACC TGT CTC TTG GAT ATT CTC GAC ACA GCA GGT CAA

2 5'--GGATCC A GAA ACC TGT CTC TTG GAT ATT CTC GAC ACA GCA GGT CAA

3 5'--GGATCC A GAA ACC TGT CTC TTG GAT ATT CTC GAC ACA GCA GGT CAA

1 5'-GAG GCG TAC AGT GCA ATG AGG GAC CAG TAC ACG AGG ACT GGG GAG GGC
• • •

2 5'--GAG GAG TAC AGT GCA ACG AGG GAC CAG TAC ATG AGG ACT GGG GAG GGC
Q •

3 5" "-GAG GAG TAC AGT GCA ATG AGG GAC CAG TAC ATG AGG ACT GGG GAG GGC

1 5'---'Iq_ CTT TGT GTG _ GCC ATA AAT AAT GGATCC-3'

2 5'--T'I_ CTT TGT GTG _ GCC ATA AAT AAT GGATCC-3'

3 5''"Iq'T CTT TGT GTG _ GCC ATA AAT AAT GGATCC-3 °
Bamltl

FIGURE1. Single-StrandConformationalPolymorphlsm(SSCP)Analysisof K-rasSecond-ExonSequences.Polymerasechain
reaction-(PCR-)amplifiedsecond-exonsequencedifferencesindicatedby closeddot. Top autoradiographshowssingle-strand
migrationaldifferencesattributedto indicatedbasechanges,determinedby nucleotidesequenceanalysis.PCRreactionswere
individually[32p]5'-endlabeledonsensestrand(shownabove)orcomplementarystrand(antisense).LabeledPCRreactionswere
denatured,eleotrophoresedon6% nondenaturingpolyacrylamidegel, and autoradiographed.Numbers1, 2, and3 represent
designationsforsequencesshownabove;lettersa andb indicateantisenseandsensestrands,respectively.

The ras gene activation is usually not associated Summarizing the data from ras gene analysis: In
with increased expression levels, but it is examining leukemic spleen samples from seven
possible that overexpression of normal ras gene whole-body, gamma-irradiated dogs, we have
product can bring about an aberrant function identified first-exon ras-activating lesions in two
similar to mutationally activated ras. dogs (28%). In one dog, ras activation was
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TABLE 1. First-Exonras GeneAnalysisof Tumors fromRadiation-ExposedAnimals

Exposed Tissue ras Codnn
Animal Type Gene Codon(a) Change

Whole-body gamma- Spleen K-ras I 12 I GGT _ GTT

radiation-exposed dog H-ras I 12 I GCT _ ACT

Whole-body gamma- Spleen N-ras I 13 ! C_GT_ AGT
radiation-exposed dog

Plutonium-exposed dog Lung H-ras I 13 I GGA _ AGA

K-ras I 12 I GGT _ GTT

Radon-exposed rat Lung K-ras I 13 ! GGC .--II=_TGC

K-ras I 12 I GGT_ GTT

Radon-exposedrat Lung K-ra,,; I 13 I GGC _ GAC

Radon-exposed rat Lung K-ras I 13 I GGC _TGC

=_.utonium-exposedrat Lung K-ras I 12 I GGT _ GTT

(a) Verticalbars indicate that the lesions occurred in the same animal,

observed at the 12th codon in both K-ras and 13th-codon mutations were identified in 2
H-ras genes In two gamma-irradiated dogs, we additional tumors. In examining the H-ras second
identified second-exon point mutations resulting exon in radon- exposed rat lung tumors, we
in amino acid substitutions that have unknown identified 4 animals having 62nd-codon
significance in carcinogenesis. Mutations were mutations that resulted in amino acid
found in four of seven (57%) whoie-body, substitutions.
gamma- irradiated dogs, and base transitions
occurred in five of the six mutations identified. Lung tumors examined were obtained from dogs

exposed to inhaled plutonium at a het-
In examining 10 rat lung tumors from animals erogeneous mixture of exposure levels, and ali
exposed to radon ano ,adon orogeny, we iden- these animals were of advanced age at the time
tiffed 3 animals (30%) with first-exon-activating tumors were obtained. Of four dogs examined
ras mutations. One tumor had a mixture of K-ras for mutations in the first and second exons of
activating mutations at both 12th and 13th K-ras, H-ras, and N-ras genes, we identified a
codons; the mutations were not found together 12th- and 13th-coaon activating lesion in H-ras
in the same ras ge te but were identified in a and K-ras, respectively, and in a second dog
mixed population of ras mutations. K-ras a K-ras 61st-codon activating mutation and
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TABLE 2. Second-Exonras Gene AnalysisofTumors from Radiation-ExposedAnimals

Exposed Tissue ras Codon
Animal Type Gene Codon(a) Change

I !

Whole-body gamma Spleen K-ras J 64 I TAC _ CAC

radiation-exposeddog N-ras I 72 I ATG_ ATA

Whole-bodygamma Spleen K-ras I 73 I AGG .--I_.-AGA
radiation-exposeddog

Plutonium-exposed Lung K.ras 61 CAA _ CGA

dog 63 GAG"--II_GCG

64 TAC _ TTC

67 ATG_ ACG

Plutonium-exposed Normal N-ras 55 ATA _ CTA
dog spleen 70 CAA _ CGA

74 ACA _ TCA

Radon-exposedrat Lung H-ras I 62 I GAA _ GAT

I 62 I GAA _ GAT
I 62 I GAA_GAT

I 62 I GAA_GAT

(a)Verticalbars indicatethat the lesionsoccurredin the same animal.

additional changes at codons 63, 64, and 67 tions specific to radiation-induced tumors has
were observed. We also found N-ras mutations emerged.
at codons 55, 70, and 74 in an apparently
normal spleen from a plutonium-exposed dog; References Cited
these additionalmutationsmay havebeen asso-

ciated with the age of this animalor resulted Aaronson, S. A. 1991. Growth factors and
from undetected chronic disease. Finally, two cancer. Science 254:1146-1152.
lung tumors from rats exposed to inhaled plu-

toniumyielded a 12th-codon mutation in one of Ainsworth, P. J., L. C. Surh, and M. B. Coulter-
the tumors. Mackie. 1991. Diagnosticsingle strand confor-

mational polymorphism (SSCP): A simplified
Analysesoftheseradiation-inducedtumorshave non-radioisotopic method as applied to a
identified a wide variety of ras mutations, con- Tay-Sachs B1 variant. Nucleic Acids Res.
sidering the small number of tumors studied. 19:405-406.
Thusfar, however,no consistentpatternof muta-
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FIGURE2. NorthernBiotAnalysisofTotalRNA fromNormalandMalignantLymphomaTumorousSpleenTissueIsolatedfrom
Plutonium-ExposedDogs. Right:PhotographoftotalcellularRNAelectrophoresedon2%agarose/ureagel. Left: Nitrocellulose
northerntransferautoradiographofRNAhybridizedwith[32p]-Iabeledrasprobe.Lanes1and2, duplicatetumorsamplesofdiffering
RNAconcentration;lane3, controloftotalcellularRNAfromnormalspleen.Lanes4,5, and6 in gelphotograph(rightsideoffigure)
correspondto lanes1,2, and3, respectively,ofnorthernbiotautoradiograph(loftsideoffigure),
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Mutation of DNA Targets

Principal Investigator: R. R Schneider

Other Investigators: J. E. Hul/a and G. L. Stiegler

This project is testing the hypothesis that inactivation of tumor suppressor genes is a common
mechanism of radiation carcinogenesis. Thus far, we have concentrated our work on characterizing the
dog retinoblastoma susceptibility (Rb) and the rat p53 genes. We previously isolated most of the dog Rb
cDNA, and this year have defined the structure of the rat p53 gene, including the intron sequences near
splice junctions. The rat gene lacks one intron that occurs in the human and mouse gene. The sizes of
the exons, introns, and splice junctions are similar for ali species. We will now evaluate radon-induced
rat lung tumors for mutations of p53 in polymerase chain reaction-amplified DNA. The dog Rb cDNA will
be used as probe in northern analysis of dog Rb mRNA in plutonium-induced bone and lung cancer
cultured cells and in gamma radiation-induced leukemia.

Mechanistic data are needed to predict the tumor suppressor genes that have been most
results of exposure to low doses of radiation and completely described, the retinoblastoma
chemicals. The information available from epi- susceptibility (Rb) and p53 genes.
demiologic data and life-span animal experiments
cannot be extrapolated to these low doses with Defects in the Rb gene are found in retinoblast-
confidence. The principal health effect of chronic, oma, osteosarcoma, small-cell cancer of the lung
low-dose exposure to ionizing radiation and (SCCL), some non-small-cell lung cancer, and in
chemicals is cancer; cancer apparently is caused breast and bladder cancers in humans. The p53
by mutations or changes in the expression of gene has been found to be altered in almost ali
oncogenes, tumor suppressor genes, or both. types of human cancers. The p53 gene differs
Knowledge of which genes are altered, and the from the recessive nature of Rb because muta-
nature of such changes, is central to tions can confer a dominant phenotypic expres-
understanding the mechanisms of radiation sion pattern. Some mutated forms of p53 protein
carcinogenesis, can complex the wild-type gene product from the

other nonmutated allele. The gene products of
TumorSuppressor Genes both these genes act in the nucleus, probably by

interacting with transcription regulatory factors,
Tumor suppressor genes were identified by and both gene products are inactivatedby viral
analyses of the genetics of inherited forms of oncoproteins. In infected cells, the viral proteins
cancer, chromosomal aberrations, and poly- complex the Rb and p53 gene products and
morphic DNA markers of homozygosity. This thereby effectivelyinactivatethe genes.
class of genes is defined by functional criteria;
that is, loss of normal function leads to neoplastic Approach
growth deregulation. About six of these genes
have been described, and one or another has Our approach is to examine p53 and Rb genes in
been found to be altered in many types of human tumor tissue from life-span animal experiments at
cancer. We suspect that inactivation of tumor PNL and other DOE laboratories. We have a
suppressor genes is a common mechanism of small number of frozen dog lung and bone
radiation carcinogenesis, because deletions are tumors induced by exposure to inhaled plutonium
known to be a major component of genetic and radon. We alsn have a large number of
damage from ionizing radiation. We are testing plutonium-induced rat and dog lung tumors that
this hypothesis by studying, in tumors from have been fixed in formalin and embedded in
animals exposed to ionizing radiation, the two paraffin. Myelogenous leukemia cells, from dogs
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that were chronically exposed to x rays and homology to the cDNA. This year, we completed
gamma radiation at Argonne National Laboratory, the definition of the gene structure of the rat p53
are also available. When tissue of sufficient qual- gene by using PCR to generate the sequencing
ity is available, we plan to analyze Rb and p53 templates.
gene expression by analysis of their mRNA using
polymerase chain reaction (PCR) and northern Results
biot methods;the fixed and embedded tissuesdo
not have mRNA or large molecular weight DNA We amplified rat p53 fragments that included
for northern or Southern analysis.Thus, PCR is each interveningsequence of the gene structure
being used to amplify specific regions of these deduced from that of the mouse and human
genes from fixed and embedded tissue for analy- genes. For most PCR assays, two major ampli-
sis by gel electrophoresis and methods that cons were apparent when cDNA primersflanked
detect mutations and deletions by changes in more than one exon. However when cDNA
electrophoreticmobility, primers flanking exons 6 and 7 were used, only

one amplicon was apparent (Figure 1, lane 7).
Preliminary characterizationof these genes was Each solid line above the gene and below the
requiredsothat we couldanalyzethe dog and rat pseudogene graphics in Figure 1 represents an
tumors, because neither the gene structure nor amplification product that was identified by
the cDNA sequence of dog p53 or Rb gene is Southern blotting and probing with cDNA
known. The rat p53 cDNA sequence has been sequences locatedbetweenthe primers.
published, but its gene structure has not been
described. We have thereforefocused our efforts Using cDNA primersand intron primers,we amp-
on obtaining the locationand sequence of splice liftedthe region of exon 5 through exon 8 of the
junctions in rat p53 and generation of DNA deduced structure. As expected, the intron
probes for mostof the Rb cDNA. These data are primersyielded only one product amplifiedfrom
also of more general interest concerning the the gene; the cDNA primers yielded both gene
relatedness of the genes between species and and pseudogene amplicons. The sizes of the
will aid cancer research with animal models. For gene ampliconswere consistentwith a sequence
example, informationdescribingthe p53 structure lacking the 390 bases of intron 6 present in the
and the sequences near its splice junctions can mouse gene. We sequenced this region directly
be used by other investigatorsto studythe roleof from PCR products. The templates we isolated
this important gene in rats. were completely homologous with cDNA

sequencescorrespondingto exons6 and 7 in our
Because the Rb gene is commonly defective in deduced gene structure. No intervening
human osteosarcomas and some lung tumors, sequence occurred between the sequence
and because dogs exposed to inhaled plutonium corresponding to these two exon regions.
developed this form of cancer, we focused on Although the size and structure of the single
preparing reagents for analysis of the dog Rb amplicon 6 to amplicon 7 sequence is consistent
gene. We now have generated fragments that with a product generated from a processed
include 70% of the coding region of the gene. pseudogene template, its sequence does not
These gene fragments will serve as probes for vary from that of the cDNA, as do pseudogenes.
northern blots and will provide a means to search Also, amplification fragments generated using
for mutations and deletions in experiments primers that flank exons 5 and 8 or introns 5 and
planned for FY93. 8 of the deduced structure do not contain inter-

vening sequences between exons 6 and 7, but do
We previously deduced a tentative structure of contain intron 5 sequences contiguous with the
the rat p53 gene based on sizes and locations of exon 6 to exon 7 region, showing that it is not a
introns within the mouse and human p53 genes, pseudogene.
PCR assays made apparent the occurrence of a
p53 pseudogene within the rat genome. We To provide the information needed to synthesize
found that the pseudogene is a 'processed" PCR primers for analysis of the gene, we ascer-
sequence; it lacks introns and retains close tainedthe intron sequences within 25 bp of each
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sequencing four different amplification products
directly and four clones of a fifth one. Each of two

1 2 3 4 5 6 7 8 9 10 1112 13 sequences contained a single base not present in
1_;:_6 the other. The sizes of introns 2 through 9 shown

in Figure 2 were deduced by comparing sizes of
amplicons generated from the p53 gene and

lOl_ processed pseudogene(s) (also see Figure 1).

The two splice junctions upstream from exon 2
were sequenced from a clone of genomic p53

517-- isolated from a rat genomic library, To estimate
:L95-- the size of intron 1, we used cDNA primers from

exons 1 and 2 and amplified a 6.5-kb fragment
29_ from the lambda clone. The first intron was esti-

22o _ mated to be 6.2 kb by subtracting the lengths of
2oi-J- exons 1 and 2. The identity of the 6.5-kb frag-154
134--3 ment was confirmed by blotting and probing indi-

75-- vidually with cDNA probes specific for exon 1
and exon 2 (Figure 3).

FIGURE 1. Two Major Products Are Amplified Using Primers
That Flank More Than One Exon of the Rat p53 Gene. Primers With one exception,cDNA primers flanking more
used correspond to cDNA sequences. Regions of gene and than 1 exon generate amplificationproductsfrom
pseudo-gene amplified are indicated by lines on graphic the gene and at least one processed pseudo-
representationof deducedstructures. Amplification products gene template (see Figure 1). The sizes of these
were electrophoretically separated on 1,5% agarose gel and fragments are consistent with the gene and
stained with ethidium bromide. Arrows indicate amplicons in
lane 12 that were determined by Southern biot to contain pseudogene structuresdeduced fromthe human
sequences corresponding to exons 10 and 11, Table 1 out- and mouse gene structures. The sizes of the
lines contents of each lane and expected and observed sizes introns 1 through 9 (Figure4) were estimatedby
of amplified fragments. Lanes 1 and 13 contain molecular size subtracting the length of exon sequence flanked
markers, Predicted molecular sizes are based on structures of by the primers from the size of the fragmentmouse and human p53 genes; sizes are given in numbers of
bases, and fragment sizes observed are estimates based on observed. These were consistent with the sizes
resolutionofmarkers, of introns in the other two species, except for the

singleampliconyielded from cDNA primersflank-
GeneSize: Pseudogene Size: ing exons6 and 7. The rat p53 gene differsfrom

Primers: Predicted/ Predicted/ the mouse, human, and Xenopus gene structuresLane Flank Exons Observed Observed
in that ithas only10 exonsand 9 introns. Despite

2 2and3 375/380 105/110 this difference, the conservation of the gene
3 2 and 4 729/740 369/375 structure through evolution is remarkable. The
4 2 and5 1692/1700 552/540 sizes of the exons, introns,and locationsof splice5 4 and 5 1237/1250 457/490

6 5 and6 397/390 317/310 junctionsare similarfor ali species for which the
7 6 and 7 613/220 223/220 gene structures are defined. The intron
8 7 and8 566/550 246/250 sequencesreported here provideprimer sites for
9 7 and9 741/750 341/340 amplifying selected regions of the rat p53 gene
10 8 and9 310/320 230/225 (but not the pseudogene) for detection of muta-
11 9 and 10 1013/1020 183/180

tions within ali the exon sequences.12 10 and 11 890/900 190/210

The intron sequences have been used to synthe-
slice junction (Figure 2). The splice junctions size a set of primers within introns for amplifying
downstream of exon 2 were sequenced directly the exons of the rat p53 gene. These primers
from PCR and from cloned amplification products, also have RNA polymerase promoters 5' to the
The intron 5 sequence adjacent to exon 5 was intron sequences. We will amplify the desired
polymorphic (Figure 2); this was confirmed by exons from radon-induced rat lung tumors and
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14 ' o
ACTGG.GTAAGTAACTGAGCGTGATGAGTCC..._rfl. 1...CAGTACACAGATGTTCTCTCTGCAG:ATAAC

' D,;_uuop

At_ 9_7:GTGAGTGGATCTTACAGGGCCCCTG...i;tT_/...CTAATrCTCTGCTCTTGTTCTCCAG:TCTTC

119 intron 3
TTCTG:GTAAGGAGCCGGGCAAGAGGGGACT... 90 bp ..,_GGTTC_rC_'rTGGCCCATCCACAG:CCCAC

392 ' r, , _nt on 4
GCACG:GTCAGTGGGCCTGAAGAGT1 GCTTT... 780 bp ""_TrGATTCTi_TCTCCTCTCCTACAG'_GACG

576
eT T intron

TGACG:GTGAGCACTGGGCACTGC G GGGG...80 bp 5""GCCTCTGACTTATTCTTGCTCTTAG_CCTG• C

TCC799TAGGAAGCTGTGTGCCAGGTTGGG...i;27_/...CTGTGCCTCCTCTTGTCCCGGGTAG,rGGGA

936
GAGAG:GTGAGCAGGCAGGACAAAGAAGGTG... intron 7...CACCCCTTGCTCTCTCC,I, rCCATAG:CACTG

80 bp

1010 ' r
'rrAAG:GTACCAAG GTrATTA'I'rG GATTAATA... ';_;_;...CTGTCCTACTTCATCCTTGCTACAG'.ATCCG

1117 intron 9
TCCAG:GTGAGTGACCTGGGGCAGCGCCTGG... 700 bp "''TCCCTCCCTTTrCTGTATrCCTATAG:CTACC

FIGURE2. SequercesAdjacentto SpliceSitesandSizesof InterveningSequencesWithinRatp53 Gene. Splicejunctions
betweenexonandintronsequencesareindicatedwithcolons.Locationsof splicejunctionsinratcDNAareshownontheleftof
eachline. SequencepolymorphismwasdetectedinIntron5, adjacenttoexon5. Thesecondintron5 sequencewashomologous
tothatshown,o_ce_.(whereindicatedbelowtheline.Eachpolymorphicsequencecontainedasingledeletion,indicatedbyadot.

make T7 (sense)and SP6 (antisense)RNA trans- changes. Mutations of p53 will be defined by
cripts of the exons. We will then use these RNA sequence analysis of the exons that contain
fragments in electrophoresis gels that can detect them. We plan to identify a spectrum of muta-
mutations by virtue of electrophoretic mobility tions in p53 in the radon-induced tumors.
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FIGURE 3. Southern Biot Analysis of Amplicon Generated
with cDNA Primers Flanking Exons 1 and 2 of Rat p53 Gene.
A. Lane 1 contains molecular weight markers; lane 2, 10/JI of
amplification reaction; lane 3, autoradiograph of sample
shown in lane 1 after blotting and probing with exon 1-specific
oligonucleotide. B. Second autoradiograph of PCR sample
that was electrophoretically separated, blotted, and probed

with exon 2-specific oligonucleotide,

I 2 3 4 5 6 7_ 9 I_D

iiiii

I

---- 500 bp

FIGURE 4. Newly Defined Structure of Rat p53 Gene and
Representation of Cloned Fragments Used for Determining
Intron Sequences Adjacent to Splice Junctions. Noncoding
regions of cDNA sequence are shown as solid boxes; open

boxes represent coding exon sequences. The PCR template
used to generate two clones (asterisk, *) was isolated from rat
genomic library; ali other PCR template DNA was isolated from
fresh rat liver.
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Genotoxicity of Inhaled Energy Effluents

Principal Investigator: A. L. Brooks

Other Investigators: W. K. Yang, (a) K. E. McDona/d, C. Mitche//, and G. E. Dag/e

The interaction of cellular and genetic damage induced by low- and high-LET radiation damage with that
produced by chemicals is being studied to identify health risks associated with the nuclear industry and
nuclear waste sites. Mechanistic studies are in progress on the induction of chromosome damage and
the role of altered oncogenes in the induction of cancer. Using fluorescent in situ hybridization (FISH)
techniques, radiation-induced translocations and deletions were seen to have the same dose-response
relationships, suggesting that a similar number of "hits' were involved in their induction.

Research on the potential interaction of mutated oncogenes with 239pu and the organic solvent CCl 4 in
the production of liver cancer showed an initial increase in the frequency of liver nodules induced by the
combined exposures relative to those exposed to either agent alone. Analysis of early liver nodules
indicated that the cells in the nodules expressed either K-ras or neo and were clonal in origin. Survival
was decreased and tumor frequency increased in animals that received the combined exposure relative
to those exposed to single insults.

i

Our research uses both in vivo and in vitro cellu- The relationships between combined exposures
lar techniques to investigate potential toxicolog- and cellular responses, when measured as cell
ical interactions between effects produced by killing, induction of micronuclei, sister chromatid
radiation and chemicals in the work environment, exchanges, chromosome aberrations, and
Several problems are associated with defining changes in cell cycle, provide preliminary infor-
health risks associated with mixed wastes in the mation on potential interactions. The role of
nuclear industry. First, the site of action and chromosome aberrations during cancer induc-
responses may differ for each insult. Second, tion is well defined, lt is also known that stable
the dose-exposure terms for radiation and chromosome aberrations that can survive cell
chemicals are hard to express in common units, division can be induced by radiation and that
Finally, it is difficult to convert exposure to these types of abnormalities are present during
biologically significant dose for chemicals and to the progression of cells toward cancer. Informa-
relate this dose to a measured response, tion about the mechanisms involved in the pro-

duction of these aberrations and h')w well they
These factors complicate the comparison of risk survive in a dividing cell population is important
from radiation with risk from exposure to carcino- in understanding the carcinogenic process.
genic chemicals and determination of how these
risks interact in combined exposure. Another The influence of mutated oncogenes, whether
complication is that damage from two or more present because of genetic predisposition or
carcinogens may be additive, synergistic, or induced by environmental insults, can also result
antagonistic, depending on the concentration, in changes that are significant in the carcino-
time of exposure, biological site of attack, and genic progression of cells. The interaction of
endpoint evaluated. The important problem of such changes with those induced by environ-
calculating risks for combined exposures mental pollution, such as associated with nuclear
requires a range of approaches. Mechanistic waste cleanup, needs to be defined.
understanding is required to identify areas of
potential concern from combined exposures.

(a) Oak Ridge National Laboratory,Oak Ridge, Tennessee,
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Results and Discussion distribution, and types of aberrations involving
the human chromosome were evaluated for 100

Mechanisms Involved in Chromosome cells at each dose level.
Aberration Production

The dose-response relationship for the induction

These studies were conducted with AL cells, a of both deletions and symmetrical chromosome
cell line with a single human chromosome 11 in translocations is shown in Figure 2. This rela-
a Chinese hamster background. By using total tionship indicates that the induction of these two
human genomic probe (Oncore, Inc., types of abnormalities follows similar kinetics,
Gaithersburg, MD) it is possible to 'paint' the suggesting that similar mechanisms are involved
human chromosome as shown in Figure lA. in their production.
This technique permits following
radiation-induced changes in this chromosome New information on the basic mechanisms
very accurately (Figure 1B). Cells were exposed involved in the induction of chromosome dam-
to 0.0, 2.0, 4.0, 8.0, and 12.0 Gy and harvested age and cancer is applicable to the evaluation of
for chromosome evaluation 24 hr later when the health risks of occupational radiation expo-
most of the cells would have developed sure, radiation accidents, and nuclear waste-site
chromosome-type aberrations. The frequency, cleanup.

lA 1B

FIGURElA and1B. KaryotypeofA LCells:HumanChromosomeStainedUsingFluorescentin SituHybridization(FISH)Techniques.
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0.3" TABLE 1. ExperimentalDesign:Evaluationof the Effect
of Interactionof Oncogenesand Alpha Radiationon
Survivaland LiverCancer

O
_ Female Ml©e
m,=

o

0.2, Deletions Group 1 Plutonium,30 days; CCI4,
1 day; ras oncogene 30 mice

O

= / SDymm_etr Group2 Plutonium,30 days; CC,4,
¢_,._ 1 day;nee oncogeno 30 mice
"- Ical• 0.1
J_ I"1 / Translocations Group3 CCI4, 1 day',ras oncogene;

<C _ 30 days, plutonium 30 mice

0.0 _ • ,' • , • , Group4 CCI4, 1 day; nee oncogene;.... 30 days, plutonium 20 mice
0 2 4 6 8 10 12

Group 5 CCI4, 1 day; ras oncogene 30 mice

Dose (Gy)
Group 6 CCI4, 1 day; nee oncogene 20 mice

FIGURE 2. Comparisonof Radiation-InducedDeletions
and SymmetricalTranslocationsin Chromosome11 Using Group 7 Corn oil, 1 day; plutonium 20 mice
FISH-StainedALCells.

Group 8 Corn-oil-onlycontrols 20 mice

Combined Effects of Oncogenes Group 9 Cage controle 20 mice

and Plutonium Male Mlce

The experimental design for the study is shown Group 10 COl4, 1 day;rasoncogene;
in Table 1. 30days, plutonium 20mice

Group 11 CCI4, 1 day; ras onoogene 20 mice

B6 C3 F1 mice were injectedwith 27 Bq 239pu/g
body weight either 30 days before or 30 days
after the injection of oncogenes in a retroviral er incorporationof the genes into the liver,mice
vector. This treatment caused an initial liver were gavaged with 0.!5 ml of 20% CCI4 in corn
burden of 110 Bq/g, which was rapidly cleared oil 24 hours before the oncogenes were given.
and resultedin a changing dose rate to the liver The CCI4 caused liver cell necrosis and cell
(Figure3). The dose rate was estimatedto be proliferation,thus aiding in the incorporationof
8 mGy/day at day 1 and to decrease to retroviralvectorsand oncogenes into livercells.
1.8 mGy/day by 50 days after injection. The
total radiation dose to the liver was estimated to At 323, 448, and 629 days after the exposure,
be 0,37 Gy by 330 days when the first animals 33, 54, and 52 animals, respectively, were
were evaluated for the induction of nodules and sacrificed and evaluated for pathological
tumors. The dose rate had decreased to changes. Animals that died were also studied.

0.2 mGy/day at this time and, assuming a Nodules from animals sacrificed at 323 days
constant retention, was calculated to produce an after the start of the study have been analyzed
additional 0.058 Gy during the remainder of the for the presence of the mutated K-v-ras once-
study, gene and the nee gene. Ali the liver nodules

expressed either the ras or the nee oncogene,
The oncogene used in this study was the but the normal tissue did not express these
mutated Km-v-rasgene placed in a retroviral genes, suggesting the nodules were clonal in
vector, The nee gene was placed in the same nature and that the genes were incorporated in
vector and served as a control, To ensure prop- the nodule at an early time.
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_20- exposed to CCI4, ras, neo, or to 239pu only, had
a single hepatocellular carcinoma in 66 animals,

_o0 about 1.5%. Animals exposed to CCI 4, 239pu,

and the oncogenes demonstrated nine hepato-cellular carcinomas in 89 animals or 10%, sug-
gesting that combined exposure caused a

sevenfold increase in tumor frequency. Notumors were observed in the 35 cage control
m animals or those that received corn oil only; no

bile duct tumors were observed. Three osteo-

-I sarcomas were observed, one in an animal that
received 239pu alone and two with 239pu plus

_ neo oncogene.
0 "f---'--','--'P-- "

0 100 200 300
A similarevaluation showed the presence of liver

Days Post Injection nodules in 65%, 33%, and 23% of the animals
following combined treatment, single treatment,

FIGURE 3. Retention of 239pu Citrate in Liver of BeC3F+ and controls, respectively. Animals receiving
Mice, either 23Spu(7/17) or ras (13/25) singly showed

elevated frequency of liver nodules but had only

Survival was evaluated using a life table method 0 and 1 liver tumor, respectively. Such results
to account for animals removed from the study suggest that there are multiple steps during the
for molecular and pathological evaluation (Fig- carcinogenic process in liver and that either
ure 4A and 4B). In Figure 4A, nonexposed anl- 239pu or the ras oncogene can cause the cells to
mals, animals exposed to only one agent, and progress to the stage at which liver nodules
animals exposed to CCI4 plus the oncogenes are develop. Using the current experimental design,
plotted as a function of time after the start of the it seems that induction of liver tumors is more
study. These data show little life shortening effective when both insults are involved, thus
relative to controls with any of the individual providing more of the essential steps toward
exposure schedules but some increase in mortal- cancer development. For example, the radiation
ity at long times after exposure. In Figure 4B, dose from plutonium exposure was calculated to
survival is followed in the groups that had com- have produced chromosome aberrations in
bined exposures to CCI4,23Spu,and oncogenes, about 10% of the liver cells. Such damage could
These data illustrate an increase in mortality in cause loss of tumor suppressor genes and cell
these animals, with combined exposure to ras, killing, both of which have been shown to
CCI4,and 239pu being the most effective insult in increase cell proliferation. The experiments also
producing life shortening. A minor effect of the suggest that the presence of tile ras gene at the
sequence of exposure on survival was suggest- time of plutonium injection is more effective in
ed; administration of the oncogene before plu- producing life shortening but that sequence of
tonium injection caused greater life shortening exposure does not affect the development of
than when the sequence was reversed. The cancer. However, the number of tumors
mutated oncogene thus seems to initiate observed is so small that these observations
changes that are better expressed in animals require further additional experimentation.
that are exposed to plutop.ium.

This line of research helps provide a mechanistic
The pathological results of these studies are foundation on which the role of the interaction of
summarized in Table 2. Evaluation of the radiation, oncogenes, and chemicals can be
nodules demonstrated that at sacrifice at defined in the production of chromosome and
323 days no nodules were classified as cellular damage. Such data provide a back-
carcinomas or sarcomas. As the mice became ground against which health risks in the nuclear
older, the incidence of liver tumors and nodules industry and during nuclear waste site cleanup
increased. Table 2 demonstrates that in animals may be evaluated.
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FIGURE 4. A. Life Shorteningfor Controland BsC3F1 Mice Exposedto a Single Insult(K.ras, neo, or239Pu). No significantlife
shorteningoccurred. B. Life Shorteningfor BsC3F1 Mice Exposedto Combined Insultsfrom 239Pu 4" neo or 239Pu -F K-ras.
Significantlife shorteningoccurredregardlessof sequenceof exposure.

TABLE 2. HistopathologicalObservationsin BsC3F1 Mice Exposedto Oncogenes and 239pu

Death, Sacrifice, Death, Sacrifice, Death, Sacrifice,
day day day day day day

7-323 323 332-448 448 448-629 629 Histopathology

Experimental
Treatment M N C T N C T N C T N C T N C T N C T N C T

Females

Pu +ras + CCI4 30 0 0 3 2 0 4 3 0 5 6 1 6 2 1 2 1 0 1 9 14 2 21

Pu + neo + CCI4 30 0 0 0 1 0 4 0 0 2 3 0 6 1 0 3 6 2 6 9 11 2 21

ras + Pu + CCI4 30 2 1 4 3 0 3 7 2 7 6 0 6 1 0 1 0 0 0 9 19 3 21

neo + Pu + CCI4 20 0 0 1 0 0 3 2 0 4 4 0 8 0 0 0 0 0 0 4 6 0 16

ras + CCI4 30 2 0 2 6 0 7 1 0 1 2 0 6 1 0 1 1 1 8 5 13 1 25

neo + CCi4 20 0 0 0 0 0 4 0 0 0 1 0 6 0 0 1 1 0 5 4 2 0 16
Pu 20 0 0 0 0 0 4 0 0 2 3 0 6 0 0 0 4 0 5 3 7 0 17

Corn oil 20 0 0 1 0 0 2 0 0 0 1 0 4 0 C 0 3 0 8 5 4 0 15

Cage control 20 0 0 0 0 0 2 0 0 0 0 0 6 0 0 0 4 0 12 0 4 0 20
Males

ras + Pu + CCI4 20 0 0 0 3 0 4 5 2 6 10 8 2 10

ras + CCI4 20 0 0 0 5 0 6 2 0 2 12 7 0 8
....

Key: M = Total number of mice
N = Number with nodules
C = Number wtth cancer
T = Total dead.
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Molecular Events During Tumor Initiation

Principal Investigator: D. L. Springer

Other Investigators: D. B. Mann, B. D. Thrall and C. G. Edmonds

Benzo[a]pyrene diolepoxide (BPDE), a prototype polycyclic aromatic hydrocarbon, forms a number of
covalent modifications to DNA that impede the progression of polymerases. By taking advantage of
these polymerase blocks, we determined the frequency and location of adducts on the 5S rRNA gene.
Results from studies with several polymerases and the 3 "_ 5' exonuclease activity of T4 DNA poly-
merase, using naked DNA that was modified with BPDE,demonstrated that regions rich in deoxyguanine
residues are more heavily modified than other regions. Because cellular DNA is associated with a variety
of proteins, we developed methods to reconstitute supercoiled pGEM-5S plasmid with core histones.
This preparation, which mimics a domain of cellular chromatin, resisted restriction enzyme digestion in
the region of the 5S rRNA gene where a nucleosome is expected to form, confirming the presence of this
nucleosome. When this reconstituted plasmid was incubated with (+_)-anti-BPDE,less binding was
observed on reconstituted DNA than naked plasmid, suggesting that interaction between the DNA and
histones protected the DNA from BPDE modification. In addition, when a site-specific, BPDE-modified
oligomer was incubated with a polymerase, a significant amount of synthesis past the lesion was
observed. The position of polymerase blockage and the amount of translesional synthesis varied with
the polymerase used. Other efforts were directed at preparing and characterizing core histone from
cells grown under conditions that produce modified histones. Characterization of these preparations by
electrospray ionization mass spectrometry demonstrated covalent modification (acetylation) of his-
tone H4. Future studies will involve reconstitution of the pGEM-5S plasmid with modified core histones to
determine whether accessibility of BPDEto the DNA is altered.

lt is well established that damage to DNA, hydrogen and ionic bonds. Transcription of
whether from radiation or from chemical adducts, genes is regulated, at least in part, by modifica-
is a necessary, but usually insufficient, require- tion of histones through acetylation, methylation,
ment for tumorigenesis. Studies with the reactive phosphorylation, and ADP ribosylation. The
metabolite of benzo[a]pyrene (i.e., benzo[a]- modification that is best understood is acetylation
pyrene diolepoxide, BPDE) have demonstrated of basic amino acids, which decreases the num-
that BPDE adduction yields a number of stereo- ber of ionic bonds between the phosphodiester
isomeric forms and that most of these modi- backbone and protonated amine groups located
fications are to the exocyclic amino group of primarily on the N terminus of core histones.
deoxyguanine (Straub et al. 1977). These modifi- These modifications function to weaken the inter-
cations impede the progression of DNA and RNA action between DNA and core histone and allow
polymerases. We have taken advantage of these enzymes access to the DNA. Portions of the DNA
blockages to map the location of adducts on the that are actively transcribed are usually in the
5S rRNA gene (Thrall et al. 1992). Results from more open conformation and may also be more
this work demonstrated that regions rich in dG accessible to damage from radiation or
residues were preferred binding sites when chemicals.
naked DNA was modified by BPDE.

These effects suggested that we conduct studies
Under cellular conditions DNA is closely associ- to determine whether adduct locations and fre-
ated with a number of proteins including histones, quencies of adduction are altered in plasmid DNA
These specific interactions function to condense reassembled into nucleosomes (reconstituted)
the DNA into chromatin through several types of relative to naked DNA. This report describes our
bonding including hydrophobic interaction, results, including: (1)BPDEadductmapsforthe
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5S gene using the 3" -+ 5" exonuclease activity of
T4DNA polymerase, (2)characteristics of recon- 1 2 3 4 5 6 7 8 9 10
stituted plasmid using the gel mobility shift assay m II'
and restriction digestion, (3) translesional synthe- lib /
sis by DNA polymerases using site-specific ii

BPDE-modified oligomers, and (4) electrospray I "ionizat;on-mass spectroscopy (ESI-MS) charac- 2._

terization of acetylated histones, iii, __ _]__ i ill_ /

Mapping ,c_'_BPDE Adducts Using T4 _ II

(3"'-* 5") Exonuclease Activity

Piasmid (10 pg) adducted with BPDE was
digested with EcoRI, dephosphorylated using calf i
intestinal phosphatase, and 5"-end-labeled with _ _1_
75pCi of [y-32p]-ATP using T4 polynucleotide ,li .... iii ikinase. After a second digestion with Hindlll, =/which resulted in a 219-bp fragment containing '
the 5S rRNA gene with a 5"olabeled template lt tl

strand, the fragment was purified on a B
2% agarose gel. The 219-bp fragment was
located on the gel by autoradiography and recov- ii
ered by centrifugation through 0.45-/Jm cartridge W
filters (Rainin, Woburn, MA), with typical yields of t ---
60% to 70%. Digestion with T4 DNA polymerase
(3" --,5" exonuclease) was done as described by o
Gale et al. (1987). Digestion of BPDE-adducted el

DNA with T, DNA polymerase (exonuclease) I il
resulted in a fragment pattern very similar to a lilt "_
Sequen_.seddGTP lane, but shifted 2 or 3 bases """
longer than the corresponding guanine (Fig- 111 t
ure 1). I
Because most of the DNA fragments are reduced II
to shot oligomers by the T4 digest, the samples
were run through NENSORB columns before
electrophoresis. This procedure, in addition to FIGURE 1. T4 DNA Polymerase (Exonuclease) Digestion Map
amplifying the banding pattern of the adducted of AdductLocationsin219-bp Fragmentas Determinedby

samples, also dramatically amplifies the random Exonuclease Digestion Scheme of Gale ,_t al. (1987). Lane 1:

(nonspecific) pattern in the nonadductedcontrol. Nonadducted :_:,r,-'ple digested with T4 polymerase without

Figure 1 (lane 2) shows that the only fr_,gments NENSORL_columnconcentrationbutwith8-foldradioactivityloaded. Lanes 2 and 3: Nonadducted _nd BPDE-adducted

retained are those not digested to completion, samples, respectively, digested with T4 p_lymerase and con-
Although the adducted sample3had a banding centratedwithNENSORB.Lane4: ddGTPSequenciny.

pattern very similar to the G lane, it is apparent Lanes5 and6: Nonadducteda,,dBPDE-adductedsamples,
that the minor amount of DNA remaining after respectively, not digested with T4 exonuclease.Lane7:
digestion of the nonadducted sample yielded a ddGTP Sequencing that corresponds to lane _. Lane 8:

much different pattern with very little sequence Higher resolution map of BPDE-adducted sample. Lanes 9and 10: BPDE-adducted and pyrimidine dimers, respectively,

specificity. Similar to previous mapping results showdigestive patternsof similardamage. BPDE, benzo[a]-
(Thrall et al. 1992), there was a distinct bias for pyrene diolepoxide; GTP, guanosine triphosphate.

adduction of the 5' end of the polyd_G)s region

_
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(lanes 3-4 and 7-8). Samples that were not the 3' end of the modified strand (Singh et al.
digested with T4 polymerase (lanes 5-6) show 1991). Such conformational differences may
that nearly ali the radioactivity was associated explain the differences in position of the arrested
with the 219-bpfragment. polymerase in DNA modified with racemic (_)

BPDE.
Further comparison of the T4 polymerase-
exonuclease digestion pattern was made We have also found selective modification of gua-
between the 219-bp DNA fragment containing nines at the 5" end of a poly d(G) region (bases
BPDE adducts and pyrimidine dimers induced by 58 through 65) at ali adduction levels analyzed, lt
254-nm UV irradiation. BPDE binds almost exclu- is interesting to note that this was found with both
sively to purines (primarily guanine), and absorp- the primer extension assay using SequenP,_eand
tion of UV light forms predominantly cyclobutyl the T4 exonuclease digestion. Because these
dimers at adjacent pyrimidines; the resulting two enzymes "read" the DNA damage pattern
digestion patterns are expected to be quite differ- from opposite directions (5"--, 3" and 3'--, 5",
ent. The digestion patterns shown in lanes 9 and respectively), this indicates that the bias in
10 of Figure 1 demonstrate this difference, and adduction of the 5" end of poly d(G) sequences
the stops produced by these two different types is not a template artifact. In addition, previous
of damage closely parallel the locations of gua- studies using chemical cleavage methods for
nines (BPDE) or pyrimidines (UV) in the mapping the distribution of alkali-labile adducts
sequence, from BPDE suggest that the strongest sequence

determinant of adduction at a particular guanine
In DNA adducted with BPDE, we have found that is the presence of 3" flanking guanines (Rill and
the progression of both DNA and RNA polymer- Marsch 1990). In terms of defining adduct
ase, as well as a 3"--'5" exonuclease, was distributions, comparison of the data for
blocked. Such inhibition likely contributes to the Sequenase and T4 exonuclease indicates that
cytotoxicity of BPDE and may be involved in its there are advantages and disadvantages in each
tumorigenic activities. An earlier study (Moore approach, although both methods provided
and Strauss 1979) in which primer extension similar adduct distributions. The exact position of
analysis was used suggested that DNA polymer- T4 exonuclease blockage is uncertain because
ase l (Klenow fragment) was arrested at the base the presence of the adduct may alter ge!
immediately preceding an adducted guanine. In migration. However, the use of T4 exonuclease
our studies, cloned T7 DNA polymerase activity to define adduct positions is more readily
(Sequenase) was blocked either at, or one base adaptable to a variety of DNA targets, whereas
preceding, an adducted guanine, or both; at the the primer extension procedure (Sequenase)
levels of modification used, very few blocks are performs most efficiently with plasmid DNA and
seen at bases other than guanine (Thrall et al. single-strandedtemplates.
1992). Whether the blockage occurred at or one
base preceding an adducted guanine varied Reconstitution of the pGEM-5S Plasmid
between different sequences of DNA with no obvi-
ous predictable pattern. Different adduct confor- Studies suggest that hot spots for BPDE binding
mations may explain the different positions of to DNA in vitro do not necessarily correlate with
polymerase arrest. Energy minimization studies the mutations observed in vivo (Marien et al.
suggest that DNA lesions produced from Jifferent 1989). One reason for this discrepancy may be
enantiomeric forms of BPDE have different spatial that the binding patterns of BPDE in nucleosomes
orientations. Adducts from (+)-anti-BPDE reside and higher order structure may be significantly
predominantly at the N-2 position of guanine in different than those seen in naked DNA. To
the minor groove, with the pyrenyl moiety thought address this question, we have developed a plas-
to be directed toward the 5" end of the modified mid DNA model in which isolated histone cores
strand; however, adducts from (-)-ant/-BPDE can be used in the reassembly of nucleosome
show two possible structures (major and minor structure. Briefly, histone cores were isolated by
groove), both placing the pyrenyl moiety facing hydroxy3patite chromatography (Stein 1989).
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Reconstitution of plasmid DNA with core histone of the reconstituted plasmid (lane 3) is retarded
particles was accomplished by stepwise dialysis, relative to the native plasmid (lane 2), and
Histone core proteins and plasmid were mixed in removal of the proteins by digestion with protein-
a 0.5:1 wt/wt ratio (respectively) in buffer contain- ase K restores the native migration pattern
ing 1 M NaCI, 20 mM Tris-CI (pH 7.2), 0.2 mM (lane 4), indicating that the reconstitution proce-
EDTA, and 0.1 mM phenylmethylsulfonyl fluoride dure did significantly disrupt supercoiling of the
(PMSF). The sample was dialyzed at 4°C in Spec- plasmid. Partial digestion with micrococcal nucle-
trapore MWCO 8000 dialysis membrane for 8 hr ase (lane 5), which preferentially digests linker
each in buffers containing 0.8, 0.1, and (naked) DNA, resulted in a single DNA band that
0.05 M NaCI. Digestion with micrococcal nucle- migrates at approximately 146bp, the size of the
ase at 37°C used the final reconstitution buffer nucleosome core. In addition reconstitution of

and 1 mM CaCI2 with 1 unit of micrococcal nucle- nucleosomes protected the DNA from digestion
ase per microgram DNA for 5 rnin. Restriction with the restriction enzymes BamHI and Pstl,
digestion and digestion with proteinase K utilized which cut at sites within the predicted 5S rRNA
standard buffers and procedures recommended nucleosome region (Figure3). Digestion with
by thesupplier (B.R.L.). EcoRI, which cleaves at a site approximately

50 bp downstream from the predicted edge of the
Reconstitution was analyzed by electrophoresis 5S nucleosome, is also inhibited. This suggests
in 1% agarose gels in TBE (Figure 2). Migration that a nucleosome with a short linker region of

•-- O9

_ v c _ -

•_ 8 0 CO 0 EL,,. z ,,,rr- rr rr N R N R N R N R

123--_

FIGURE 2. Analysis of Reconstituted pGEM-5S by Enzymatic
Digestion and Agarose Gel Electrophoresis. Native and recon-
stituted pGEM-5S samples were subjected to electrophoresis FIGURE 3. Restriction Digestion of Native and Reconstituted
on 1% agarose gel in TBE buffer for 4 hr at 4 V/cre. Lane 1: pGEM-5S. Native (N) and reconstituted (R) plasmid DNA were
123-bp ladder. Lane2: Native plasmid. Lane 3: Reconsti- digested with 1.25 units of BamHI, EcoRl, or Pstl restriction
tuted sample. Lane4: Reconstituted sample digested with enzymes per microgram DNA for 1 hr and separated on

i-roteinase K. Lane 5: Reconstituted sample after partial 1% agarose gel in TBE buffer. Shift in gel mobility demon-
digestion with micrococcal nuclease digest and proteinase K strates ability of enzyme to linearize only native plas',nid
treatment, samples.
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less than 50 bp is formed adjacent to the 5S rRNA unlikely that the large decrease in binding to
nucleosome. The results shown in Figures 2 and reconstituted DNA can be explained by binding to
3 demonstrate the formation of nucleosomes histone molecules rather than DNA. These

within the 5S rRNA region of the plasmid and sug- results illustrate the potential importance of
gest that adjacent nucleosomes may also be nucleosome structure in studies of DNA
formed in fixed positions, modification by carcinogens. Studies designed

to determine structure in studies of DNA modifica-

Figure 4 shows the time course for modification of tion by whether nucleosomes alter the distribution
native and reconstituted plasmid DNA with 10 pM of BPDE binding to plasmid DNA are under way.
[3H]-(+_).anti-BPDE. These results demonstrate
that the initial rate of BPDE binding to DNA is Translesional Synthesis by DNA
inhibited by the presence of nucleosome struc- Polymerases in BPDE-Modified DNA
tures. After 5, 15, and 30 rain reaction time,

approximately 37% fewer adducts form in the lt is clear that bulky adducts such as those pro-
reconstitutedsample as compared to native DNA. duced by BPDE block the progression of both
Because a molar excess of BPDE to DNA mole- DNA and RNA polymerases. However, the pro-
cules of more than 80 fold occurs in the reaction, duction of a mutation requires that at least a frac-
the number of BPDE molecules available for reac- tion of these interactions result in bypass, or
tion is not a limiting factor. Thus, it seems 'translesional' synthesis. To investigate this

hypothesis, we are using synthetic oligonucleo-
tides modified in a site-specific manner with

1.0 BPDE. A 17-mer containing a single deoxygua-
nine residue (5"CTTCGCTTCTCCCTTTC3') was

0.8- modified with (+_)-anti-BPDE and the non-
adducted and adducted DNA fragments were
separated and purified by reversed-phase HPLC.

0.6 A complementary 12-base primer was then used
to determine the ability of various polymerases to

'_ extend the primer one or more bases. As shown
0.4

in Figure 5, Sequenase (T7 DNA polymerase) was
< blocked primarily one base before the deoxygua-

0.2 nine in the adducted sample; however, a signifi-
[] Recon. cant amount of full-length DNA was also pro-

duced, suggesting that not ali the adducts block
o J q _ _ the polymerase. Similar analysis using DNA

0 6 12 18 24 30 polymerase I (Klenow) revealed the tendency for
Minutes s9211o881 the enzyme to add an additional base during

synthesis, even on nonmodified templates. In
FIGURE 4. TimeCourseof Benzo[a]pyrene Diolepoxide addition, the blockage of Klenow in the adducted
(BPDE) Adduct Formation in Native and Reconstituted sample was primarily opposite the deoxyguanine
pGEM-5S DNA. Native and reconstituted DNA (250pg/ml)
was incubated with 10 pM [3H]-(+_)-anti-BPDE for 5, 15, and residue, with much less full-length DNA pro-
30 rain on ice in the dark. Reactions were stopped by rapid duced, differing from the results obtained with
extractionwith phenol:chloroform:isoamyl alcohol (24:24:1) Sequenase. These studies suggest that not ali
and ethanol precipitation. Samples were then digested with BPDE adducts are absolute blocks to DNA
proteinase K, extractedtwicewith phenol:chloroform:isoamyl synthesis and that the amount of bypass syn-alcohol, and again precipitated with ethanol. Level of covalent
binding was determined by liquid scintillation analysis and UV thesis depends on the particular polymerase
spectrophotometry, involved. Further characterization of the nucleo-

tides inserted opposite the BPDE adduct are
under way.

=
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butyrate, a deacetylase inhibitor that results in
hyperacetylated chromatin. Reversed-phase
HPLC separation yielded samples of the individ-

E Sequenase Klenow ual histone, and triton-acid-urea polyacrylamide
'E
a. N A N A gel electrophoresis of histone H4 demonstrated

that control samples contained predominantly
two histone species (probably modified by mono-

db ,0 and di-acetylation), whereas samples from

4lh "4-- 1 7 butyrate-treated cells were composed of five spe-ties in approximately equal abundance
(Figure 6). ESI-MS indicated that the modified
H4 species (Figure 7) differed from each other by
42 daltons with measured masses consistent with

_--1 3 dimethylated, monoacetylated H4 and further
successive additions of acetyl moieties up to a

dlb " "4--- 1 2 total of five.

Lane_ m

FIGURE 5. Primer Extension Analysis of Nonadducted and 1 2Adducted 17-mers. Nonadducted and adducted 17-mers con-

taining a single deoxyguanlne at position 13 were annealed
with a 32p-end-labeled complementary 12-mer, incubated with

Sequenase or Klenow enzyme in presence of deoxynucleotide
triphosphates, and separated on 20% denaturing polyacryla-

mide gel that was exposed to autoradiographic film for 2 hr.

Reconstitution Studies Using Modified
Histones

Several linesof evidence indicate that chromatin

structure is at least partially controlled by modifi-
cation of histones. For example,hyperacetylation
is a prerequisiteto transcriptionof many genes.
Because acetylation of lysine and other basic
amino acids decreases the number of ionic inter-
action between core histones and DNA,this modi-

FIGURE 6. Triton-Acid-Urea PAGE Separation of Normal and
fication may allow enzymes access to genes for Modified Histone H4. Histone proteins from human K562 cells
transcription, replication,or repairpurposes. The grown in either absence (lane 1) or presence (lane 2) of 20 mM

goal of this work was to determine whether his- sodiumbutyrate wereextractedandelectrophoresedon triton.
tone modificationsalter the accessibilityof DNA acid-urea polyacrylamide gel that was stained with Coumassieblue,
to other modificationsuch as covalent bindingof
bulky chemical adducts or radiation-induced

damage. Our resultsdemonstratethat hyperacetylatedhis-
tones can be prepared for reconstitutionexperi-

hiitially our approach has been to identify and meritsand that ESI-MS provides a valuable new
characterize modified histones by electrospray tool to characterize modified histones and other
ionizationmass spectrometry(ESI-MS). Core his- proteins. In addition, histones containing other
toneswere isolatedfrom a human cell line (K562) types of modificationssuch as methylation,phos-
by extractionof purifiednuclei with 0.4 N H2SO 4, phorylation, and ADP ribosylation will be pre-
Histone samples were obtained from K562 cells pared, characterized, and used for reconstitution
grown in the presence or absence of sodium studies.

=
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FIGURE 7. Electrospray Ionization Mass Spectrum of Hyperacetylated Histone H4. Portion of spectrum shows (M+15H) 15+ charge
state of molecular ion. Human histone H4 extracted from K562 cells grown in presence of 20 mM sodium buyrate was separated by

reversed-phase HPLC and analyzed by ESI-MS. Calculated mass for this protein and measured masses of observed species are
tabulated on left.
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Biochemistry of Free Radical-Induced DNA Damage

Principal Investigator: A. F.Fuciarelli

Other Investigators: E. C. Sisk and J. D. Zimbrick

Gas chromatography-mass spectrometry and liquid chromatography-thermospray mass spectrometry
provide structural and quantitative information for analysis of free radical-induced modifications to DNA.
Using these analytical methods and synthetic oligonucleosides of defined base composition, the effects
of DNA structure and chemical microenvironment are being examined in irradiated samples of DNA with
emphasis on 8,5"-cyclodeoxynucleotide and DNA base damage analysis. Liquid chromatography-
thermospray mass spectrometric analysis of an irradiated sample of 2"-deoxyadenosine revealed forma-
tion of (R)- and (S)-8,5"-cyclodeoxyadenosine and 8-oxodeoxyadenosine in addition to radiolytic base
release. Completion of these analyses, coupled with our ongoing efforts to synthesize 8,5'-cyclo-
deoxyadenosine, provides the essential background to quantitate these products in irradiated samples
of DNA using mass spectrometry. These efforts will permit us to examine the effects of DNA structure
and chemical microenvironment on free radical-induced DNA damage.

Assays for Radiation-Induced Use of Oligonucleotides of Defined
Molecular Products Generated in DNA DNA Base Composition for Studies of

Radiation-Induced DNA Damage
Techniques to assess the products nf radiation
and free radical-induced damage to nucleic acids Although mechanistic information concerning
include biochemical methods (i.e., enzymatic radiationchemical interactionscan be obtained in
assays, postlabeling techniques), immunochemi- solutionsof monomers,in polymerssuch as DNA
cal techniques, and assays combining analytical the radiation chemical interactions can be quite
separation and detection methods [i.e., gas different. Application of analytical methodologies
chromatography-mass spectrometry (GC/MS), to characterize and quantitate radiation-induced
liquid chromatography-mass spectrometry damage in polymershas been the initialfocus of
(LC/MS)]. The objectivesof these methodologies work in our laboratory. This has resultedfromour
are similar: to achieve good specificity and high ability to synthesize oligonucleotides of defined
sensitivity for measuring free radical-induced compositionand subsequent use of these model
molecularproducts among numerousothermodi- DNA fragments for probing effects of DNA struc-
fled DNA constituents and under conditions of ture a,adchemical microenvironmentduring irra-
high concentrations of unmodified DNA constitu- diation of aqueous solutions. As an example of
ents. Mass spectrometricanalysisfollowingchro- the selectivityand sensitivityrequiredto measure
matographic separation provides unequivocal free radical-induced damage to DNA (Figure1),
qualitative information and accurate quantitation an oligonucleotide (5"-GCGAAATTTCGC-3") irra-
of components in a complex chemical mixture, diated to 100Gy under nitrousoxide (N20), was
These analytical techniques, combined with use digested to deoxynucleosideconstituents using
of synthetic oligonucleotides of defined base nuclease Pl, phosphodiesterase I, and alkaline
composition, provide a novel experimental phosphatase. The constituents were separated
approach to address fundamental questions with reversed-phase high performance liquid
concerning the influence of DNA structure and chromatography (HPLC),and using UV detection,
microenvironment on free radic31-inducedprod- the only components observed were unch_ged
uct formation, deoxynucleosides (deoxycytidine, thymidine,
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radiation-induced DNA base products that we
measured previously using significantly greater

dA
,tc_ quantit'as of calf thymus DNA (Fuciarelli et al.

.... t 1989 1990). A limited fraction of deoxynucleo-

_o side products can also be analyzed following
enzyme hydrolysis in a volatile buffer system that

,_ 0o ,rr minimizes undesirable interference during deriva-
tization reactions for GC/MS; for example, meas-

T_,_o, dc J urement of 8,5"-cyclodeoxyadenosine epimers
....._ (discussed in more detail later) in enzymatically

_L digested and trimethylsilylated mixtures of irradi-o_o_ ated oligonucleotides (5"-GCGAAATr'rcGc-3")
___ ._ .....,.... -__-_J.. JL.-__ ___=_--._- (Figure 3).o oo , oo 2 oo oo

x lO t mtn

Liquid Chromatography-Thermospray
FIGURE 1, HPLC Profile of an Enzymatic Hydrolysis of an Mass Spectrometry for Analysis of
Oligonucleotide (5'.GCGAAATTTCGC-3') Irradiated to 100 Gy

Under N20 Demonstrating Completeness of Conversion to Radiation-Induced DNA Damage
Deoxynucleosides, The undigested oligonucleotide elutes in a

single peak at 33 rain {not shown). Deoxynucleoside analysis poses a challenge to

GC/MS methodology because samples may be
unstable to acid hydrolysis and derivatization

deoxyadenosine, and deoxyguanosine). How- reactions. Deoxynucleosides may also vary
ever, a plethora of modified DNA constituents, widely in their degree of volatility and thermal
although present in levels that collectively lability. Thus, development of complementary
account for less than 5% of the mixture, require
"unmasking' from these unchanged DNA consti- mass spectrometry techniques, particularly those

capable of measuring the molecular ion of the
tuents. This analytical challenge in studies of free deoxynucleoside, is important. Combined liquid
radical-induced DNA damage can be overcome chromatography-mass spectrometry (LC/MS) is
by combining separation-mass spectrometric ideally suited to analysis of products, such as
methodologies, deoxynucleosides, that vary widely in polarity

because chemical derivatization is not required.
Gas Chromatography-Mass Thermospray mass spectrometry (TSP-MS) has
Spectrometry for Analysis of been the most popular LC/MS interface for analy-
Radiation-Induced DNA Damage sis of DNA bases and nucleosides because the

technique yields mass spectra whose molecular
Gas chromatography-mass spectrometry with ions are nearly alwaysobserved for nucleosides,
selected ion monitoringcan selectively"enhance" with a few other important peaks such as those
signals resultingfrom modified DNA constituents representing the purine or pyrimidine base
and 'remove' signalsfromunchanged DNA bases (Edmonds et al. 1985). We initiallyapplied this
in a mass spectrometricion profileov6rthe chro- technologyto measurementof radiation-induced
matographic intervalof interest. The oligonucleo- DNA damage by examiningdeoxyadenosineradi-
tide irradiated to 50 Gy with ionizing radiation olysis products. Under the HPLC chromatog-
(see Figure 1) was subjected to acid hydrolysis raphic conditions selected, a reconstructed ion
and chemical derivatization,which liberate DNA profile (Figure4) of an irradiated solution of
bases from the phosphodiester backbone and 2'-deoxyadenosine (m/z 252 and 136; 34 rain)
render them volatile for gas chromatographic reveals intense characteristic ions for adenine
separation. The reconstructedion chromatogram (m/z 136; 20.5 rain), (R)-8,5"-cyclodeoxyade-
(Figure2) reveals DNA damage represented by a nosine (m/z 250; 22.4 min), (S)-8,5"-cyclodeoxy-
trimethylsilylatedmixture of acid-stable, modified adenosine (m/z250; 33 min), and 8-oxodeoxy-
DNA bases. As expected, productsformed in our adenosine (m/z 268; 35.5 min). Synthesis of
synthetic oligonucleotides are identical to authentic samples of these products will allow
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FIGURE 2. Reconstructed Ion Chromatogram from GC/MS Analysis of a Solution of An Oligonucleotide (5'-GCGAAA'I-I'TCGC-3')
Irradiated to 50 Gy Following Acid Hydrolysis Illustrating Relative Abundance of the Ions Representing Trimethylsilyl Derivatives of
DNA Base Products,

accurate quantitation of product yields in irradi- 1987). Several factors related to the local micro-
ated samples of DNA. environment have been shown to influence which

hydrogen is abstracted and thus which epimer
Utilizing DNA Damage as a Molecular (a or S) is formed under a given set of experi-
Probe of Radiation Biochemistry mental conditions. For example, the distribution

of charge between tile base and sugar moieties
Radiation-inducedintramolecularcyclizationreac- can significantly influence the yields of these
tionsin which a covalentbond is formed between epimers (Raleigh and Fuciarelli1985; Fuciarelliet
the C(5") carbon of the deoxyribosemoiety and al. 1987). Preferential formationof the R epimer
the C(8) positionof a purine base resultin forma- of 8,5"-cycloadenosine in irradiated polyA was
tion of 8,5"-cyclodeoxypurines. These novel found to reflect conformationalconstraintsplaced
products have served as molecular probes of on the polymerchain, and, from these data gen-
radiation biochemical events, and changes in erated in a single-stranded ribonucleotide
product yields as a function of modificationsto polymer, we hypothesized that the R epimer
the aqueous microenvironmant have revealed would predominate in double-strandedDNA irra-
that several characteristicsinfluence product for- diated in aqueous solution(Fuciarelliet al. 1987).
mation. One of the most notable features is the This was supported by our initial molecular
ability of the hydroxylradicalto abstract either of models of DNA containingthe (R)- and (S)-8,5'
the hydrogen atoms at the C(5") carbon, leading cyclodeoxyadenosine moieties (in collaboration
to formationof either R or S epimers at this posi- with Dr. Michael Kennedy, University of
tion (Raleigh and Fuciarelli1985; Fuciarelliet al. Washington), which were generated using the
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FIGURE 3. Reconstructed Ion Chromato_lram from GC/MS Analysis of a Solution of the Oligonucleotide (5'-GCGAAATTTCGC-3")

Irradiated to 100 Gy Following Enzyme _,igestion Illustrating the Relative Abundance of the Ions Representing the Trlmethylsilyl
Derivatives of (R)- and (S)-8,5"-Cyclodeoxyadenosine.

DNA sequence 5'-GTACTA*GCTCGC-3". These experimental analysis provides an exciting syner-
energy-minimization studies indicated that minor gism to advance the study of induction and modi-
perturbations in structure do occur when the fication of DNA damage caused by the interaction
R epimer is introduced, but that a major structural of ionizing radiations.
distortion affecting the phosphodiester backbone
and significant numbers of hydrogen bonds Effect of DNA Conformation on
would be required to permit formation of the Radiation-Induced Product Yields
S epimer (Figure 5). Contrary to these predic-
tions, however, experimental measurements Physical factors in polynucleotides, such as
revealed that the R epimer predominated in yield DNA conformation, markedly affect the yields of
over the S epimer in double-stranded DNA and in DNA base products (Fuciarelli et al. 1990). The
synthetic oligonucleotides (see Figure 3). This yields of the pyrimidine products measured in
discrepancy between our hypothesis and experi- samples of DNA irradiated in the heat-denatured
mental data has prompted us to reexamine the conformation were found to be greater tha_lthose
question with a combination of molecular dynam- measured in native DNA (Fuciarelli e, al. 1990).
ic computer simulations (to be performed in col- However, this was not observed consistently for
laboration with Drs. Karol Miaskiewicz, John the purine products, which were measured simul-
Miller, and Rick Ornstein, PNL) and experimental taneously in each DNA sample during the analy-
analysis of irradiated nucleic acid constituents, sis. To extend our work on the influence of DNA
This combination of molecular modeling and conformation on product yield we measuredthe
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FIGURE 4. Liquid Chromatography-Thermospray Mass Spectrometric Selected-Ion Profile of a Solution of Deoxyadenosine

irradiated to 1000 Gy Under N20. Peaks represent ions corresponding to adenine (m/z136; 20.5min),
(R)-8,5"-cyclodeoxyadenosine (m/z250; 22.4min), (S)-8,5'-cyclodeoxyadenosine (m/z250; 33 rain), deoxyadenosine
(m/z 252, 136; 34 rain), and 7,8-dihydro-8-oxodeoxyadenosine (m/z 268; 35,5 min).

spectrum (types and yields) of DNA products
observed following exposure of DNA in either the

_ ,,._.,,..,. _.,_S, _ B or Z conformation to ionizing radiation. Special-
^ : y e .(___- c _,'_-_ ized nucleotide sequences in DNA may facilitate

:,-:'V_._.-_x __._ DNA conformations differing from that of the

B form, which may be highly significant during
periods of relative inactivity, and during interac-

' _"_'-'_'_ ,n, _l_='_,s,__ tions with proteins and other subcellular factors.-..(_.._jj ._. DNA containing sequences with alternating- . purines and pyrimidines are known to undergo
local changes from the B form to the Z form at
high concentrations of salts (4 mol dm"3 Na+);
this fact was used to yield DNA with more Z char-

FIGURE 5, Energy-Minimized Diagram Illustrating an Oligo- acter. We are currently determining from thesenucleotide of the Sequence 5'-GTACTA*GCTCGC-3" in Which

the Central A (A) Has Been Replaced with (R)-8,5'-Cyclodeoxy- experimentaldata whether product formation can
adenosine (B) or (S)-8,5'-Cyclodeoxyadenosine (C). differ in B or Z DNA as an example of the effectof

DNAstructureon productdistributioninirradiated
nucleicacids,

g3



Future Directions Fuciarelli, A. F., F. Y Shum, and J. A. Raleigh.
1987. Intramolecular cyclization in irradiated

Understandingmechanismsof DNA radiationbio- nucleic acids: Correlation between high-
chemistry,includingthe effects of DNA structure performance liquid chromatography and an
and microenvironmenton product yields, is an immunochemicalassay for 8,5'-cycloadenosine
underlying goal of this newly funded project, inirradiatedpoly(A). Radiat.Res. 110:35-44.
These questionsare being addressedunder con-
trolled experimentalconditions using assays of Fuciarelli,A. F., B. J. Wegher, W. F. Blakely,and
high selectivityand sensitivity. However,an even M. Dizdaroglu. 1990. Yields of radiation-induced
more challenging goal is to address radiation base productsin DNA: Effectsof DNA conforma-
biochemistrywithinthe cellular environmentand tion and gassing conditions. /nt. J. Radiat. Bio/.
to correlate the presence of unrepaired DNA 58:397-415.
lesionswith observable biologicaleffects. Suc-
cess inthis latterarea necessitatesour increased Fuciarelli, A. E, B. J. Wegher, E. Gajewski,
expertisein sample preparationmethods. M. Dizdaroglu,and W. F.Blakely. 1989. Quanti-

tative measurement of radiation-induced base
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GnomeViewVersion 1.0 Beta

Principal Investigator: R. J. Douthart

Other Investigators: J. Pe/key and G. Thomas

GnomeView is a tool for exploring information generated by the Human Genome Project. GnomeView
provides both graphical and textual styles of data presentation, lt integrates retriew.:, database
information in such a way that the user can navigate smoothly across databases and between different
levels in the mapping hierarchy. Version 1.0 Beta, a test version of the interface with access to Genome
Data Base (GDB) and GenBank, is being installed at a number of selected sites.

The architecture of the GnomeView is as GnomeView Version 1.0 Beta references

generic as possible. Custom X-window widgets abstracted versions of GDB and GenBank. Entry
that facilitate the drawing of maps (map_widget) into the mapping hierarchy is limited by the
and the viewing of detail (zoom_widget) are an objects existing in and defined by these
integral part of the system. A dominant theme in databases. In GnomeView Version 1.0 Beta,
GnomeView development has been the preser- entry at the chromosome level is to GDB and
vation of pictorial genomic maps. entry at the sequence level is to GenBank.

Other possible entry levels including restriction
GnomeView is designed to access data for enzyme, contig, and linkage mapping are inac-
many different mapping levels such as tive in Version 1.0 Beta. As more cross-
chromosome, restriction enzyme, contig referenced databases containing the appropri-
mapping, and sequence from a variety of ate data become available, entry at these levels
databases. Seamless transition among and will be incorporated into the system.
between various databases harboring
information pertinent to genome mapping Version 1.0 Beta supplies a convenient one-to-
depends on the integrity of common object one correspondence between map level and
definitions and the consistency of database. As GnomeView evolves, thismaynot
cross-referencing, always be the case; for example, in the future,

GDB may be queried for both chromosome and
GnomeView is an interface to databases rather contig maps.
than a data repository. Its evolution into a
useful tool depends to a large extent on the Database Accommodation
existence, condition, and completeness of

genomedatabases that are publiclyavailable. Genome databases have their own "personali-
ties,' which reflect either consciouslyor uncon-

Database Integration sciously the world view of their curators. Bias
occurs in the choice and definition of

The two most prominent genome databases are map_objects keywords and the content of
Genome Data Base (GDB) and GenBank. The annotations. Although much could be gained
map_objects in GDB are primarilychromosome by closer cooperationand common formatting,
loci. The objects in GenBank are DNA se- it is not clear that total database homogeniza-
quences. These databases cross-reference tion is possibleor evendesirable.
one another, and the provided tables are used
by GnomeView.
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In GnomeView Version 1.0 Beta, the query map_objects as delineated by the search
options conform to the object definitions of the criteria are depicted. Primary map_objects can
databases. Entry can be at different mapping be either loci or probes as defined by GDB or
levels that send initial queries to different sequence loci as defined by GenBank. Within
databases. Information trails can be followed each database are also associated objects that
through seamless transitions from one data- are linked to other objects. For example, GDB
base to another. These trails, isolated in loci have Probes Polymorphisms and Probe Se-
separate windows, allow comparisons of similar quences as associated objects, and Probes
queries at different entry levels. Cross-refer- have Loci and Probe Sequences as associated
encing inconsistencies and database bias are objects; Sequence Loci from GenBank have
easily revealed by carefully chosen queries of Chromosome Loci as associated objects.
this nature.

As both GnomeView and the databases

Database Objects develop, the number of associated objects will
increase. Version 1.0 Beta does not query the

Forthe GnomeView interface,the followingtype sources or contacts fields of GDB, because
of objectsare defined: functionalitywas limited deliberately to objects

more directly associated with the graphics

Map_Object: An entity that can be associated rendition of maps. The first release version,
with a region or position on a genomic map however, will have contacts and sources as
representation. For example,GDB map_objects associatedobjects.
include loci and probes. GenBank sequence
loci are also map_objects to chromosome The GnomeView Graphic User
representations. GenBank features are Interface
map_objectsto sequence representations.

Figure 3 shows a generalized diagram of the
Landmarks: Objects that are ordered and, GnomeViewgraphics users interface. For Ver-
when assembled, contributeto the graphic and sion 1.0, Beta database A can be consideredto
metric of a genomic map representation. For be eitherGDB or GenBank. Entry currentlyis at
example, the bands of a chromosome or the the chromosome (GDB) or sequence
positionof restrictionenzymesites are landmark (GenBank) level. Usingthe templatesshownin
objects. Figures1 and 2, the user sends out a qualified

query by activating buttons or typing minimal
Queries are sent by a Graphics Users Interface alphanumeric input. An initial results list is
(GUI) for each mapping level. The query can be returned,tallyingthe number of hits per select-
qualified by a series of buttons (toggles) that ed chromosome. From the initial results list
define map_objectsaccordingto the viewof the window, the user can then choose to view the
databases. Figure 1 shows the query window resultsgraphicallyor as a detailed listsorted by
for a chromosome query that accesses GDB. chromosome. In the graphics representation,
The query objects and the qualifiersare, for the color-coded density maps are displayed next to
most part, defined by GDB. The notable excep- chromosome representations. The density
tions are the attribute selections series of maps indicate the frequency of occurrence of
buttons. Any number of this set of descriptive retrieved objects at various band positions on
attributes are assigned to GDB loci as aids in the chromosomes.
retrieval. Figure 2 depicts a similar interface to
query GenBank sequence loci. There are fewer Appropriate lists can be obtained by interaction
options for qualifying sequence loci. with the graphics map representations. Region-

specific and band-specific lists are available by
The distribution(s) of objects retrieved by query selecting regions on the graphics representa-
over the genome are indicated graphically by tions with the mouse. From these lists, single
color-coded density maps drawn to the chromo- map_objects can be chosen for more informa-
some(s) of interest. The distributions of primary tion. The objects on the list are those that
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FIGURE 1, Chromosome QueryWindowWhen Querying by Locus.
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F:IGUF:II::2, Sequence Query Window,

satisfy the criteria of the query. Specific data will present a list of GenBank sequence loci
describing those criteria and other related infor- associated with the map_object that is the
mation are given in the "more information" win- subject of the information window. The associ-
dow of a selected map_object. Viewing and ated maps option provides a seamless transi-
selection are aided by a dynamic zoom capabil- tion from one database to another. Subsequent
ity that is available for ali graphics map information and maps are derived from the
representations, referenced database. In Version 1.0 Beta,

cross-reference tables from GDB to GenBank
The "more information" window also contains and from GenBank to GDB are used to effect
buttons for associated map_objects. If asso- these transitions. In Figure 3, this transition is
ciated objects exist for the map_object featured depicted by the arrow to Database B where
in the window, appropriate buttons will be map type B is obtained.
active. If the user chooses an active associated

map_objects button, a list of objects similar to In Version 1.0 Beta, map type B is a sequence
the map_objects list obtained from the initial map. A sequence map is a representation of a
query is presented. By using associated GenBank sequence loci as a number line with
map_objects lists, almost ali the information important features for the GenBank header
associated with the primary map_object in the automatically drawn to it. Most chromosome loci
databases can be browsed and represented in to sequence loci references are one to many.
color graphics. This reflects the object definition of the two

databases, especially GenBank, where a
If applicable, associated map buttons also may sequence loci is a single acceptable entry that
be activated. Choosing chromosome map pre- in most cases does not represent a complete
sents a chromosome representation to which gene or other unit which would tend toward
the relevant map_object is mapped as a single one-to-one mapping with GDB loci.
object density map. The sequence map button
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FIGURE 3. GnomeViewImplementation.

Future versions of GnomeView will contain graphics, color-coded sequence maps will be
some analysis and melding utilities to create an important tool in obtaining a holistic
longer contiguous DNA sequences from corres- understanding of millions of contiguous DNA
ponding GenBank loci. lt is also anticipated that bases.
individual loci will tend toward longer and longer
sequences as sequencing procedures improve Questions about implementation and availability
and more laboratories focus on total sequenc- may be addressed to Richard J. Douthart,
ing of important genetic regions. Pacific Northwest Laboratory, RO. Box 999,

Richland, WA 99352; (509) 375-2653.
In this context, qualified queries for features as
map_objects with the results presented as
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Appendix

Dose-Effect Studies with Inhaled Plutonium in Beagles

On the following pages (pp_.103-130), data are presented for ali dogs assigned to current life-span dose-
effect studies with inhaled 239puO2, 238puO2,and 239pu(NO3)4.Information is presented on the estimated
initial lung deposition, based on external thorax counts and on estimated lung weights (0.011 x body
weight) at time of exposure. Information is also provided on the current interpretation of the most
J_3rominentclinicopathological features associated with the death of animals. For the study involving

9puO2,we report a "Cause of Death" based on a recent review of that study. For the 238puO2and the
239pu(NO3)4studies, the column heading "Comments on Dead Dogs" is used until the study receives final
review. These data represent information currently available, and are presented as reference material for
scientists who desire to follow in detail the progress of these experiments.

This report differs from previous reports in that actual body weight at time of exposure was used to
calculate lung weights and plutonium concentration instead of "ideal weight" at times of exposure used
in previous reports. The dogs were then reassigned to dose-level groups based on plutonium
concentration (Bq/g lung weight). Also, activity is expressed in SI units (becquerels) instead of
nanocuries.
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