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Preface 

This 1990 Annual Report from Pacific Northwest Laboratory (PNL) to the U.S. Department of Energy 
(DOE) describes research in environment, safety, and health conducted during fiscal year 1990. The 
report again consists of five parts, each in a separate volume. 

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

The parts of the 1990 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 M. G. Hefty, Report Coordinator 

D. A. Perez, Editor 
K. K. Chase, Text Processor 

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

E. L. Owczarski, Editor 

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

K. A. Parnell, Editor 

Part 5: Environment, Safety, Health, 
and Quality Assurance 
Program Managers: L. G. Faust D. K. Hilliard, Report Coordinator and Editor 

R. V. Moraski 
J. M. Selby 

Activities of the scientists whose work is described in this annual report are broader in scope than the 
articles indicate. PNL staff have responded to numerous requests from 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 
five parts, and to Ray Baalman, editor in chief, who directed the total effort. 

T S. Tenforde 
Health and Environmental 
Research Program Office 
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Foreword 

This report summarizes progress on OHER human health, biological, and general life sciences research 
programs conducted at PNL in FY 1990. The research develops the knowledge and scientific 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 existing and developing energy-related technologies through an increased understanding of how 
radiation and chemicals cause biological damage. 

The sequence of this report of PNL research reflects the OHER programmatic structure. The first sec- 
tion, on human health research, concerns epidemiological and statistical studies for assessing health 
risks. The next section contains reports of biological research in laboratory animals and in vitro cell 
systems, including research with radionuclides and chemicals. The general life sciences research section 
reports research conducted for the OHER human genome research program. 

Human Health Research 

The section on human health research reports the status of epidemiological studies, including occupa- 
tional studies of workers at the Hanford site, a study of the occurrence of cancer around the Tatum Salt 
Dome Test Site, and epidemiological, longitudinal, and experimental studies of the possible role of iron 
in sensitivity to radiation injury. 

The Hanford data were analyzed with adjustments for socioeconomic status, the database was expanded 
to include more detail on both dosimetry and job histories, and a technical report was completed on 
dosimetry practices from 1944 to 1989.. Cancer risk of pooled data from mortality studies of workers at 
the Hanford Site, Oak Ridge National Laboratory, and Rocky Flats Weapons Plant were analyzed, taking 
into account the patterns of risk identified in the BElR V report models based on high dose data, primarily 
the atomic bomb survivor data. Computer simulations were conducted to evaluate the adequacy of 
asymptotic approximations. Plans for pooled analyses of data from nuclear workers in the United States, 
the United Kingdom, and Canada focused on sources of bias and uncertainty in dose estimates across 
countries and facilities to determine procedures for adjusting doses. 

The first phase of the Tatum Salt Dome Test Site study was completed. This phase has shown that 
there does not appear to be an excess of cancer deaths or evidence of a cluster of cancers associated 
with the test site. 

In cellular studies of the possible role of iron in sensitivity to radiation injury, in vitro experiments with 
Chinese hamster ovary cells showed that nontoxic increases in the iron content of the growth medium 
can greatly increase sensitivity of these cells to killing by radiation. These results may have important 
implications for the association of body iron stores with subsequent cancer risk observed in epidemiology 
studies. 

Biological Research 

The section on biological research reports results from experimental animal dose-effect relationship 
studies with inhaled radionuclides. Life-span studies in bea les with inhaled 239~u(~03),  were in the 3 13th postexposure year. The last dogs in the 2 3 9 ~ u 0 2  and 8 ~ u ~ 2  studies died in FY 1990. The pri- 
mary plutonium-exposure-related causes of death were lung cancer for inhaled 2 3 9 ~ u ~ 2  and lung and 
bone cancer for inhaled 238~u02  and 239~u(~03),. The lung tumor risk resulting from a iven cumula- 
tive radiation dose to the lungs from 239~u02  was higher than from a similar dose from '38Pu0 . The 
extrapolated lifetime risk at 1 rad was estimated to be 7 per lo6 for 23g~u02  and 1 per lo6 for 23'~u~2. 



Other plutonium-exposure-related effects include sclerosis of the tracheobronchial lymph nodes, lym- 
phopenia, focal radiation pneumonitis, focal dystrophic osteolytic lesions in bone, adenomatous 
hyperplasia of the liver, serum chemistry indicative of liver damage, and intrahepatic bile duct tumors. In 
the project 'National Radiobiology Archives,"information from these life-span studies in beagles and from 
beagle radiation studies from other DOE laboratories will be stored in a computerized database with 
selected research documents and tissues for future research and analyses. 

Dose-effect-relationship studies on inhaled 239~u0, in rats are in progress to obtain lung tumor inci- 
dence data at lifetime lung doses of 0.07 to 20 Gy. Thus far, the lung cancer dose-response curve is 
best fitted by a quadratic function and a 'practical"threshold of 1-2 Gy; maximum lung cancer incidence 
was at 8 Gy. Increased cell proliferation of type 2 alveolar epithelium may account for much of the 
carcinogenicity and the possible existence of a practical threshold similar to that seen with nongeno- 
toxic chemicals. The incidence of brain tumors in plutonium-exposed rats (1.4%) was about twice that 
seen in controls. 

Rats exposed by inhalation to radon and decay products are under study to determine the influence of 
dose, dose rate, and cigarette smoke on lung cancer incidence. Analyses of histopathological data for 
100-WL (working-level) exposure rates showed that lung tumor incidence was elevated compared to that 
of controls at cumulative exposures comparable to those found in houses, that is, 40 WLM (working- 
level months). Histopathological examination of sacrificed rats at 25, 52, and 78 weeks from start of 
exposure to 100 WL and 320 WLM on an initiation-promotion-initiation study showed no lurig tumors at 
25 weeks. At 52 and 78 weeks, those with a 320-WLM continuous exposure had increased lung tumor 
incidence compared to those with split exposure with or without cigarette smoke. The results suggest that 
cigarette smoke ameliorates radon-progeny-induced lung tumors; however, preneoplastic lung lesions 
were more prevalent and severe in rats exposed to smoke after radon-progeny exposure than before 
radon-progeny exposure. 

A DOE interlaboratory comparison of survival-response data on Chinese hamster ovary cells exposed 
to radon and radon progeny revealed a Do value of about a 64-cGy dose to the cell nucleus. Analysis 
of radon-induced mutations at the CHO-HGPRT locus after 76-cGy alpha doses to the nucleus showed 
predominantly deletion-type events (48%), with 24% showing no change from the parental line and 28% 
showing rearrangements of the Southern blot bonding patterns. In contrast, spontaneous mutants 
exhibited 11% deletion-type events and 89% showed no change. Methods for calculating the radiation 
dose to cell nuclei from radon and decay products have been developed for our in vitro cell exposures. 
Comparison of the calculated and measured values showed good agreement over a wide range of energy. 

In our Dosimetry of Radon Progeny project, we developed a comprehensive model, with a committee of 
the National Research Council/National Academy of Sciences, to examine the extrapolation of risk esti- 
mates developed from studies of underground miners to the general population exposed to radon in the 
home environment. On the basis of bronchial doses to basal and secretory cells averaged for exposures 
in the home relative to miners, the overall value of the extrapolation was 0.62. To provide a simpler tech- 
nique to characterize exposure to unattached radon progeny in laboratory research and in domestic or 
occupational settings, we developed an Unattached Radon Progeny Size-Spectrometer to measure the 
concentration and unattached fraction of potential alpha energy in air and also the activity-size distribution 
of the unattached progeny. 

Studies to examine the role of oncogenes, growth factors, and their receptors in radiation-induced lung 
cancer use tumor tissue from the animal studies previously described. Using immunocytochemical assays 
of formalin-fixed, paraffin-embedded lung tissue, we have demonstrated abnormally high expression of 
epidermal growth factor receptor, epidermal growth factor, transforming growth factor-a, and bombesin 
in radon-induced rat lung tumors, mainly associated with epidermoid carcinomas. We have preliminary 
evidence of K-ras activation in radon-induced rat lung tumors and observed an altered 12th codon in one 
tumor. Chemical agents usually activate ras genes by causing specific and reproducible single-point 



mutations in the 12th, 13th, 59th, or 61st codons. In plutonium-induced dog lung tumors examined thus 
far, the N-ras 2nd-exon sequences are identical with the normal canine sequence. In the 1st exon, only 
one tumor had altered sequences. We have found K-ras 1 st-exon lesions in four chronic myeloproliferative 
(CMP) tumors and H-ras mutations in two of four CMP tumors from dogs exposed to gamma radiation at 
Argonne National Laboratory. A study of mutations of tumor suppressor genes, retinoblastoma suscep- 
tibility (Rb) and p53, as targets in radiation carcinogenesis was begun because large deletions are a 
major component of genetic damage by ior~izing radiation, because these genes are defective in human 
osteosarcoma and lung cancer, and because plutonium caused lung and bone tumors in experimental 
animals. 

In our chemical-related biological research, we are evaluating transcriptional processes in benzo[a]- 
pyrene diol-expoxide-modified DNA to understand the influence of DNA adducts on gene regulation. 
Distinct transcriptional breakpoints with adducted DNA were present, suggesting that the adducted mole- 
cule prevented progress of the polymerase along the DNA template. As the level of modification 
increased, the polymerase inhibition increased, so that at high levels the adducts may prevent initiation 
of transcription. The interaction between damage induced by radiation and by metals, organic solvents, 
and fibers is being studied. Multiplicative interactions were demonstrated with beryllium and x-rays for 
chromosome aberrations. No interaction between gamma rays and silicon carbide fibers or hexone was 
demonstrated using micronuclei as an endpoint. 

In our fetal and juvenile radiation research, we continued to examine correlates between the physico- 
chemical and biological factors that may be involved in fetoplacental radionuclide disposition. We found 
that fetoplacental radionuclide disposition displays a good general correlation to values of fractional 
absorption from the gastrointestinal tract. Radon progeny were restricted in their transfer to the fetus; the 
major dose to the fetus came from radon that crossed the placenta and from its decay products. In 
mechanistic studies of prenatal irradiation teratogenesis, immunocytochemical alterations of extracellular 
matrix by in vitro radiation effects on limb buds or blastocyst development showed fibronectin staining was 
decreased after 1 Gy. 

General Life Sciences Research 

PNL is developing a computer information system to graphically display a,nd manipulate the vast amounts 
of information about the human genome. The user interface, named Gnomeview, provides researchers 
with graphical representations of chromosomes, genetic and physical maps, and DNA sequences on a 
SUN workstation. It accesses database centers such as GENBANK as primary information sources. 
Unique features include the ability to provide genetic information in easily understandable color graphics, 
allowing the user to create hybrid or new maps. 

J. E. Schmaltz, a detailee to OHER's Human Genome Research program, provided computer science 
expertise to the computational analysis and database components of the Human Genome Task Group. 
He participated in review, coordination, and liaison of the informatics components of this multidisciplinary 
program. 

PNL biomedical research is an interdisciplinary effort requiring scientific contributions from many research 
departments at PNL. 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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Statistical Health Effects Studies 

Principal Investigator: E. S. Gilbert 

Other Investigators: J. A. Buchanan, J. J. Fix, and N. A. Holter 

The overall objective of this project is to increase understanding of health risks resulting from low-level 
chronic exposure by providing methodology and analyses for a direct assessment of these risks. Analy- 
ses of data on workers exposed occupationally to low levels of radiation, which are a major component 
of this project, have included analyses of data at the Hanford Site in southeastern Washington State and 
of pooled data from three DOE facilities. Efforts in the past year have included refining of previous 
analyses, conducting computer simulations to evaluate certain statistical techniques used in the analyses 
of these data, contributing to national and international pooling of data, completing a document describing 
Hanford historical external dosimetry data, participating in plans for DOE'S Comprehensive Epidemiological 
Data Resource (CEDR), and developing updated and more detailed data on Hanford workers to meet the 
needs of both pooled analyses and CEDR. 

The BElR V Model Applied to the It is also of interest to consider the number of 

Pooled U.S. Data radiation-induced cancers that would be predicted 
by the BElR V models. Analyses of data from 

Data from the three studies included in U.S. 
pooled analyses [Hanford Site, Oak Ridge National 
Laboratory (ORNL), and Rocky Flats Weapons 
Plant] have been analyzed, taking into account the 
patterns of risk identified in the recent BElR V 
report. The BElR V report provided models for 
estimating low-level radiation risks that incor- 
porated dependencies on sex, age at exposure, 
and time since exposure. The models were based 
on analyses of high dose data, primarily the 
atomic bomb survivor data. Because it is expected 
that the BElR V models will play a major role in 
radiation risk assessment in the next few years, it 
is of interest to evaluate the consistency of its 
predictions using data on workers exposed to low- 
level external radiation. 

The combined U.S. data have been analyzed by 
expressing estimates and confidence limits as 
multiples of the risks expected under the BEIR V 
model. This approach yielded negative risk esti- 
mates, but upper confidence limits indicated that 
data were consistent with the BElR V predictions. 
The upper confidence limit for leukemia was 
slightly higher than the BElR V linear-quadratic 
prediction, and the upper confidence limit for all 
cancer except leukemia was about twice the BElR 
V prediction. 

Hanford, ORNL, and Rocky Flats included 42 
leukemia deaths. The BElR V leukemia model 
would predict that 2.7 of these deaths were 
radiation induced. For all cancers other than 
leukemia, 985 deaths were included, and BElR V 
models would predict that 9.2 of these deaths 
were radiation induced. The leukemia prediction 
was based on a linear-quadratic model, while the 
prediction for other cancers was based on a linear 
model. BElR V recommended reducing the linear 
estimates by a factor between 2 and 10 for doses 
received at low dose rates, but a correction was 
not included in the foregoing predictions. 

Analyses of Hanford Data with 
Adjustment for Socioeconomic Status 

Analyses of worker data have been based 
primarily on internal comparisons by level of 
radiation exposure. A possible source of bias in 
this comparison is that those workers performing 
jobs involving radiation exposure may have 
different socioeconomic characteristics than 
workers performing other jobs. As part of the 
international combined analyses, we have used 
job category data for Hanford workers to assign 
social class in a way that is fairly comparable to 
the definition used in worker studies in the United 
Kingdom. 



Most Hanford workers with higher radiation 
exposures were classified as skilled and semi- 
skilled manual workers, social classes Ill-M and IV, 
respectively. Workers in social classes Ill-N M 
(primarily clerical workers), and workers in social 
class V (unskilled workers), generally had very little 
radiation exposure, while workers in social classes 
I and II (professional, technical, and managerial 
workers) had intermediate exposures. 

The relationship of both noncancer and cancer 
mortality with social class was examined. Non- 
cancer mortality was found to be strongly related 
to social class, but cancer mortality did not show 
as strong a relationship. Nevertheless, we per- 
formed an analysis of radiation exposure and 
mortality that included stratification on social class, 
obtaining, for all cancer except leukemia, both a 
slightly lower estimate and a slightly lower upper 
confidence limit than in analysis without such 
stratification. 

Computer Simulations to Evaluate 
the Adequacy of Asymptotic 
Approximations 

Statistical procedures used to analyze nuclear 
worker data are generally based on the assump- 
tion that certain statistics are reasonably well 
approximated by normal distributions. Because the 
dose distributions in these studies are highly 
skewed, and because the number of deaths from 
some diseases of interest may be small (leukemia, 
for example), the normal approximations may not 
be adequate. To address this issue, computer 
simulations have been conducted to assess the 
validity of specific results in the U.S. pooled 
analyses and also the general behavior of certain 
statistical procedures as both sample size and the 
size of the true effect are varied. 

Specifically, the asymptotic upper confidence limits 
for the excess relative risk (p) estimate for 
leukemia based on the U.S. pooled analyses 
(Gilbert et al. 1989) have been evaluated; results 
are shown in Table 1. The first line in Table 1 
shows the one-sided 95% upper confidence limits 
for p, expressed as a percent increase per 
10 mSv, that were obtained from the asymptotic 
approximation based on the score statistic. To 
obtain the results shown in the second line, 5000 
samples were generated under the assumption 

that ,the true /I was equal to the approximate 
upper confidence limit in line 1, and the actual 
confidence level was estimated. In all cases, the 
actual confidence levels differed significantly from 
95%, and, with the exception of Rocky Flats, 
exceeded 95%. However, the approximations were 
reasonably good considering that some of the 
sample sizes were very small and the dose distri- 
butions very skewed. To obtain the results in the 
third line of Table 1, the simulation process was 
repeated until a value of p was found that yielded 
a confidence level that was consistent with a one- 
sided 95% level. With the exception of Rocky Flats, 
the actual upper confidence limits were lower than 
the asymptotic approximations. 

Additional simulations were conducted to investi- 
gate the result of varying both the number of 
deaths and the size of the true excess relative risk 
p. The exposure distribution was taken to be the 
average of the exposure distributions from the risk 
sets associated with the 42 leukemia deaths 
included in the combined nuclear worker analyses. 
The results in Table 2 are relevant for evaluating 
the behavior of the score statistic and the 
likelihood ratio statistic for testing the null 
hypothesis that the excess relative risk was equal 
to zero (p = 0). Table 2 shows the percentage of 
times ,that the null hypothesis would be rejected 
using a one-sided test with the alpha level set 
equal to 5% and 1 % for several sample sizes. The 
results indicate that, with smaller sample sizes, the 
score statistic rejects the null hypothesis too often, 
but that the likelihood ratio test performs very well, 
even with a sample size as small as 10. The score 
statistic, rather than the likelihood ratio statistic, 
has generally been used in analyzing nuclear 
worker data. These results indicate that the likeli- 
hood ratio test would be a better choice, or, alter- 
natively, the score statistic should be supple- 
mented with computer simulations. 

Additional simulations based on the assumption of 
positive values for p indicated that problems can 
occur with the asymptotic approximations provided 
by both the score test and the likelihood ratio 
statistic. The simulations also indicated that there 
was little to differentiate the two approaches in 
terms of power or precision in estimation, provided 
the approximation difficulty was handled 
appropriately. 



TABLE 1. Upper One-Sided 95% Confidence Limits for the Leukemia Excess Relative Risk (p) Based on the Score Statistic 

Hanford ORNL Rocky Flats Combined 

Upper limits based on asymptotic approximation(a) 4.8% 14% 52% 3.4% 

Estimated actual confidence level(b) 95.8% 95.5% 93.6% 96.0% 

Upper limits based on computer simulations(c) 4.3% 12% 60% 2.8% 

Number of deaths 27 11 4 42 

(a) Upper limits (based on two-sided 90% limits) obtained from asymptotic normal approximation. 
(b) Percent of 5000 samples for which the calculated statistic was less than -1.645. 
(c) For 95% of the 5000 samples generated at the indicated limit, the calculated statistic exceeded 

the comparable statistic based on the actual cases. 

TAB 2. Simulations Conducted with P = 0.0 (Right-Hand 
Tail) 8 
Number of Score Statistic Likelihood Ratio Statistic 

Deaths 5% 1% 5% 1 % 

(a) Entries indicate percent of 5000 samples in which 
test statistic exceeded upper 5% (1%) nominal 
level obtained from the asymptotic approximation 
(one-tailed test). 

Pooling of Data from the United States, 
United Kingdom, and Canada 

Plans for international combined analyses of 
nuclear worker studies in the United States, United 
Kingdom, and Canada are proceeding with the 
International Agency for Research on Cancer 
(IARC) serving as the coordinating agency. A 
subcommittee of the working group (consisting of 
representatives from all studies) has met three 
times, with PNL providing representation for the 
U.S. studies. 

Dosimetry has been a major focus of these 
meetings. At the most recent meeting, held in 
March 1990, several sources of bias and uncer- 
tainty in dose estimates were discussed to 
evaluate possible differences across countries and 
facilities and to determine procedures for adjusting 
doses to obtain estimates of deep dose and of 
organ dose. Sources of uncertainty considered 
included missing records, use of high thresholds, 

calibration of dosimeters in air rather than on a 
phantom, wearing position of the dosimeter, and 
conversion from exposure to deep dose. Problems 
with dose assessment from neutron radiation or 
internal deposition of radionuclides were also 
addressed. 

For the purpose of estimating the risk per unit of 
dose, the committee decided to focus on workers 
who received radiation exposure primarily from 
photon radiation of energy greater than about 
100 keV. Workers with potential for substantial 
dose from low-energy photons, neutrons, or 
internal depositions would be flagged in the data 
supplied to IARC, and would be excluded from 
some analyses; these workers comprise only a 
very small proportion of the workers included in 
the international studies. 

Preliminary data on workers at the Hanford Site, 
ORNL, and Rocky Flats Weapons Plant have been 
provided to IARC. The final data for Hanford 
workers, including all variables indicated in the 
protocol for the international combined analyses, 
will be provided by the end of 1990. It is expected 
that data from other countries will also be provided 
by this time. 

External Dosimetry for Hanford Site 
Workers 

To make the best use of available epidemiologic 
data in assessing risks from exposure to low-level 
radiation, it is important that the methods used to 
assess and record personnel dose be understood. 
It is particularly important to evaluate comparability 
of recorded dose over time and among workers 



performing different types of work. In addition, 
recent efforts to combine data from several 
nuclear worker studies, both within the United 
States and internationally, make it necessary to 
evaluate the comparability of dose estimates 
across studies. 

An extensive technical report documenting histori- 
cal dosimetry practices at the Hanford Site has 
been completed. This report provides a historical 
review of the equipment, dosimetry techniques, 
and calibration protocols used at Hanford to 
measure and record personnel dose from the 
inception of Hanford operations in 1944 through 
1989. An evaluation of the capability of each 
dosimeter to accurately estimate the dose to 
personnel included comparison of the recorded 
dose to the 1 -cm-depth dose in tissue (i.e., deep 
dose) for six different facility types considered to 
represent Hanford operations. The evaluation was 
based on (1) review of extensive historical docu- 
mentation, (2) results of a laboratory intercompari- 
son of all Hanford film dosimeters during 1989, 
(3) results from performance testing of the Hanford 
thermoluminescent dosimeter during 1989, and 
(4) the professional judgment of the authors based 
on dosimetry experience during nearly five 
decades of Hanford operations. 

For exposure to higher energy (> 100-keV) photon 
fields, which comprise most personnel exposure in 
Hanford faci!ities, the difference between the 
recorded whole-body dose and the actual deep 
dose was estimated to be about 250% for the 
two-element film dosimeter (used from 1944 
through 1956), &30% for the multi-element film 
dosimeter (used from 1957 through 1971), and 
+20% for the TLD (used from 1972 through 1989). 
Greater differences were estimated for facilities in 
which complex mixtures of beta and photon radia- 
tion or neutron radiation were present. 

The evaluation identified one group, who worked 
in the plutonium finishing facility, for whom doses 
were probably seriously underestimated before 
1972. This underestimation occurred because 
earlier film badge dosimeters (used before 1972) 
did not adequately measure neutron dose, and the 
two-element dosimeter (used before 1957) did not 
measure dose from low energy x-rays. These per- 
sonnel comprise a very small percentage of the 
total employed at Hanford since 1944. 

Comprehensive Epidemiologic Data 
Resource (CEDR) 

PNL has participated in the DOE'S Comprehensive 
Epidemiologic Data Resource (CEDR) Steering 
Committee and in the CEDR Information Systems 
Working Group. The CEDR program was estab- 
lished to develop a public-use data set containing 
worker demographics, work histories, radiation 
and chemical exposures, medical information, vital 
statistics, and other health-related data on workers 
at DOE facilities. Four meetings of the CEDR 
Steering Committee were held and a CEDR Pro- 
gram Plan developed. In addition, presentations 
were made to the National Academy of Sciences 
Advisory Committee, established to provide 
guidance on the establishment and control of data 
included in CEDR. Hanford data (without cause- 
of-death information) and the MOX software pack- 
age were provided to be part of the initial version 
of CEDR. 

Hanford data were also provided to Dr. Alice 
Stewart in response to a request by the Three Mile 
Island Fund. These data included the analysis file, 
a detailed occupational history file, and seven 
additional files including detailed information on 
both external and internal dosimetry. None of the 
files included personal identifiers. 

Expansion of the Hanford Site Database 

Efforts to develop an updated and expanded data- 
base continue. An analysis file meeting .the specifi- 
cations of the IARC protocol has been completed 
and includes more detail on both dosimetry and 
job histories than our previous analysis file. 
Creating this file required linking occupational 
histories received from the Hanford Environmental 
Health Foundation (HEHF), several dosimetry files 
received from PNL's Health Physics Department, 
and our previous analysis file. Because HEHF and 
dosimetry files are maintained independently, 
discrepancies in Social Security numbers, names, 
birth dates, and hire and termination dates are 
common occurrences. An important aspect of 
creating the analysis file is performing edits within 
and between files, resolving discrepancies, and 
keeping track of changes in files and reasons for 
discrepancies. In addition, a special procedure 
was developed for transforming the occupational 
history file to a more manageable and use.ful form. 
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Tatum Dome Cancer Incidence Study 

Principal Investigator: L. E. Sever 

The U.S. Department of Energy (DOE) was asked to study the occurrence of cancers in the area around 
the Tatum Salt Dome Test Site in Lamar County, Mississippi. A two-phased approach is being employed, 
and the first phase has been completed. This phase has shown that the numbers of cancer deaths or 
types of cancers in the area around Tatum Dome are not different than expected. That is, ,there does not 
appear to be an excess of cancer deaths or evidence of a cluster of cancers associated with the test site. 
There are, however, limitations to studying only information on deaths. In cooperation with the Mississippi 
State Department of Health, a second phase therefore is underway. The essential question to be 
answered in Phase II is this: Is there an excess number of cancers, particularly types of cancer known 
to be associated with radiation exposure, near the Tatum Dome site? 

At the request of Mississippi Senator Trent Lott, 
the DOE, through Pacific Northwest Laboratory, 
has begun a study of the occurrence of cancers in 
the area around the Tatum Salt Dome Test Site, 
Lamar County, Mississippi. Citizens from .the area 
had expressed concern that the rates of cancer 
around Tatum Dome are too high and are related 
to the nuclear tests conducted at the site in the 
1960s. In 1989, community representatives pre- 
sented a petition to Senator Lott requesting a 
cancer study. They also gave Senator Lott lists of 
persons whom they believed had died of cancer 
and of living persons in the area with cancer. 
Senator Lott's office supplied these lists to the 
DOE with his request that the DOE thoroughly 
investigate the question of whether cancer risks 
are increased in the area around Tatum Donie. 

As Phase I of the cancer study, ,three types of data 
regarding cancer deaths in the area were used: 
(1) available cancer mortality statistics for Lamar 
County and the State of Mississippi; (2) death 
certificates for the cancer deaths reported by the 
community; and (3) death certificate-reported 
cancer deaths for Lamar County. On the basis of 
cancer mortality statistics, Lamar County death 
rates from cancer are not significantly higher than 
the state rates in Mississippi (Table 1). Copies of 
the death certificates were requested for the 
people on the list provided to the DOE by Senator 
Lott's office. The distribution of types of cancer 
did not differ from that of Lamar County as a 
whole (Table 2); that is, there was not a cluster of 
any type of cancer associated with Tatum Dome. 

TABLE 1. Cancer Mortality  ate(^) for All Cancers Combined 

Geographical 
Date(s) Location  ate(^) Data Source 

1980-1 989 Lamar County 186.2 Mississippi State 
Department of Health 

1980-1 989 Mississippi 178.9 Mississippi State 
Department of Health 

1986 United States 194.7 National Center for 
Health Statistics 

(a) Deaths per 100,000 population. 

TABLE 2. Numbers of Cancer Deaths from Death Certificates 

1980-1 988 

Diagnosis "Tatum ~ o m e " ( ~ )  Lamar 

Nasophalynx 
Esophagus 
Stomach 
Liver 
Larynx 
Lung 
Breast 
Brain 
Multiple myeloma 

Total 16 180 

(a) Based on list of cancer deaths provided by Senator Trent 
Lott's office. 

(b) Based on Mississippi State Department of Health report. 



In addition to the death certificates, a listing of 
cancer deaths from Lamar County was obtained 
from the Mississippi State Department of Health. 
To compare the deaths from specific types of 
cancers in the area around the Tatum Dome Site 
with a part of Lamar County at a distance from the 
test site, the 1980-1 988 cancer deaths were identi- 
fied for Lumberton and Purvis, which includes the 
majority of residents near the Tatum Dome site, 
and two towns geographically distant for compari- 
son. The numbers of deaths for each of 10 types 
of cancer for the a.rea around the dome were 
compared to the numbers of deaths expected 
based on rates from the comparison towns. The 
numbers of deaths for Lumberton and Purvis from 
specific types of cancers did not differ from the 
numbers expected (Table 3). 

TABLE 3. Deaths (1980-1988) from Selected Cancer Types 

Lumberton and Purvis 

Observed ~ x p e c t e d ( ~ )  

Esophagus 
Stomach 
Liver 
Larynx 
Lung 
Breast 
Brain 
Multiple myeloma 
Non-Hodgkin's lymphoma 
Leukemia 

Total 1 20 1 20 

(a) Expected on basis of distribution of cancer deaths 
for Hattiesburg and Sumrall. 

In summary, on the basis of the Phase I review of 
death information, the numbers of cancer deaths 
or types of cancers in the area around Tatum 
Dome are not different than expected. That is, 

there does not appear to be an excess of cancer 
deaths or evidence of a cluster of cancers asso- 
ciated with the test site. Because there are 
limitations to studying only information on deaths, 
a second phase of the cancer study is under way 
in cooperation with the Mississippi State 
Department of Health. 

The results of Phase I of the cancer study and the 
plans for Phase II were described as part of four 
community meetings held in August 1990. At 
meetings held in the towns of Baxterville, 
Columbia, Purvis, and Lumberton, citizens and 
media representatives were given an opportunity 
to ask questions about the study. 

In Phase II, which is currently under way, the 
number of cancers of selected types occurring in 
Lamar County will be determined and evaluated to 
determine if certain types of cancer are found 
more frequently around Tatum Dome. The Phase II 
study will include not only persons who died of 
cancer, but also persons with cancer who sur- 
vived. The approach currently used in Phase II is 
to attempt to identify all persons with selected 
types of cancers in Lamar County between 1980 
and 1990. People with cancers will be identified 
using hospital records, death certificates, and 
other sources. Once the cancer cases have been 
identified, the location of their residence will be 
mapped relative to the Tatum Dome Site, and the 
distribution around the site will be compared with 
the rest of Lamar County. The essential question 
to be answered is: Is there an excess number of 
cancers, particularly types of cancer known to be 
associated with radiation exposure, near the 
Tatum Dome Site? 

Collection of information regarding cancer cases 
in Lamar County is now under way. Completion of 
the study, with a report to the corr~munity on the 
findings, is expected in the autumn of 1991. 



Iron Stores and Risk of Cancer 

Principal Investigator: R. G. Stevens 

Other Investigators: J. M. Nelson 

Collaborators: K. Neriishi, Radiation Effects Research Foundation, Hiroshima, Japan; 
B. Graubard, W. Blot, and C. Land, National Cancer Institute, 
Bethesda, Maryland 

This research program is studying the effect of body iron stores on the long-term risk of cancer and on 
the prognosis after cancer diagnosis, and the possible modifying effect of iron stores on risk of radiation- 
induced tumor formation. During this year, hypotheses to be tested have continued to be formulated and 
will be tested in the National Health and Nutrition Examination Survey (NHANES) and other data sets. In 
addition, preliminary laboratory experiments have been conducted that complement epidemiological analy- 
ses. Evidence from in vitro experiments with Chinese hamster ovary (CHO) cells shows that nontoxic 
increases in the iron content of the growth medium can greatly increase sensitivity of these cells to killing 
by radiation. These results, which will be explored further in the laboratory, may have important impli- 
cations for human susceptibility to injury from radiation exposure. 

Mechanisms 

There are two general mechanisms by which iron 
may increase risk of cancer or affect radiation- 
induced transformation. First, excess intracellular 
iron may increase the ambient concentration of 
oxygen radicals, leading to depletion of cellular 
reserves of reducing agents, Increased oxidative 
stress may thus render the cell more sensitive to 
the radicals produced by ionizing radiation. 
Excess intracellular iron may also increase the 
effective range of radicals produced by radiation. 
Second, iron may be a limiting nutrient to the 
growth and replication of a transformed cell in .the 
human body, and high iron stores thus may 
increase the likelihood that a transformed cell will 
survive to become a clinically apparent neoplasm 
(Stevens and Kalkwarf 1990). 

If body iron stores affect sensitivity to radiation 
injury, this effect has important implications for 
second malignant neoplasms arising from 
radiation therapy, diagnostic radiation exposure, 
occupational radiation and residential radon 
exposures, and exposure of astronauts and airline 
crews to cosmic radiation. In ihese instances, 
relative capacity of the host to scavenge oxygen 
radicals may influence cancer risk associated with 
radiation exposure, and this capacity may be 

closely related to iron metabolism. Nutritional 
antioxidants have received much attention in this 
regard, but the "oxidant" iron has received very 
little. 

The association of body iron stores and of serum 
albumin level with subsequent cancer risk in men 
seen in the epidemiological studies done to date 
are intriguing findings. In a chapter for a book to 
be published by the Environmental Health 
Institute, Stevens and Neriishi (in press) examined 
in detail the possible role of iron in radiation injury 
and the role of oxygen radicals in the relationship. 
A chapter for another book (Stevens and 
Blumberg, in press) reported possible 
mechanisms for an effect of albumin and 
considered informative studies that might be 
pursued. 

Experimental Studies 

Cellular studies of the possible role of iron in 
sensitivity to radiation injury have begun in 
collaboration with J. M. Nelson. Astudy by Whiting 
et al. (1981) in which ferri.tin added to growth 
medium increased chromosome damage to 
Chinese hamster ovary (CHO) cells was used as 
a guide to execute a study of survival after 
irradiation. The first experiment was designed to 



determine the toxicity of ferritin. The results 
showed that ferritin is toxic at concentrations 
greater than 100 pglml. Apoferritin (iron-free) is 
not toxic, even at concentrations in excess of 
1000 pglml. 

In the next experiment, two sets of plates were 
made at ferritin concentrations of 0 (control), 0.5, 
2, 8, and 32 pglml. Twelve plates were made at 
each ferritin concentration in each of the two sets 
for a total of 120 plates. One set (60 plates, 12 at 
each ferritin concentration) was exposed to 4 Gy 
of x rays; the other set was not. Plated cells were 
allowed,to grow for 2 weeks in an incubator at 
37OC, and colonies were counted. The irradiated 
control plates contained 0.50 times the number of 
colonies of the unirradiated control plates; that is, 
exposure to 4 Gy of x rays killed -50% of the 
cells. Under the hypothesis that ferritin killing is 
independent of x-ray killing, the ratio of each set of 
irradiated plates at a given ferritin concentration to 
their respective unirradiated plates should be 0.50. 
Ratios greater than 0.50 would suggest radiopro- 
tection, and lower ratios would suggest radiosen- 
sitization. At concentrations of 0.5, 2, and 8 pglml, 
the ratios were 0.45, 0.47, and 0.44, respectively; 
that is, virtually no interactive effect of ferritin with 
radiation was observed. However, at a ferritin 
concentration of 32 pg/ml the ratio was only 0.14. 
In addition, the unirradiated plates with 32 pglml 
ferritin had nearly the same number of colonies as 
the unirradiated control plates. Taken together, 
these results indicate that 32 pglml ferritin is not at 
all toxic yet is effectively radiosensitizing to CHO 
cells. 

In the next experiment, 0, 16, 32, 64, and 
128 pg/ml ferritin were used as the five exposure 
levels. The ratio of the irradiated control plates to 
the unirradiated control plates was 0.71 in this 
experiment; that is, exposure to 4 Gy of x rays 
killed -30% of the cells. The respective ratios for 
each ferritin level were 0.59, 0.30, 0.15, and 0.33, 
respectively. No killing was observed in the unirra- 
diated plates at ferritin concentrations of 16 and 
32 pglml. At 64 pg/ml ferritin, there was 40% 
killing, and at 128 pg/ml there was 99% killing. 
These results confirmed the radiosensitizing effect 
of 32 pglml ferritin. In addition, this experiment 
showed that higher levels of ferritin that were toxic 
in themselves also increased the killing efficiency 
of radiation. 

Normal serum contains -10 pg/ml iron, primarily 
bound to transferrin. The growth medium for CHO 
cells contains 10% fetal calf serum and thus 
-1 pg/ml iron. Because ferritin is -19% iron by 
weight, 32 pg/ml ferritin represents -6 pg/ml iron. 
Thus, an approximate sevenfold increase in the 
iron concentration of the growth medium of CHO 
cells is not toxic, but is dramatically radio- 
sensitizing. Although ferritin added at 32 pg/ml 
increases the iron content of standard CHO 
growth medium sevenfold, it represents less than 
a twofold increase in iron concentration to cells 
growing in blood in whole animals. 

There are many possible implications of these 
results for human exposure to radiation. If 
generation of oxygen radicals by excess iron 
accounts for the results, then there may also be 
implications for exposure to toxic chemicals. 

Future Plans 

The prominence of iron in human physiology and 
the high iron content of the Western diet 
emphasize the importance of pursuing further 
research on the possible role of iron in risk of 
cancer and in risk of radiation-induced trans- 
formation. Thus, the experimental program will be 
expanded, and the molecular mechanisms where- 
by ferritin sensitizes CHO cells to radiation injury 
will be investigated. 

Analyses of iron status and of serum albumin and 
cancer risk in the NHANES I population will be 
expanded in scope and detail. A new followup of 
the original population has yielded several 
hundred more cancer cases. These data will allow 
for a more detailed consideration of possible 
interactions of iron and albumin with each other 
and with other factors. It will also increase the 
power of the s t ~ ~ d y  for examining these effects in 
women. 
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Inhaled Plutonium Oxide in Dogs 

Principal Investigator: J. E Park 

Other Investigators: R. L. Buschbom, G. E. Dagle, K, M. Gideon, E. S. Gilbert, 
G. J. Powers, H. A. Ragan, C. 0. Romsos, C. R. Watson, 
R. E. Weller, and E. L. Wierman 

Technical Assistance: R. E Flores, B. B. Kimsey, B. G. Moore, R. P Schumacher, 
and M. J. Steele 

This project is concerned with long-term experiments to determine the life-span dose-effect relationships 
of inhaled 239~u02  or 2 3 8 ~ ~ 0 2  in beagles. The data will be used to estimate the health effects of inhaled 
transuranics. Beagle dogs given a single exposure to 239~u02  or 2 3 8 ~ ~ 0 2  aerosols to obtain dose-level 
groups with initial lung burdens (ILB) approximately 1, 8, 40, 150, 700, and 2800 times the maximum 
permissible lung dose for a plutonium worker have been observed for life-span dose-effect relationships; 
all the dogs have now died. Increased incidence of lung tumors was observed in the four highest dose- 
level groups exposed to 239~u02. Increased incidence of lung and/or bone tumors was observed in the 
five highest dose-level groups ex osed to 238~u02.  The lung tumor risk resulting from a given cumulative 
radiation dose to the lungs from g39Pu02 was significantly higher than from a similar dose from 238~u02. 
The extrapolated lifetime risk at 1 rad was estimated to be 7 per lo6 for 23g~u02  and 1 per l o6  for 
238~u02.  Chronic lympho enia, occurring 0.5 to 2 years after exposure, was the earliest observed effect 3P after inhalation of either2 'PLJO~ or 2 3 8 ~ ~ 0 2  in the four highest dose-level groups that had ILB 280 nCi. 
Other plutonium-exposure-related effects include sclerosis of the tracheobronchial lymph nodes, focal 
radiation pneumonitis, adenomatous hyperplasia of the liver, increased serum glutamic pyruvic 
transaminase, and dystrophic osteolytic lesions in the skeleton. 

To determine the life-span dose-effect relation- 
ships of inhaled plutonium, 18-month-old beagle 
dogs were exposed to aerosols of 2 3 9 ~ u 0 2  (mean 
AMAD, 2.3 pm; mean GSD, 1.9), prepared by cal- 
cining the oxalate at 750°C for 2 hours; or to 
238~u02  (mean AMAD, 1.8 pm; mean GSD, 1.9), 
prepared by calcining the oxalate at 700°C and 
subjecting the product to ~ ~ ' ~ 0  steam in argon 
exchange at 800°C for 96 hours. This material, 
referred to as pure plutonium oxide, is used as 
fuel in space-nuclear-power systems. 

One hundred thirty dogs exposed to 2 3 9 ~ ~ ~ 2  in 
1970 and 1971 were selected for long-term 
studies; 14 were sacrificed to obtain plutonium 
distribution and pathology data and 116 were 
assigned to life-span dose-effect studies (Table 1). 
The 1 16 dogs exposed to 2 3 8 ~ u 0 2  in 1973 and 
1974 were selected for life-span dose-effect 
studies (Table 2), and 21 additional dogs were 
exposed for periodic sacri.fice. The Appendix 
(which follows Part 1 of this Annual Report) shows 

TABLE 1. Life-Span Dose-Effect Studies with Inhaled 
239~u02  in ~ e a ~ l e s ( ~ )  

Dose- Number of 
Level Dogs Initial Lung ~eposi t ion(~) ,  . 

Group Female ncitC) nCi/g ~ u n q t ~ )  

Control 10 10 0 0 
1 12 12 3.5rt1.3 0.029?0.011 
2 10 11 2224 0.1 8k0.04 
3 10 10 79214 0.66c0.13 
4 11 11 300562 2.4k0.4 
5 10 11 11002170 9.3k1.4 

5 3 - 6 - 5800-t3300 50 2 22 
66 70 

(a) Exposed in 1970 and 1971. 
(b) Estimated from external thorax counts at 14 and 30 days 

after exposure and estimated lung weights (0.01 1 x body 
weight). 

(c) Mean + 95% confidence intervals around means. 

the status of the dogs in these experiments. The 
Pacific Northwest Laboratory Annual Report for 
1989 to the Office of Energy Research (Part I )  



summarized the results of the 239~u02  study. For 
this year (1990) we summarized the results of the 
238~u02  study and compared lung cancer risks 
estimates from the two studies. 

TABLE 2. Life-Span Dose-Effect Studies with Inhaled 
238~u02 in ~ e a ~ l e s ( ~ )  

Dose- Number of .. . 
Level Dogs Initial. Lung ~epos i t i on (~?  

Group Male Female 

Control 10 100 0 
1 10 10 2.320.8 0.016~0.007 
2 11 10 18a3 0.15t0.03 
3 12 10 77k11 0.56a0.07 
4 10 10 350281 2.6k0.5 
5 10 10 1300~270 1O-cl.9 
6 - 7 - 6 5200'1400 43k12 

70 66 

(a) Exposed in 1973 and 1974. 
(b) Estimated from external thorax counts at 14 and 30 days 

after exposure and estimated lung weights (0.01 1 x 
body weight). 

(c) Mean + 95% confidence in te~a ls  around means. 

Table 3 shows the rimary causes of death and 
the distribution of '8Pu in the tissues of these 
animals as ercent of final body burden. Figure 1 
shows the 'BPU tissue distribution as percent of 
initial lung burden (ILB) for all dogs for which 
tissue radiochemical analyses are complete. The 
ILB f0i those dogs for which radiochemical 
analysis of excreta were not complete were esti- 
mated from external thorax counts at 14 and 
30 days after exposure. For dogs whose analyses 
were complete, ILB were estimated from the 
summation of the tissue burdens of plutonium, 
plus the plutonium excreted, minus plutonium 
excreted in the feces during the first 3 days after 
exposure. The latter was assumed to be deposited 
in the upper respiratory tract. 

Uptake and retention functions were fitted to the 
organ burden data. Based on the premise that the 
organ burdens were interrelated, the uptake and 
retention function for all organs was fitted simulta- 
neously instead of fitting isolated functions for 
each organ. The organs were treated as compart- 
ments of a single system, with transfer rates 
specifying the total a.mount, leaving a compart- 
ment per unit time and the fractional distribution of 

that amount among the other compartments. The 
transfer rates assumed that plutonium moved 
through the body in a single pass. The material 
initially deposited in the lung was either excreted 
or moved to some other organ, from which it was 
excreted. It was assumed that there were no feed- 
back loops in the system. Organ systems included 
lung, thoracic lymph nodes, liver, skeleton, and all 
other tissues. The functions were estimated using 
weighted, nonlinear least squares. The weights 
were estimated by biweighting procedures that 
give the more extreme data values very little 
weight. 

Table 4 summarizes, by dose-level group, mortality 
and lesions associated with death through 
16 years after exposure to 238~u02;  all the dogs 
have died. Mean survival time was decreased in 
the two highest dose-level groups compared to 
the other groups. Of the 116 exposed dogs eutha- 
nized, 33 were killed because of bcne tumors, 10 
because of lung tumors, and 1 because of radia- 
tion pneumonitis. Thirteen of the dogs that had 
bone tumors also had lung tumors. Five dogs with 
lung tumors were euthanized for other causes; 
also, 1 control dog was euthanized because of a 
lung tumor. Of 33 dogs with bone tumors, 31 had 
osteosarcomas; 1 dose-level Group 1 dog (989F) 
had a fibrosarcoma in the ilium, and 1 dose-level 
Group 4 dog (1 103F) had a fibrosarcoma in a 
vertebra. None of the control dogs had bone 
tumors. All the exposed dogs with osteosarcomas 
were in dose-level Groups 4, 5, and 6. Lung 
tumors were observed in all dose-level groups. Of 
the 31 osteosarcomas, 13 were in vertebrae, 2 in 
femora, 4 in ribs, 3 in scapulae, 5 in the pelvis, 
1 in the tibia, 1 in the sternum, 1 in the sacrum, 
and 1 in the humerus. 

One dose-level Group 3 dog died of hepatocellular 
carcinoma; one dose-level 1 and one dose-level 3 
dog died of hemangiosarcomas in the liver. Three 
dose-level 4 dogs, one dose-level 3 dog, one 
dose-level 2 dog, and one control dog had bile 
duct carcinomas or adenomas as incidental obser- 
vations at necropsy not related to the cause of 
death. Three exposed dogs with incidental liver 
tumors also had lung or bone tumors, and two 
were euthanized for other causes. The one control 
dog with liver tumors was also euthanized for 
other causes. 



TABLE 3. Tissue Distribution of Plutonium in Beagles After Inhalation of 2 3 8 ~ u 0 2  

Dog 
Number 

1032M 
921 F 
930F 
931 F 
929 F 
932F 
923F 
925M 
926M 
934M 

1318M 
1319M 
1214M 
131 OM 
1317M 
131 5M 
1191F 
121 5M 
1311M 

994F 
970F 

131 2M 
1143M 
1 025M 
1064M 
1175F 
1079M 
1096F 
1189M 
1115F 
11 62F 

1009M 
974F 

1092M 
975F 

1 042F 
1037M 
1 027M 
1006F 
1057M 
1082M 
1081M 
1058F 
1002M 
1109F 

1218F 
1071 M 
1063M 
1160F 

960M 

Time After 
Exposure, 
months 

0.25 
1 
1 
1 
2 
2 
2 
3 
3 
3 

12 
12 
13 
25 
25 
25 
35 
36 
37 
42 
48 
49 
49 
50 
5 1 
52 
56 
59 
60 
6 1 
6 1 

62 
64 
65 
66 
69 
69 
70 
72 
72 
78 
80 
80 
84 
86 

86 
91 
94 
95 
95 

Final Body 
Burden, 

pCi 

0.1 50 
0.0044 
0.052 
0.347 
0.01 7 
0.382 
0.0023 
0.0064 
0.078 
0.902 
0.030 
0.077 
0.01 4 
0.026 
0.041 
0.047 
0.658 
0.01 1 
0.036 
5.024 
0.0022 
0.035 
6.331 

10.033 
8.427 
3.641 
2.1 82 
1.204 
0.044 
1.534 
3.663 

4.360 
1.465 
1.51 5 
3.749 
1.494 
2.41 7 
2.546 
2.826 
1.748 
0.0083 
0.361 
1.000 
1.786 
0.885 

0.678 
1.088 
0.00060 
0.956 
0.036 

Lungs 

97 
93 
99 
96 
9 1 
96 
88 
91 
87 
92 
45 
4 1 
52 
19 
20 
22 
26 
21 
13 
17 
20 
6.8 

11 
16 
13 
14 
9.8 
4.3 
8.9 
5.0 

12 

15 
5.1 
2.1 

11 
4.7 
7.1 
3.8 
7.5 
3.0 
2.4 
4.6 
2.0 
2.9 
0.93 

2.7 
5.4 
3.4 
1.6 
4.0 

Percent of Final Body Burden 
Thoracic Abdominal 

LY m P h(a) Lymph 
Nodes ~ o d e s ( ~ )  Liver Skeleton 

0.1 6 
2.1 
0.35 
0.36 
0.58 
0.39 
0.44 
1.2 
1.1 
0.95 

15 
20 
16 
28 
26 
28 
22 
21 
32 
18 
24 
35 
22 
23 
20 
26 
25 
24 
25 
33 
25 

23 
29 
30 
25 
33 
27 
31 
26 
24 
34 
29 
41 
28 
35 

25 
33 
43 
30 
39 

Cause of Death 

Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Pneumonia 
Sacrifice 
Sacrifice 
Addison's disease 
Sacrifice 
Sacrifice 
Bone tumor, lung tumor 
Lung tumor 
Bone tumor, lung tumor 
Lung tumor 
Addison's disease 
Addison's disease 
Sacrifice 
Bone tumor 
Bone tumor, 
Addison's disease 

Lung tumor 
Bone tumor 
Bone tumor 
Bone .tumor, lung tumor 
Bone tumor, lung tumor 
Bone tumor 
Bone tumor, lung tumor 
Bone tumor, lung tumor 
Bone tumor 
Paralysis 
Hemangiosarcoma (heart) 
Bone tumor, adrenal tumor 
Bone tumor, lung tumor 
Bone tumor, 
Addison's disease, 
lung tumor 

Bone tumor 
Bone tumor, lung tumor 
Brain tumor, heart tumor 
Bone tumor, lung tumor 
Malignant lymphoma 

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



TABLE 3. Continued 

Percent of Final Body Burden 
Time After Final Bodv Thoracic Abdominal 

Dog Exposure, Burden, Lymph 
Number months lrCi Lungs ~ o d e s ( ~ )  Nodes Liver Skeleton Cause of Death 

Parathyroid adenoma 
Bone tumor 
Bone tumor (fibrosarcoma) 
Bone tumor 
Bone tumor 
Empyema, pituitary tumor, 

Cushing's disease 
Bone tumor 
Bone tumor, lung tumor 
Herniated vertebral disc 
Adrenal carcinoma 
Bone tumor, lung tumor 
Metastatic lung tumor 
Malignant lymphoma 
Malignant lymphoma 
Pneumonia 
Anesthesia 
Pneumonia 
Radiation pneumonitis 
Bone tumor 
Hemangiosarcoma (spleen) 
Meningioma 
Bone tumor 
Malignant lymphoma 
Urinary bladder tumor 
Round cell sarcoma (kidney) 
Malignant lymphoma 
Adrenal tumor, pituitary tumor 
Bone tumor, Cushing's disease 
Pneumonia 
Lung tumor 
Bone tumor, lung tumor 
Bone tumor 
Liver abscess 
Bone tumor 
Malignant lymphoma 
Malignant lymphoma 
Immune hemolytic anemia 
Bone tumor 
Pneumonia 
Bone tumor, bile duct 

carcinoma 
Malignant mesothelioma 

(mediastinal) 
Cushing's disease 
Hemangioma (spleen) 
Hernangiosarcoma (liver) 
Hemangiosarcoma (liver) 
Acute pneumonia, lung tumor 
Chronic nephropathy 
Malignant lymphoma, 

Addison's disease 
Aclute pneumonia 

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



TABLE 3. Continued 

Percent of Final Body Burden 
Time After Final Body Thoracic Abdominal 

Dog Exposure, Burden, LY m ~ h ( ~ )  LY m ~ h (  b) 
Number months flCi Lungs Nodes Nodes Liver Skeleton Cause of Death 

Fibrosarcoma (spleen) 
Lung tumor 
Hepatic dysplasia 
Malignant lymphoma, 

lung tumor 
Malignant lymphoma 
Pneumonia, thyroid carcinoma 
Nasal sarcoma, lung tumor 
Allergic bronchitis 
Lung tumor 
Lung tumor 
Lung tumor 
Pneumonia, thyroid carcinoma 
Chronic nephropathy, bile 

duct adenoma 
Thyroid carcinoma 
Heart failure 
Malignant lymphoma 
Posterior paralysis 
Posterior paralysis 
Heart failure 
Lung tumor, bile duct 

adenoma 
Transition cell carcinoma 

(urinary bladder) 
Chronic nephropathy 
Malignant melanoma (oral) 
Malignant lymphoma, lung 
tumor, cholangiosarcoma 

Hepatocellular carcinoma 
Malignant melanoma (oral) 
Malignant lymphoma, 

cholangiosarcorna 
Herniated vertebral disc 
Nasal carcinoma 
Lung tumor 
Salivary squamous carcinoma, 

lung tumor 
Transitional cell carcinoma 

(urinary bladder) 
Transitional cell carcinoma 

(uretha) 
Pneumonia 
Chronic nephropathy 
Epilepsy 
Chronic nephropathy 
Malignant lymphoma, heart 

(a) Includes tracheobronchial, rnediastinal, and sternal lymph nodes. 
(b) Includes hepatic, splenic, and mesenteric lymph nodes. 
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FIGURE 1. Plutonium in Dogs After Inhalation of 238~u02.  Points represent data from individual dogs. Uptake and retention 
curves and functions were based on dogs in which initial lung burdens were estimated from the final plutonium body burden, 
plus the plutonium excreted, minus that excreted in the feces during first 3 days after exposure or from external thorax counts at 
14 and 30 days after exposure. 

During the 3 to 16 years after exposure, 62 ex- 
posed dogs died or were euthanized as a result of 
causes presently thought to be unrelated to plu- 
tonium exposure; 32 died of various neoplastic 
diseases, and 30 of various other causes. One 
control dog was euthanized because of lung 
tumors, 1 of incidental liver tumors, 11 of various 
neoplastic diseases, and 7 of various other 
causes. 

The lung tumors were classified as bronchiolo- 
alveolar carcinomas in 16 dogs, bronchioloalveolar 
adenoma in 1 dog, adenocarcinoma in 5 dogs, 
adenosquamous carcinoma in 4 dogs and epider- 
moid carcinoma in 1 dog. In 1 dog, three lung 
tumor types were observed: bronchioloalveolar, 

adenocarcinoma, and fibrosarcoma. Metastases 
were observed in the lungs; thoracic, hepatic, 
mesenteric, and axillary lymph nodes; vertebra; 
esophagus; stomach; liver; and adrenal of 1 dog 
with bronchioloalveolar carcinoma. Metastases 
were observed in the lungs; thoracic, hepatic, and 
splenic lymph nodes; trachea; esophagus; medi- 
astinum; thyroid; diaphragm; and hearts of 2 dogs 
with pulmonary adenocarcinoma. One dog with 
adenosquamous carcinoma had metastases to the 
lung, thoracic lymph nodes, and heart. The dog 
with epidermoid carcinoma had metastases to the 
lungs, thoracic lymph nodes, and diaphragm. The 
lung tumor in the control dog was an adeno- 
carcinoma with metastases to the thoracic lymph 
nodes. Bone tumor metastases were found in the 



TABLE 4. Summary of Lesions in Dogs Euthanized During the 16-Year Period After Inhalation of 2 3 8 ~ u 0 2  

Number of Dogs/Group 
Number of Dead DogslGroup 
Mean Survival Post Exposure, years 

Bone tumor 
Lung tumor 
Lung tumor, bile duct adenoma 
Bone and lung tumor 
Bone tumor, bile duct carcinoma 
Bone tumor, Addison's disease 
Bone and lung tumor, Addison's disease 
Sal~vary squamous carcinoma, lung tumor 
Nasal sarcoma, lung tumor 
Nasal carcinoma 
Pneumonia, lung tumor 
Malignant lymphoma, lung tumor, cholangiocarcinoma 
Malignant lymphoma, lung tumor 
Malignant lymphoma, cholangiosarcoma 
Malignant lymphoma 
Malignant lymphoma, Addison's disease 
Hemangioma (spleen) 
Hemangiosarcoma (heart, omentum, spleen) 
Fibrosarcoma (spleen) 
Hemangiosarcoma (liver) 
Hepatocellular carcinoma 
Urinary bladderjurethra tumor 
Urethra tumor, bile duct adenoma 
Pituitary tumor, Cushing's disease 
Pituitary tumor 
Pneumonia, thyroid carcinoma 
Thyroid carcinoma 
Malignant melanoma (oral) 
Malignant mesothelioma 
Brain and heart tumor 
Brain tumor 
Parathyroid adenoma 
Adrenal carcinoma 
Round cell sarcoma (kidney) 
Adrenal and pituitary tumors 
Lung tumor, metastatic 
Pneumonia 
Pulmonary interstitial fibrosis 
Allergic bronchitis 
Radiation pneumonitis 
Renal arnyloidosis, splenic hemangioma 
Chronic nephropathy 
Chronic nephropathy, bile duct adenoma 
Addison's disease 
Posterior paralysis 
Herniated vertebral disk 
Spinal cord degeneration 
Cervical disc disease 
Liver abscess 
Hepatic dysplasia 
Heart failure 
Immune hemolytic anemia 
Pyometra 
Epilepsy 
Anesthesia 

Dose Group 
6 5 4 5 2 1 Control - - - - - -  

13 20 20 22 21 20 20 
13 20 20 22 21 20 20 
5 7 12 12 13 12 13 

(a) Number of dogs with lesion associated with death. 



lungs of 6 dogs; in 3 dogs, the bone tumor metas- 
tasized to lungs, thoracic lymph nodes, liver, 
spleen, and heart; in 1 dog, the bone tumor 
metastasized to the iliac lymph nodes; and in 
1 dog, the bone tumor metastasized to the lungs, 
pleura, diaphragm and heart. The 6 dogs with 
Addison's disease, which were in dose-level 
Groups 4, 5, and 6, had adrenal cortical atrophy. 

In addition to the lesions associated with the 
cause of death, lesions in the lungs of the dose- 
level Groups 4, 5, and 6 dogs included focal 
alveolar histocytosis, alveolitis, alveolar epithelial 
cell hyperplasia, alveolar emphysema, pleural 
fibrosis, and interstitial fibrosis. Numerous alpha 
stars were observed, mainly in foci of fibrosis, and 
single alpha tracks were scattered throughout sec- 
tions in foci of alveolar histocytosis and in alveolar 
septa. Sclerosing lymphadenopathy in the trache- 
obronchial and mediastinal lymph nodes was 
associated with high concentrations of plutonium 
observed as alpha stars in dose-level Groups 3, 4, 
5, and 6. Similar but less severe lesions were seen 
in the hepatic lymph nodes. In dose-level Groups 
5 and 6, there were extensive alterations in bone, 
including multiple areas of focal atrophy of bone; 
endosteal, trabecular, and peritrabecular bone 
fibrosis; and osteolysis of cortical, endosteal, and 
trabecular bone. One dog had lesions of secon- 
dary hypertrophic osteoarthropathy. 

Radioactivity in the bone was present as single 
tracks, generally scattered throughout the bone, 
cartilage, and bone marrow. The liver contained 
foci of hepatocellular fatty change, where small 
clusters of single tracks were seen. There was also 
mild, focal, nodular hyperplasia of hepatocytes in 
dose-level Groups 3, 4, 5, and 6. Elevated serum 
glutamic pyruvic transaminase (GPT) levels, sug- 
gestive of liver damage, were observed in dose- 
level Groups 3, 4, 5, and 6 dogs. 

Dose-related lym hopenia was observed in groups 
with mean lung g38Pu02 deposition of 77 nCi or 
more (Figure 2). Through 126 months after expo- 
sure, mean lymphocyte values were significantly 
lower (p < 0.05) for dose-level Groups 4 and 5 
than for the control group. Lymphocyte values in 
the 238~u02-exposed dogs tended to increase 
after reaching a minimum, and mean lymphocyte 
concen.trations in Group 3 dogs were not signifi- 
cantly different from values of control dogs 86 to 
94 months after exposure. Lymphocyte values in 

the two lowest exposure groups (2.3 and 18 nCi) 
were not different from control values. A dose- 
related reduction in total leukocytes was evident, 
primarily because of lymphopenia, except in 
Groups 5 and 6, in which neutropenia was also 
observed. Through 11 8 months after exposure, 
mean leukocyte and neutrophil values were signifi- 
cantly lower ('p < 0.05) for dose-level Group 5 than 
for the control group. No difference in monocyte 
values was seen in relation to dose levels. A 
significant and progressive reduction in eosino- 
phils was evident only in dose-level Group 6 dogs 
following 2 3 8 ~ ~ 0 2  inhalation. No chronic effects 
have been observed in red cell parameters. By 
14 years after exposure, too few dogs were alive 
for mear~ingful dose-group comparisons. 

Lymphopenia, the earliest observed effect after 
inhalation of either 2 3 9 ~ u 0 2  or 2 3 8 ~ ~ 0 2 ,  occurred 
after deposition of -80 nCi plutonium in the lungs. 
On a concentration basis, the 80-nCi dose level is 
about 40 times the .i6-nCi maximum permissible 
human lung deposition, based on 0.3 remlweek to 
the lung. Lymphopenia is thought to be related to 
the plutonium content of the tracheobronchial 
lymph nodes. Dose-level groups with initial lung 
burdens of -80 nCi had lymphocyte counts less 
than those of controls by 12 months after expo- 
sure when the cumulative average lymph node 
doses were -320 rad. Because of contir~uing 
transfer of plutonium to the lymph nodes, the dose 
rate at this time had increased to 620 rad per 
year. 

In serum chemistry assays of 2 3 8 ~ u 0 2  dogs per- 
formed more than 120 months after exposure, 
alkaline phosphatase (ALP) and GPT values were 
higher than those of the control group only in 
dose-level Groups 3, 4, and 5 dogs (Figure 3). For 
individual dogs, these elevations were biphasic 
with an early increase followed by a return to con- 
trol values; a later effect was characterized by 
persistent increasing elevations of both ALP and 
GPT. Calculation of the cumulative average radia- 
tion dose to mean time after exposure when 
serum chemistry values were first observed to be 
different from controls for dose-level 3, 4, and 
5 dogs revealed a mean dose to liver of about 20, 
75, and 200 rad respectively, for the late effect. At 
this time the dose rate was -2, -1 0, and -60 rad 
per year, respectively. Elevations in GPT were con- 
sistent with liver histopathological findin s and 
radiochemical analyses indicating 298Pu02 
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FIGURE 2. Mean Leukocyte, Neutrophil, and Lymphocyte Values in Dogs After Inhalation of 238~u02  
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TABLE 5.  Estimates of Cumulative Radiation Doses to Lungs (239~u-~xposed) or Lungs and Skeletons (238~u-~xposed) of Dogs 
with Lung and/or Bone Tumors After lnhalation Exposure 
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FIGURE 3. Serum Glutamic Pyruvic Transaminase Values UL) in Dogs After Inhalation of 2 3 8 ~ u 0 2  
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For the dose calculations, mean plutonium con- 
centration in the entire lung and skeleton was 
used. Exponential growth constants for 43 primary 
lung tumors were calculated in 30 dogs using 
sequential thoracic radiographs. The purpose was 
to determine if the time of tumor onset could be 
extrapolated from the growth constant and used to 
refine dose calculation. A wide range of doubling 
times (6-287 days) was observed. The exponential 
growth constants were not significantly dependent 
on tumor type, sex, age at time of diagnosis, initial 
lung deposition, or isotope. Extrapolations of time 
to tumor onset showed wide variation, indicating 
that such calculations cannot be used to reliably 
predict the onset of malignant growth in most 
cases. 

A goal of this research is to increase under- 
standing of health risk resulting from exposure to 
inhaled plutonium, with particular attention to lung 
cancer risks. Although no adequate data are avail- 
able in humans exposed to plutonium for predict- 
ing lung cancer risk, data on humans exposed to 
other forms of irradiation are available, and 
include, for example, the Japanese atomic bomb 
survivor data and data from several studies of 
miners exposed to radon and radon progeny. In 
choosing methods for analyzing the data from 
these dogs, an important consideration is that 
results be in a form that can be readily compared 
with results of analyses of relevant human 
epidemiology data. 

Analyses of human epidemiological data have 
generally modeled the hazard, or age-specific risk, 
as a function of dose and other factors. The model 
that has been most commonly used is a relative 
risk regression model in which hazard is a linear- 
quadratic function of risk and in which the base- 
line risks have been handled nonparametrically by 
introducing separate coefficients for each age 
group or, more generally, for each stratum. For 
analyses of the dog data, we used a similar model 
but substituted a Weibull function for separate 
baseline coefficients. This substitution was made 
primarily because baseline risk in dogs is more 
uncertain than in humans; thus, it is often desira- 
ble to present risk in absolute rather than relative 
terms as allowed by the Weibull model: 

where a is age, Da is cumulative lung dose at age 
a, o is the baseline risk, and h is the hazard, or 
age-specific risk. In addition to continuous linear- 
quadratic functions, separate coefficients were 
fitted for each of five dose groups (<lo, 10-50, 
50-1 00, 100-2000, and >2000 rad). 

The data were well fitted by a pure quadratic 
model with different coefficients for 239~u02  and 
238~u02. Figure 4 shows both the fitted pure 
quadratic functions and the separate coefficients 
by dose group. Linear models were strongly re- 
jected, and a linear-quadratic function did not 
improve the fit over a pure quadratic one. The risk 
resulting from a given cumulative dose from 
239~u02  was significantly hi her @ < 0.001) than 
from a similar dose from 2'8Pu02. The extrapo- 
lated lifetime risk at 1 rad was estimated to be 
7 per 1 o6 for 2 3 9 ~ ~ 0 2  and 1 per 1 o6 for 238~u02.  
For comparison, the lifetime risk at 1 rad for 
uranium miners in BElR IV was 700 per lo6. It is 
important to note that radiation dose estimates 
used for these analyses were based on current 
es.timates of ILB and clearance rates, which 
require further analyses. 

10 100 1,000 10,000 
Lung Dose, rad 

FIGURE 4. Lung Cancer Risk (Mean 2 95% Confidence 
Interval) for Inhaled Plutor~ium and Fitted Pure Quadratic Dose- 
Response Functions 

h(a, Da) = (a + 1) a"(@ + PIDa + p2Da2) 





Inhaled Plutonium Nitrate in Dogs 

Principal Investigator: G. E. Dagle 
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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 2 3 9 ~ u ( ~ 0 3 ) 4  in 1976 and 1977. The skeleton is 
generally considered the critical tissue with inhaled soluble plutonium that translocates to bone surfaces. 
Thus far, 13 years after exposure, 28 of 77 exposed dogs had bone tumors, 30 had lung tumors, and 
7 had intrahepatic bile duct tumors. 

The skeleton is generally considered the critical 
tissue after inhalation of "soluble" plutonium (e.g., 
plutonium nitrate), on the assumption that the plu- 
tonium will be rapidly translocated from the res- 
piratory system to the skeleton. In several rodent 
studies, however, inhalation of "soluble" plutor~ium 
has resulted primarily in lung tumors. Skeletal 
tumors were seen less often, perhaps because 
they were not expressed within the short life span 
of the rodents. Therefore, beagle dogs were 
chosen for this study to compare relative risks with 
those from intravenously injected radionuclides in 
beagles at the University of Utah, inhalation 
studies with beta-, gamma-, and alpha-emitting 
radionuclides at the Inhalation Toxicology 
Research Institute (Lovelace), and external irradi- 
ation at the University of California (Davis) and at 
Argonne National Laboratory. More specifically, 
this study can be compared with inhaled 239~u02  
and 238~u02  studies in beagle dogs at PNL (see 
lnhaled Plutonium Oxide in Dogs, this volume). 

plutonium distribution and pathogenesis data in 
developing lesions; 7 dogs were selected as con- 
trols for periodic sacrifice; and 20 dogs were 
selected as untreated controls for life-span obser- 
vations. The Appendix (at the end of this volume 
of the Annual Report) shows the current status of 
each dog on these experiments. 

TABLE 1. Life-Span Dose-Effect Studies with Inhaled 
2 3 9 ~ u ( ~ 0 3 ) 4  in ~ e a ~ l e s ( ~ )  

Dose- 
Level 
Group 

Control 
Vehicle 

1 
2 
3 
4 
5 
6 

Number of 
Dogs 

Male Female -- 
10 10 
10 10 
10 10 
10 10 
10 10 
10 10 
10 10 
3 2 

Initial Lunq ~eposi.tion(~) 
n d c )  nCi/g ~ u n g ( ~ )  

Six dose groups (1 05 dogs) were exposed, in 
1976 and 1977, to aerosols of 2 3 9 ~ u ( ~ ~ , ) 4  for life- (a) Exposed in 1976 and 1977. 
span observations (Table 1). In addition, 20 dogs (b) Estimated from external thoracic counts at 2 weeks 

post exposure and estimated lung weights (0.01 1 x 
were exposed to nitric acid aerosols as vehicle body weight). 
controls; 25 dogs were exposed to aerosols of (c) Mean 2 standard deviation. 
239 Pu(N03), for periodic sacifice to obtain 



The average amount of plutonium in the lungs 
decreased to approximately 1 % of the final body 
burden in dogs surviving 5 years or more 
(Table 2). 

More than 90% of the burden translocated to the 
liver and skeleton; only about 1% translocated to 
thoracic and abdominal lymph nodes. This was in 
contrast to dogs that inhaled 239~u02;  in these 
dogs, -50% of the final body burden was present 
in thoracic lymph nodes, but only about 2% in the 
skeleton at 10 to 1 1 years after exposure. 

The earliest observed biological effect was on the 
hematopoietic system: lymphopenia occurred at 
the two hi hest dose levels at 4 weeks after expo- 
sure to 2gP~(N03),. Total leukocyte concentra- 
tions were reduced significantly in the two highest 
dose groups, that is, Group 5 (mean initial alveolar 
deposition, -1 700 nCi) and Group 6 (-5500 nCi). 

The reduction in white cells in Groups 5 and 6 
resulted from an effect on most leukocyte types 
(neutrophils, lymphocytes, monocytes, and eosino- 
hils). This is in contrast to the effects of both 

'39~u0, and 238~u~, ,  which significantly depres- 
sed lymphocyte concentrations in groups with ini- 
tial lung burdens of approximately 80 nCi or more. 
The lymphopenia at lower dose levels of plutonium 
oxides may be related to the more extensive trans- 
location of plutonium oxide to the tracheobronchial 
lymph nodes and subsequent higher dosage 
levels to lymphocytes circulating .through those 
lymph nodes. The results of these continuing 
evaluations are shown in Figure 1. 

Serum enzyme assays have been performed 
throughout the postexposure period in an attempt 
to identify specific damage to liver or bone by 
plutonium translocated from the lung. Evaluation 
of these data has revealed a biphasic elevation of 
serum alkaline phosphatase (ALP) and serum glu- 
tamic pyruvic transaminase (GPT) in individual 
dogs. There was an early increase followed by a 
return to control values and then a late effect 
characterized by persistent, increased elevations 
of both ALP and GPT. Calculation of the cumula- 
tive average radiation dose to mean time after 
exposure, when serum chemistry values were first 
observed to be different from controls for dose- 
level Group 5 dogs, revealed a mean dose to liver 

of 280 rad for the late effect, which occurred 
4.1 years post exposure. At this time, the dose 
rate was 60 to 70 rads per year. GPT and ALP 
values in dose-level Groups 3 and 4 were 
significantly higher (p I 0.05) than those for the 
control group (Figures 2 and 3). 

Table 3 summarizes, by dose-level group, the mor- 
tality and lesions associated with deaths through 
13 years after exposure to 239~u(~03),. All five 
dogs at the highest dose level (Group 6) died from 
radiation pneumonitis 14 to 41 months after expo- 
sure. Histopathological examination of the lungs of 
these dogs revealed interstitial fibrosis, alveolar 
epithelial hyperplasia, increased numbers of alveo- 
lar macrophages, occasional small emphysema- 
tous cavities and, at times, very small nodules of 
squamous metaplasia at the termini of respiratory 
bronchioles. One dog at the highest dose level 
had a small bronchioloalveolar carcinoma as well 
as radiation pneumonitis. 

All the dogs in dose-level Group 5 died or were 
euthanized 34 to 92 months after plutonium expo- 
sures. The principal cause of death at this expo- 
sure level was osteosarcoma, which occurred in 
17 of 20 dogs; several had more than one site. 
The sites of the osteosarcomas were lumbar verte- 
brae (4 dogs), cervical vertebrae (3 dogs), thoracic 
vertebrae (2 dogs), humerus (5 dogs), pelvis 
(2 dogs), facial bones (2 dogs), ribs (2 dogs), and 
nasal turbinates (1 dog). Metastases to distal sites 
occurred in 6 dogs; these dogs also had radiation 
osteosis, generally characterized by peritrabecular 
fibrosis. 

Other deaths in dose-level Group 5 were caused 
by radiation pneumonitis (two dogs) and multiple 
lung tumors (one dog). The multiple lung tumors, 
in different lobes, were papillary adenocarcinomas, 
combined epidermoid and adenocarcinoma, and 
bronchioloalveolar carcinoma; metastases were 
present in the tracheobronchial lymph nodes. 

Malignant but nonfatal lung tumors were also 
present in nine dogs from dose-level Group 5 that 
died from osteosarcomas and in one dog that died 
from radiation pneumonitis. Typically, these arose 
subpleurally, proximal to areas of interstitial fibrosis 
or small cavities communicating with bronchioles. 
They consisted of bronchioloalveolar carcinomas 



TABLE 2. Tissue Distribution of Plutonium in Beagles After Inhalation of 2 3 9 ~ u ( ~ 0 d 4  

Dog 
Number 

1359M 
1375F 
1 407F 
1 389M 
1390M 
1445F 
1329F 
1346M 
1347F 
1336M 
1341F 
1 344F 
1335M 
1339F 
1351M 
1522F 
1529F 
1539M 
1 564F 
1571F 
1588M 
1424M 
151 7F 
151 OF 
1420M 
1471M 
151 8M 

1512M 
1508M 
1459F 

1 492F 
1485F 
1 502F 
1387F 
1429M 
1 598F 
1576M 
1605F 
1 646F 
161 9F 
1589F 
1 636M 
1652F 
1498F 
1659F 
1640M 
141 9M 
1660M 
1621 M 
1 655M 
1501M 
1 648M 
1641M 

Time After 
Exposur 
months?') 

0.1 
0.1 
0.1 
0.5 
0.5 
0.5 
1 
1 
1 
1 
1 
1 
1 
1 
1 
3 
3 
3 

12 
12 
12 
14 
16 
17 
25 
34 
42 

42 
43 
51 

52 
54 
55 
55 
59 
60 
60 
60 
60 
62 
63 
66 
68 
69 
69 
76 
76 
82 
84 
88 
92 
92 
92 

Final Body 
Burden, 

fiCi 

0.080 
0.073 
0.092 
0.053 
0.051 
0.057 
0.485 
0.902 
0.699 
0.032 
0.022 
0.052 
0.003 
0.001 
0.002 
0.059 
0.049 
0.072 
0.037 
0.053 
0.053 
4.625 
4.025 
4.048 
1.61 6 
1.375 
1.880 

2.1 36 
1.730 
1.567 

1.202 
1.052 
3.113 
0.167 
1.159 
0.058 
0.065 
0.025 
0.806 
1.361 
0.029 
0.634 
0.658 
0.845 
0.736 
0.177 
0.873 
0.854 
0.840 
0.505 
0.002 
0.639 
0.869 

Lungs 

90.50 
89.61 
51.87 
24.07 
24.62 
26.42 
70.05 
76.81 
71.71 
71.38 
64.43 
58.68 
19.52 
19.08 
40.68 
54.68 
51.68 
52.45 
18.00 
22.37 
13.14 
33.10 
18.99 
22.00 
16.51 
9.25 
6.87 

4.31 
3.24 
4.40 

2.81 
0.82 
0.80 
1.41 
4.14 
0.90 
1.54 
1.87 
0.72 
0.55 
0.68 
1.21 
1.46 
0.59 
1.14 
4.01 
0.69 
0.76 
0.94 
1.05 
1.62 
1.12 
0.78 

Percent 
Thoracic 
Lymph 
~ o d e s ( ~ )  

0.15 
0.14 
0.41 
0.38 
0.32 
0.32 
0.16 
0.32 
0.36 
0.22 
0.29 
0.25 
0.07 
0.13 
1.22 
0.57 
0.40 
0.31 
1.27 
1.47 
0.40 
1.43 
0.94 
1.15 
0.86 
0.73 
0.24 

0.60 
0.62 
0.15 

0.20 
0.35 
0.39 
0.22 
0.35 
0.14 
0.36 
0.1 1 
0.20 
0.59 
0.04 
0.27 
0.23 
0.32 
0.34 
0.64 
0.28 
0.53 
0.56 
0.22 
0.50 
0.25 
0.24 

of Final Body Burden 
Abdominal 
LY m P h(c) 
Nodes Liver Skeleton 

3.20 
4.68 

18.70 
26.21 
44.45 
44.73 
18.79 
10.30 
14.09 
19.73 
18.63 
16.09 
25.04 
45.47 
28.89 
28.24 
23.74 
25.03 
42.63 
42.91 
46.18 
36.88 
47.88 
52.00 
70.06 
58.34 
67.51 

42.66 
52.70 
61.41 

66.38 
63.94 
62.51 
49.10 
54.70 
31.62 
39.15 
39.37 
48.42 
58.63 
50.32 
39.09 
44.32 
53.37 
55.89 
36.59 
50.70 
56.17 
54.55 
52.14 
48.41 
50.61 
48.89 

Cause of Death 

Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Sacrifice 
Radiation pneumonitis 
Radiation pneurnonitis 
Radiation pneurnonitis 
Radiation pneumonitis 
Radiation pneumonitis 
Radiation pneumonitis, 
lung tumor 

Bone tumor 
Bone tumor 
Radiation pneumonitis, 
lung tumor 

Bone tumor 
Bone tumor 
Bone tumor, lung tumor 
Bone tumor 
Bone tumor, lung tumor 
Sacrifice 
Sacrifice 
Sacrifice 
Bone tumor 
Bone tumor 
Sacrifice 
Bone tumor 
Bone tumor, lung tumor 
Bone tumor, lung tumor 
Bone tumor 
Lung tumor 
Bone tumor, lung tumor 
Bone tumor, lung tumor 
Bone tumor, lung tumor 
Lung tumor, Bone tumor 
Thyroid tumor 
Bone tumor, lung tumor 
Lung tumor 



TABLE 2. Continued 

Percent of Final Body Burden 
Time After Final Body Thoracic Abdominal 

Dog Exposur Burden, Lymph L Y ~ P ~ ~ )  
Number monthr~') 0Ci ~ o d e s ( ~ )  Nodes - Liver - Skeleton 

(a) Radioanalysis not completed in dogs that died more than 144 months after exposure. 
(b) Includes tracheobronchial, mediastinal, and sternal lymph nodes. 
(c) Includes hepatic, splenic, and mesenteric lymph nodes. 

Cause of Death 

Bone tumor 
Pleuritis 
Meningioma 
Esophageal tumor 
Hemangiosarcoma 
Bone tumor, lung tumor 
Lung tumor 
Thyroid tumor 
Lung tumor 
Hemangiosarcoma, lung tumor 
Congestive heart failure 
Bone tumor, lung tumor 
Adrenal tumor 
Malignant lymphoma 
Thyroid tumor, lung tumor 
Hemangiosarcoma 
Epilepsy 
Bone tumor, lung tumor 
Hemangiosarcoma 
Pneumonia 
Mammary tumor 
Bone tumor, lung tumor 
Stomach tumor 
Bone tumor, lung tumor 
Pyometra, liver tumor 
Lung tumor 
Bone, lung, and liver tumors 
Lung tumor 
Prostate tumor 
Pneumonia 
Lung tumor 
Liver tumor 
Pneumonia, adrenaliliver tumor 
Mammary tumor, liver tumor 
Pneumonia 
Bone tumor 
Malignant lymphoma 
Liver, lung, and bone tumors 

in four dogs; papillary adenocarcinomas in two 
dogs; bath bronchioloalveolar carcinoma and 
papillary adenocarcinoma in one dog; both papil- 
lary and tubular adenocarcinomas in one dog; a 
combined epidermoid and adenocarcinoma in one 
dog; and a bronchioloalveolar carcinoma, a 
papillary adenocarcinoma, and a mixed lung tumor 
in one dog. No metastases of these lung tumors 
were observed. 

In dose-level Group 4, 19 dogs have now died, 54 
to 156 months afier plutonium exposure. The 
causes of death, probably related to plutonium 
exposure, included bone tumors (9 dogs), lung 
tumors (5 dogs), a delayed-onset radiation 
pneumonitis (1 dog), and a bile duct carcinoma 
(1 dog). Intrahepatic bile duct tumors were present 
in the livers of 4 additional dogs that died of other 
causes. Nonfatal lung tumors were present in 
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FIGURE 1. Mean Leukocyte, Neutrophil, and Lymphocyte Values in Dogs After Inhalation of 2 3 9 ~ u ( ~ 0 3 ) 4  

8 dogs that died of other causes. Suppurative 
pleuritis, pyometra, and congestive heart failure 
occurred, respectively, in 3 dogs and were 
considered not related to plutonium exposure. 

In dose-level Group 3, two dogs have died of 
lung tumors. Lung tumors were present in each 
of three dogs that died of a bone tumor, a 

thyroid tumor, and a hemangiosarcoma. Two addi- 
tional dogs had bile duct tumors. This is the 
lowest exposure level with a mortality rate 
or incidence of lesions significantly different 
from that of control groups; a hepatocellular 
carcinoma, of uncertain relationship to plutonium 
exposure, occurred in one dog from dose-level 
Group 1. 
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FIGURE 2. Serum Glutarnic Pyruvic Transarninase (GPT) in Dogs After Inhalation of 2 3 9 ~ u ( ~ 0 3 ) 4  

Although the skeleton is generally considered the risks for these dogs, based on estimated cumula- 
critical tissue after inhalation of soluble plutonium, tive dose to the lung, are approximately 12 times 
and 28 of 77 exposed dogs have died with bone higher for 2 3 9 ~ u ( ~ ~ ~ ,  than for inhaled 23g~u02  
tumors by 13 years after exposure, it should be and 50 times higher than for inhaled 238~u02.  
noted that 30 of .these 77 exposed dogs also had Further, intrahepatic bile duct tumors have now 
lung tumors. We have calculated that lung cancer occurred in 7 dogs. 
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FIGURE 3. Serum Alkaline Phosphatase (ALP) in Dogs After Inhalation of 2 3 9 ~ u ( ~ 0 3 ) 4  



TABLE 3. Lesions in Beagle Dogs 13 Years After Inhalation of 2 3 9 ~ u ( ~ 0 d 4  

Dose Group 
6 3 4 3 2 _1 Vehicle Control - 

Number of DogsIGroup 
Number of Dead DogsIGroup 

Radiation pneumonitis 
Radiation pneumonitis and lung tumor 
Bone tumor 
Bone and lung tumor 
Bone, lung, and liver tumor 
Lung tumor 
Liver, lung, and bone tumor 
Lung and liver tumor 
Hemangiosarcoma and lung tumor 
Thyroid and lung tumor 
Pyometra and liver tumor 
Pneumonia, adrenal and liver tumor 
Mammary and liver tumor 
Liver tumor 
Pneumonia or pleuritis 
Lymphoma 
Thyroid tumor 
Meningeal tumor 
Status epilepticus 
Congestive heart failure 
Hemangiosarcoma 
Adrenal tumor 
Esophageal/stomach tumor 
Intervertebral disc protrusion 
Mammary tumor 
Cerebral hemorrhage 
Prostate tumor 
Pyometra 
Mastocytoma 
Splenic tumor 
Endocarditis 
Nephropathy 
Malignant melanoma 

(a) Number of dogs with lesions associated with death. 



National Radiobiology Archives 

Principal Investigator: C. R. Watson 

Other Investigators: M. 7: Karagianes, S. K. Smith, L. M. Lindgren, J. C. Prathel; 
D. N. Rommereim, L. G. Smith, and R. C. Thompson 

The National Radiobiology Archives is a comprehensive effort to gather, organize, and catalog data, tis- 
sues, and documents related to radiobiology studies. This will provide future researchers with materials 
for analysis by advanced molecular biology techniques and with information for statistical analysis to 
compare results of these and other studies. The project concentrated initially on three tasks associated 
with studies of beagle dogs exposed to ionizing radiation at five DOE laboratories: (1) implementing an 
interlaboratory computerized information system containing a summarized dose-and-effects database 
with results for each of more than 5000 life-span-observation dogs, a collection inventory database, and 
a bibliographic database; (2) establishing a document archives of research materials such as logbooks, 
clinical notes, radiographic films, and pathologists' observations; and (3) establishing a specimen 
archives for research materials such as biopsy and necropsy tissue samples or histopathology blocks 
and slides. The databases were designed and have been populated with records from three laboratories. 
Tissue specimens and histopathology blocks from more than 1000 dogs have been received from the 
University of California at Davis. A collaborative effort was initiated for the analysis of 13'cs studies with 
Argonne National Laboratory and the lnhalation Toxicology Research Institute. 

Since the initiation of the Manhattan project, many 
investigations have been conducted into the 
biological effects of ionizing radiation. The focus 
of these studies has been on understanding the 
degree of risk and the nature of human health 
effects. When the acute effects of relatively large 
doses had been characterized, attention shifted to 
the relationship between low doses and cancer. 
This led to initiation of life-span studies of 
experimental animals in several DOE-supported 
laboratories. As these studies are completed, the 
National Radiobiology P,rchives (NRA) provides 
integra.tion and preservation of this unique body of 
information and materials and encourages and 
facilitates its continued use. 

Beagle Studies 

Nearly 40 years ago, the U.S. Atomic Energy 
Commission made a far-reaching commitment to 
conduct life-span radiation effect studies in a 
relatively long-lived animal, the beagle dog, at five 
laboratories. As a consequence, a group of closely 
related experiments are now coming to fruition. 
These life-span studies, conducted at the 
University of Utah (U of Utah), the University of 

California at Davis (UC Davis), Argonne National 
Laboratory (ANL), Pacific Northwest Laboratory 
(PNL), and the Inhalation Toxicology Research 
Institute (ITRI), are the initial focus of Archives 
activities. These experiments are listed in Table 1, 
showing the NRA study code, the time period over 
which the exposures were conducted, the nature 
of the exposures, and the number of dogs held for 
life-span observation. 

Three tasks are associated with integrating and 
preserving information from these studies. The 
computerized information system provides 
electronic access to summary data on each dog, 
the document and specimen collection catalogs, 
and bibliographic citations; the document 
archives houses and preserves nonbiological 
materials; and the specimen archives houses and 
preserves biological materials. This year, we report 
significant progress toward implementing the 
databases and establishing the specimen 
archives. Procedures were developed for catalog- 
ing the written materials in the document archives. 
Documents will be shipped to the NRA as studies 
are completed; this year, the documents were still 
in active use in the laboratories. 



TABLE 1. Major Life-Span Studies Being Incorporated into the National Radiobiology Archives 

NPA 
Study Date of Type of Exposure Number of 

ID Exposures Exposure Mode Life-Span Dogs 

U-01 (a) 1952-1 974 2 3 9 ~ u  IV injection 285 
U-02 1953-1 970 2 2 6 ~ a  IV injection 164 
U-03 1954-1 963 2 2 8 ~ a  IV injection 89 
U-04 1954-1 963 228~h IV injection 94 
U-05 1955-1966 'OSr IV injection 99 
U-06 1 966-1 975 241 ~m IV injection 117 
U-07 1971-1974 249cf IV injection 36 
U-08 1971-1973 252cf IV injection 35 
U-09 1972-1 978 2 3 9 ~ u  IV injection (juvenile) 75 
U-10 1973 2 5 3 ~ s  IV injection 5 
U-1 1 1975-1 978 2 3 9 ~ u  IV injection (aged) 34 
U-12 1975-1 978 2 2 6 ~ a  IV injection (juvenile) 53 
U-13 1975-1 980 2 2 6 ~ a  IV injection (aged) 33 
U-14 1977-1 979 2 2 4 ~ a  IV injection (multiple) 128 

D-01 1952-1958 X ray Whole body (fractionated) 360 
D-02 1961-1969 9 0 ~ r  Ingested (in utero to 540 days) 483 
D-03 1964-1969 'OSr IV injection 45 
D-04 1 964-1 969 2 2 6 ~ a  IV injection (multiple) 335 

A-01 1956 9 0 ~  r Transplacental 53 
A-02 1957 SC injection (multiple, various ages) 98 
A-03 1960-1 964 4 4 ~ e  IV injection 49 
A-04 1961 -1 963 3 7 ~ s  IV injection 65 
A-05 1968-1978 Gamma ray Whole body (continuous to death) 31 1 
A-06 1968-1977 Gamma ray WB (continuous to predetermined dose) 343 

P-01 1959-1 962 2 3 9 ~ u ~ 2  Inhalation 35 
P-02 1967 2 3 8 ~ u ~ 2  lr~halation 22 
P-03 1970-1 972 2 3 9 ~ u ~ 2  Inhalation 136 
P-04 1972-1 975 2 3 8 ~ u ~  Inhalation 136 
P-05 1975-1977 2 3 9 ~ u ( J ~ 3 ) 4  Inhalation 148 

1-01 1965-1 967 9 0 ~ r ~ 1 2  Inhalation 63 
1-02 1966-1 967 4 4 ~ e ~ 1 3  Inhalation 70 
1-03 1966-1 967 g 1 ~ ~ 1 3  Inhalation 54 
1-04 1967-1971 1 4 4 ~ e  (FAP)(~) Inhalation 126 
1-05 1968-1 969 3 7 ~ s ~ l  IV injection 66 
1-06 1969-1971 (FAP) Inhalation 101 
1-07 1970-1971 9 1 ~  (FAP) Inhalation 108 
1-08 1970-1 974 'OSr (FAP) Inhalation 124 
1-09 1972-1 976 4 4 ~ e  (FAP) Inhalation (juvenile) 54 
1-1 0 1972-1 975 4 4 ~ e  (FAP) Inhalation (aged) 54 
1-1 1 1972-1 975 4 4 ~ e  (FAP) Inhalation (multiple) 36 
1-1 2 1973-1976 2 3 8 ~ u ~ 2  Inhalation (3.0 pm) 84 
1-1 3 1974-1 976 2 3 8 ~ u ~ 2  Inhalation (1.5 prn) 84 
1-1 4 1977-1 979 2 3 9 ~ u ~ 2  Inhalation (0.75 prn) 60 
1-1 5 1977-1 979 2 3 9 ~ u ~ 2  Inhalation (1.5 pm) 108 
1-1 6 1977-1 979 2 3 9 ~ u ~ 2  Inhalation (3.0 prn) 83 
1-1 7 1977-1 978 2 3 9 ~ u ~ 2  Inhalation (multiple, 0.75 pm) 72 
1-1 8 1979-1 983 2 3 9 ~ u ~ 2  Inhalation (juvenile, 1.5 pm) 108 
1-1 9 1979-1 982 2 3 9 ~ u ~ 2  Inhalation (aged, 1.5 pm) 60 

- 
Total: 1952-1 983 5381 

(a) Laboratory Codes: A, ANL; D, University of California at Davis; I, ITRI; PNL; U, University of Utah. 
(b) FAP: radionuclide was adsorbed to an insoluble fused aluminosilicate vector aerosol. 



Advisory Committee 

The NRA is guided by an advisory committee 
(NRAAC) consisting of four external advisors: 

Stephen A. Benjamin, Colorado State University: 
Dog Studies 

J. A. Louis Dubeau, University of Southern 
California: Molecular Biology 

Kenneth L. Jackson, University of Washington: 
Radiobiology 

Philip R. Watson, Oregon State University: 
Databases 

and eight participating advisors: 

Bruce B. Boecker, Inhalation Toxicology Research 
Institute 

Thomas E. Fritz, Argonne National Laboratory 
Ronald L. Kathren, Hanford Environmental Health 

Foundation 
Scott C. Miller, University of Utah 
James F. Park, Pacific Northwest Laboratory 
Otto G. Raabe, University of California at Davis 
Robert G. Thomas, U.S. Department of Energy 
Roy C. Thompson, Pacific Northwest Laboratory. 

The NRAAC met in May 1990 to recommend poli- 
cies and set priorities. An orderly process for 
nominating and determining materials to be 
included in the Archives on a study-by-study basis 
was established. The next advisory committee 
meeting will focus on the University of Utah 
studies. Future activities of the NRAAC include 
sponsorship of a workshop on current and future 
research uses of archived tissue specimens. 

Information System 

Computer database technology is essential to 
integrating this broad and diverse collection of 
information. The NRA is developing several 
interrelated databases, each of which follows the 
relational model. There are three major data- 
bases: the dose-effects summary, the collection 
inventory, and the bibliography. These systems 
are being developed on two hardware platforms, 
the DEC VAX configuration at ANL and the IBM PC 
systems at PNL. We are also using two database 
management software products, Oracle on the 
VAX and PC, and Paradox on the PC. We will 
evaluate these two approaches and select one 
within the next year. 

The computerized summary database contains the 
dose to and the effect on each significant tissue in 
each dog. It has six major tables: 

LAB - describing each laboratory 
STUDY - describing each study (as shown 

in Table 1) 
GROUP - describing groups of animals 

within each study 
ANIMAL - summarizing each animal 
TEFFECT - effect (and diagnosis dates) 

observed in significant tissue 
category 

TDOSE - dose to each significant tissue 
category at diagnosis dates in 
TEFFECT 

The summary database also includes laboratory- 
specific supporting tables for information such as 
serial hematological determinations or clinical 
observations. Animals included in the database 
are classified as primary if they were included in 
the tables of life-span animals in the Appendix (pp. 
126-221) of Roy C. Thompson's book, Life-Span 
Effects of Ionizing Radiation in the Beagle Dog. 
Incomplete records are also included for animals 
assigned to ancillary groups such as dosimetry, 
toxicology, special study, or breeding. Sufficient 
information is available for these ancillary animals 
to permit genealogical analysis of an entire colony. 
Progress toward populating the summary data- 
base is shown in Table 2. 

The collection inventory database contains infor- 
mation about each of the bar code labels affixed 
to materials (or containers of materials) in the NRA 
collections. The database defines the materials 
and also tracks the location of items to allow rapid 
retrieval. 

The bibliographic database uses the same bar 
code label system to identify reference materials. 
Location information about the materials is stored 
in the collection inventory database, while a com- 
plete bibliographic citation is stored in the 
bibliography system. 

Document Archives 

The research document archives collects the 
detailed research findings associated with each 
study. These include handwritten "raw" data such 
as exposure logbooks, clinical notes, laboratory 



TABLE 2. Progress Toward Populating the Summary Database 

NRA Status of NRA Database ~ a b l e s ( ~ )  
Study ID LAB STUDY GROUP ANIMAL TEFFECT TDOSE LAB SPECIFIC - -  

Number of Records: 

Primary 5 48 364 1,609 
Total 5 58 41 7 12,917 

(a) Status Codes: 
F, Final; database records are complete and reviewed by PI. 
C, Complete; database records are complete, all significant fields have complete information. 
F: Partial; database records are partially complete, some fields have no information. 

(b) Laboratory Codes: U, University of Utah; D, University of California at Davis; A, ANL; F: PNL; I, ITRI. 

analysis forms, hematological profiles, and animal 
care observations. A significant class of research 
document from these studies is photographic film - 
autoradiographs, radiographs, and photographs. 
"Summarized" data, usually reduced to computer 
files o i  p~blicatisn reprints, are also included. 
Each document (or document container such as 
a folder) is given a bar-coded accession number 
label and stored in a controlled environment. This 
material is cataloged in the bibliographic database 
for rapid selection and retrieval. 

The first contribution to the document archives is 
the extensive collection of supportive documenta- 
tion that provided the basis for Radioactivity and 
Health, A History, by J. Newell Stannard. The initial 
portion of these documents was received and 
accessioned this year. The UC Davis clinical and 
radiographic records will be shipped to the 
Archives at the conclusion of their contract with 
DOE. Documents such as clinical records, radio- 
graphs, photographs, autoradiography prepara- 
tions (as well as specimens such as organs, 
histology blocks, slides), at the U of Utah were 
accessioned in 1990; these materials will reside in 
Utah pending completion of the studies. 

Specimen Archives 

The biological specimen archives contains col- 
lected research materials such as tissues 
preserved in formalin or alcohol, tissue samples 
embedded in paraffin or plastic for histopatho- 
logical analysis, microscope slides, and radio- 
graphic films. Many of these materials are 
radioactive and are associated with hazardous 
materials such as formalin, alcohol, or paraffin. An 
existing 1 200-fi2 cinder block building, 331 -G, has 
been renovated as the repository of these speci- 
mens. It contains a specimen manipulation labora- 
tory and storage bays with an automatic fire 
suppression system. 

Materials nominated for inclusion in the document 
and/or specimen archives must be reviewed by 
the NRAAC. The first such review committee met 
at the UC Davis in December 1988 and recom- 
mended acceptance of materials related to three 
life-span, internal-emitter studies (shown in 
Table 1 as D-02, D-03, D-04). Specimens from a 
fourth study (D-Ol), involving external radiation, 
were deemed of insufficient scientific interest to 
warrant inclusion in the Archives. The first 



contributions to the specimen archives were 
moved from UC Davis to PNL in 1990. 

Supervision of the packing, shipment, receipt, and 
unpacking of the specimens was the major activity 
of the specimen archives task this year. Three 
types of material were shipped, including more 
than 2,600 plastic bags of biopsy and necropsy 
specimens associated with 1,024 animals, about 
55,000 histopathology blocks and a few hundred 
slides, and 49 alcohol-filled, 1 -gallon jars con- 
taining representative bones harvested from frozen 
skeletons. 

Materials are nominated for donation to the 
Archives by an institution which recognizes that 
specific completed studies are worthy of con- 
sideration for inclusion in the Archives. The 
University of Utah is in the process of completing 
final analysis of several studies in which all the 
dogs are dead. In anticipation of moving selected 
materials to the NRA in the near future, we col- 
laborated with the University of Utah staff to acces- 
sion, characterize, and physically organize mate- 
rials from these studies. 

This year, 1457 bar-code-readable labels were 
affixed to storage containers at the University of 
Utah. Information about the location and contents 
of the containers is available in the NRA inventory 
database. These data will be used by the NRAAC 
in its deliberations about which University of Utah 
materials should be included in the Archives. 

Progress toward establishment of the specimen 
archives is summarized as follows, with plans for 
the coming fiscal year in boldface type: 

ANL 1 3 7 ~ s  stud (A 04) was accessioned Y -  in 1990. ' 7 ~ s  specimens will be 
loaned to ITRl in 1991, and the 
' 4 4 ~ e  study (A-03) accessioning 
will be completed. 

UC Davis Reviewed by NRAAC in 1988; three 
studies were selected. These were 
organized, harvested, and packed in 
1989. Selected specimensfrom D-02, 
D-03, and D-04 were moveci to PNL 
in 1990; presently in storage. Speci- 
mens will be organized and acces- 
sioned at PNL in 1991. 

ITRl No actions are planned until 1992. 

PNL Specimens will be accessioned and 
organized for donation to NRA in 
1991. 

U of Utah Blocks, slides, radiographs, and 
clinical records were accessioned in 
1990; 1457 bar-code-readable labels 
affixed to containers. Accessioning 
of tissue specimens and review by 
NRAAC scheduled for 1991 ; speci- 
mens from selected studies may be 
shipped to NRA. 

Collaborations with Participating 
Laboratories 

The cooperation of participating institutions and 
investigators is essential to achieve the goals of 
the NRA project. Collaboration has been excellent 
with the five institutions conducting life-span 
beagle studies. The NRA staff has been wel- 
comed on several site visits, collaborative projects 
were initiated, and these laboratories' directors 
serve on the NRAAC. 

This year, three NRA collaborations were active. 
NRA participated in the transfer of specimens from 
UC Davis by providing onsite supervision and 
accessioning of the packing as well as transpor- 
tation to PNL; UC Davis completed specimen 
preparation and packing. NRA also participated in 
accessioning of specimens at the University of 
Utah. The NRA encourages analysis of studies 
that examine previous information from a new 
prospective by applying different analytical 
approaches or by combining results of studies 
performed at different institutions. This year we 
collaborated with ANL and ITRl on such an activity. 
One of the ITRl studies (1-05) involved animals 
injected with ' 3 7 ~ s ~ ~  solution in 1968-1969. A 
related study (A-04) was performed at ANL in 
1961 -1 963. 

Authors of reports on the ITRl study wanted to 
compare their results with those from ANL. NRA 
collaborated with ANL staff to achieve two goals. 
First, the tissue specimens, research records, 
dosimetry calculations, and other materials were 
accessioned and packaged and are ready to be 
sent to ITRl to aid in the compilation of the paper 



comparing the two studies. Second, the electronic 
database at ANL was probed for information about 
the study, and subfiles were sent to the NRA 
database and the scientists at ANL and ITRI. 

Future Activities 

Detailed radionuclide metabolic studies in more 
than 150 primates have been conducted at 
Lawrence Berkeley Laboratory (LBL) and other 
institutions since the 1940s. Sera and excreta 
specimens were collected for periods of a few 
minutes to several years after injection, Informal 
discussions between the NRA staff and the LBL 
staff were initiated for donation of the primate 
materials to the NRA. Many radiobiology studies 
involved rodents. Many of these studies were 
large, and access to unsummarized, unpublished 

data from them is limited. As the NRA project 
matures, selected rodent studies will be 
considered for inclusion in the NRA summary 
database. 
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Low-Level 2 3 9 ~ u 0 2  Life-Span Studies 

Principal Investigator: C. L. Sanders 

Other Investigators: K. E. Lauhala and J. A. Mahafiey 

A total of 31 92 female Wistar, 198 male Wistar, 192 female Lon Evans, and 200 female Fischer-344 rats 
were either sham exposed to, or given a single inhalation of, 2QiPu0,. Rats are being examined during 
their life span for spatial-temporal dose-distribution patterns and for lung tumor formation. Significant 
life-span shortening was seen only at lung doses >8 Gy. The dose-response curve for all lung tumors 
con.tinues to be best fitted by a quadratic function and a "practical" threshold of 1-2 Gy; maximum lung 
tumor incidence is seen at about 8 Gy. Similar quadratic fits were also seen with predominant individual 
tumor types, squamous carcinoma and adenocarcinoma. Differences in lung tumor incidences between 
Fischer-344 and Long-Evans rats may be attributed to a faster lung clearance of PuO, in Long-Evans rats. 
Increased cell proliferation of type 2 alveolar epithelium may account for rr~uch of the carcinogenicity of 
inhaled plutonium in the lung and the possible existence of a practical threshold response similar to that 
seen with nongenotoxic chemicals. The incidence of brain tumors in plutonium-exposed Wistar rats was 
about twice that seen in sham-control rats for both males and females @ = 0.09); the predominant tumor 
type was astrocytoma. 

This project is one of only a few that will provide 
lung cancer risk data from an animal model at 
radiation doses as low as those received by 
nuclear workers, using a sufficient number of 
animals in control and low-dose groups to esti- 
mate tumor risk. The accurate determination of 
lung dose for each animal and the large numbers 
of animals in control and low-dose groups provide 
new information for decreasing the uncertainty of 
carcinogenic risk estimate in the lung. Quantita- 
tive light and scanning electron microscopic auto- 
radiography, cell kinetic studies, and evaluation of 
the pathological evolution of pulmonary carcinoma 
are providing new insights into the radiation dose 
received by "target" cells of the lung and their 
progression to tumors. 

Our objectives are to (1) describe the relationship 
between lung dose and lung tumor incidence; 
(2) identify target cells for lung tumor formation; 
(3) quantify the dose to target cells; and (4) de- 
scribe the progression of target cells to tumor 
cells. 

Lung Tumors in Female Wistar Rats 

A total of 3192 young-adult, female, specific- 
pathogen-free (SPF) rats were used in the initial 
life-span study: 2134 were exposed to 2 3 9 ~ ~ 0 2  at 

initial lung burdens (ILB) ranging from 0.25 to 
about 180 nCi; 1058 were sham-exposed controls. 
Histopathological analyses have been completed 
on 2238 of 3192 female Wistar rats, including 
731 sham-exposed controls and 1507 exposed 
animals. To date, only nine lung tumors have been 
found in 1251 rats with lung doses >O to <1 Gy, 
of which four are benign adenomas (malignant 
tumor incidence of 0.52%), while four lung tumors 
have been found in 731 sham-exposed rats (malig- 
nant tumor incidence of 0.55%). At a lung dose 
>1 Gy, the incidence of lung tumors rapidly 
increases with a maximum tumor incidence of 
about 75% being seen at a lung dose of 8 Gy 
(Table 1). Significant life-span shortening was 
found at lung doses >8 Gy (Figure 1). These data 
indicate the presence of a possible "practical" 
threshold dose of about 1 Gy for lung tumor for- 
mation; below this threshold, lung tumors are 
much less likely to be seen. The evolution of 
squamous cell carcinoma from normal bronchiolar 
or alveolar epithelium involves a stepwise series of 
cellular changes, each dependent on the preced- 
ing step for further expression. Data from our life- 
s an study with inhaled 239~u0, suggest that !? 'PU may act as a promoter of pulmonary car- 
cinogenesis, particularly at lung doses >1 Gy, 
such that aggregation of particles leads to a 
sequence of inflammation, fibrosis, and epithelial 



TABLE 1. Lung Tumor Incidences in Female Wistar Rats Following Inhalation of 2 3 9 ~ u 0 2  

Dose to 

;;I4 
Numb r 
of rats?') 

Survival Time 
After Exposure, 

days(a) 

Incidence of Lung Tumors, % 
Squamous Adeno- Other 
Carcinoma carcinoma ~ u n T o r s ( ~ )  

33.3 11.1 22.2 0 
54.5 18.2 0 0 
35.7 14.3 7.1 7.1 
62.5 18.8 18.8 0 
40.0 20.0 13.3 0 
43.8 12.5 6.3 0 
60.0 10.0 0 5.0 
23.5 11 .8 17.6 5.9 

0 29.4 5.9 0 
10.3 10.3 0 3.4 
5.1 5.1 0 2.6 
5.4 0 0 0 
0 0 0 2.6 
0 0 0 0 
0 0 1.7 3.5 
0.7 0 0 0.7 
0 0 0 0.4 
0 0.1 0 0.1 
0 0.3 0.1 0.1 

(a) Mean r standard deviation. 
(b) Number of rats wi.th corr~pleted histopathology is given in parentheses 
(c) Hemangiosarcoma, fibrosarcoma, carcinosarcoma. 
(d) Adenoma, mesothelioma. 
(e) Estimated background lung dose. 

Total 

66.7 
72.7 
64.3 

100 
73.3 
62.5 
75.0 
58.8 
35.3 
24.1 
12.8 
5.4 
2.6 
0 
5.2 
1.4 
0.4 
0.3 
0.5 

The dose-response relationship for all tumor types, 
I as well as for adenocarcinoma and squamous car- 

0.001 0.01 0.1 1 10 100 
Dose to Lung, Gy 

FIGURE 1. Median Survival Time for Female Wistar Rats 
Following Inhalation of 2 3 9 ~ u 0 2  

metaplasia preceding carcinoma formation. Cur- 
rent data indicate a clear threshold dose of 1 Gy 
for squamous carcinoma formation. 

cinoma tumor types, continues to be well fitted by 
a quadratic function (Figures 2 through 4). We 
suggest that the lower dose range of the quadratic 
curve (< 1 Gy) represents primarily initiation 
events, while the much steeper, higher dose por- 
tion of the curve ( > I  Gy) represents mostly pro- 
motion events caused by plutonium particle ag- 
gregation, resulting in the progressive expression 
of carcinogenesis. These dose-response relation- 
ships are similar to those reported for several 
other carcinogens. In the cases of urinary bladder 
carcinogenesis following sodium saccharin or 
melamine administration and nasal cavity carcino- 
genesis following formaldehyde inhalation, both in 
rats, a threshold response was observed with 
tumors entirely attributable to increases in stem 
cell populations without influencing the probability 
of initiation or transformation (Cohen and Ellwein 
1990). Similar epigenetic responses have also 
been seen for squamous cell carcinoma induction 



0.001 0.01 0.1 1 10 100 
Dose to Lung, Gy Dose to Lung, Gy 

FIGURE 2. lncidence of Lung Tumors in Female Wistar Rats FIGURE 4. lncidence of Pulmona Squamous Carcinoma in 
Exposed to 239~u02. Data were fitted by quadratic polynomial Female Wistar Rats Exposed to 23abu02. Data were fitted by 
equation. quadratic polynomial equation. 

FIGURE 3. lncidence of Pulmonary Adenocarcinorna in Female 
and nongenotoxic damage, the latter of which 

Wistar Rats Exposed to 239~u02.  Data were fitted by quadratic would be expected to have a no-effect threshold 
poIvnorniaI equation. above which cytotoxicity to type 2 alveolar cells 

alpha dose because of their location and prolifer- 

. , 

becomes apparent. Substantial cytotoxicity and 
increased cell proliferation were not observed 

in rat lung following inhalation of nongenotoxic below a threshold dose of about 1 GY. 
dusts such as titanium dioxide, coal dust, quartz, 
and volcanic ash. Influence of Strain and Sex on Tumor 

Response 
Lung Tumor Progression 

Male Wistar and female Fischer-344 and Long- 
Damage and death of type 1 alveolar epithelial Evans rats appear to exhibit similar lung tumor 
cells promote proliferative renewal of type 2 incidences at a lung dose of about 1 Gy, with 
alveolar epithelial cells. Type 2 cells are the pos- Fischer-344 rats showing the highest incidence 
sible progenitor cells of most pulmona 2 carci- (Table 2). Lung tumor incidence in sham-exposed 
nomas seen in the rat after inhalation of 9~u0,. control Fischer-344 rats was also the highest of all 
They receive a disproportionately larger share of strains and sexes. The incidence of lung tumors at 

ative reaction to damage. Morphological evidence 
indicates that type 2 alveolar epithelium may 
become ciliated and differentiate into bronchiolar- 
like epithelial cells (Figure 5). If so, ciliated 
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lesions may not arrive from migrating terminal 
epithelial cells but be derived from alveolar 
epithelium. Thus, the alveoli would be the target 

- for most adenocarcinomas and squamous carci- 
nomas. Small focal areas of squamous differen- - 
tiation are seen in regions of intense alveolar 

" ""  fibrosis, which lead to squamous carcinoma. It is 
0.001 0.01 0.1 1 10 100 probable that the pulmonary carcinogenesis 

Dose to Lung, Gy response is a result of both genotoxic damage 



FIGURE 5. Transformation of Type 2 Alveolar Epithelium into Ciliated Bronchiolar Epithelium on Surface of Fibrotic Alveolar Wall 



TABLE 2. Estimate of Lung Tumor Incidence by Gross 
Observation of the Lung in Rats Following Inhalation of 
2 3 9 ~ ~ 0 2  

Lung 
Numbers Numbers of Tumors, 

Strain Sex Dose, Gy of Rats Lung Tumors % -- 

Wistar F 0 554 4 0.7 
c1.0 91 8 8 0.9 
>1 .O 235 108 46.0 
>5.0 118 89 75.4 

Wistar M 0 60 0 0 
<I. 0 45 2 4.4 
>I .O 93 35 37.6 
>5.0 60 32 53.3 

Fischer F 0 60 1 1.7 
< 1 .O 79 11 13.9 
>5.0 60 41 68.3 

Long- 
Evans F 0 60 0 0 

<1.0 71 4 5.6 
>5.0 60 21 35.0 

high doses was least in Long-Evans rats. These 
dose calculations assumed the same lung clear- 
ance curve for all rats. Quantitative autoradiog- 
raphy was carried out on the left lobe of each 
strain and sex of rats. Mean radiation doses to the 
lung at death were similar (about 10 Gy), using the 
same lung clearance curve to calculate dose. 
However, bronchiolarsubmucosal alpha-track con- 
centration and the formation of large plutonium 
aggregates were substantially less in female Long- 
Evans rats than in Fischer-344 rats. Likewise, the 
incidence of lung tumors was only 35% in the 
Long-Evans strain but 68% in the Fischer-344 
strain. An increased clearance of inhaled 239~u02 
in the Long-Evans strain as compared to the 
Fischer-344 strain is the most likely explanation on 
the basis of studies by Ferin and Morehouse 
(1980) with inhaled titanium dioxide in the two 
strains (Figure 6). Thus, the mean lung dose in the 
lung of Long-Evans rats was probably significantly 
less than in Fischer-344 rats. 

Brain Tumors 

Brain tumors in man are associated with exposure 
to ionizing radiation. Increased incidences of brain 
tumors are seen in children irradiated for tinea 
capitis, diagnostic dental procedures, and primary 
head and neck tumors. Most studies indicate 
excess tumors at >1 Gy of cumulative exposure. 
Among plutonium and other nuclear workers, four 

studies have shown an excess in brain tumors, 
particularly for astrocytoma of the brain. His- 
torically, untreated rats have a low incidence of 
brain tumors, about 1 %. Astrocytoma followed by 
meningioma are the most prevalent brain tumor 
types found in rats. Previous life-span studies with 
inhaled plutonium in rats have not included micro- 
scopic examination of the brain. 

2 
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FIGURE 6. Lung Clearance of Inhaled Titanium Dioxide in 
Fisher-344 and Long-Evans Rats (Ferin and Morehouse 1980) 

Among female Wistar rats, 6 brain tumors were 
found in 1058 control animals (incidence, 0.57%) 
and 24 brain tumors in 2134 exposed rats (inci- 
dence, 1.13%), at a level of significance of p = 
0.09. Astrocytoma (21 rats) was the predominant 
tumor type (Figure 7), followed by meningioma (6 
rats). Tumor types were similarly distributed 
among control and plutonium-exposed rats. 
Eighteen of 30 brain tumors were found in rats 
older than 2 years. Life spans for control and 
exposed rats with brain tumors were 829 k 84 
days and 781 k 173 days, respectively. Five of 6 
brain tumors in control rats and 12 of 24 brain 
tumors in plutonium-exposed rats were considered 
fatal. The incidence of brain tumors in male Wistar 
rats were 3.3% (2160) in controls and 5.1 % (711 38) 
in plutonium-exposed rats. The incidence of brain 
tumors in both control and treated males was 
significantly greater than the incidences in 
respective female groups. In summary, both sexes 
of the Wistar strain show an increase in brain 
tumors in animals exposed to inhaled plutonium, 
although the increase is not significant at the 
p < 0.05 level (Table 3). 



TABLE 3. Brain Tumors in Wistar Rats with Both Sexes 
Combined 

References Cited 

Number Incidence, % Cohen, S. M., and L. B. Ellwein. 1990. Cell 
Treatment of Rats Total Astrocytoma proliferation in carcinogenesis. Science 

249:1007-1011. 
Control 1118 0.72 0.45 

Pu-Exposed 2272 1.36 I .Ol Ferin, J., and B. Morehouse. 1980. Lung clearance 
of particles in two strains of rats. Exp. Lung Res. 

FIGURE 7. Astrocytoma of Brain in Female Rat Exposed to Plutonium 



Inhalation Hazards to Uranium Miners 

Principal Investigator: E T: Cross 

Other Investigators: R. L. Buschbom, G. E. Dagle, K. M. Gideon, R. A. Gies, and 
E. S. Gilbert 

Technical Assistance: C. R. Petty 

Using experimental animals, we are investigating levels of air contaminants that produce respiratory 
system disease in radon-exposed populations. Lung cancer incidence and deaths from degenerative lung 
disease are significantly elevated among uranium miners, but the cause-effect relationships for these 
diseases are based on inadequate epidemiological data. This project identifies agents or combinations 
of agents (both chemical and radiological), and their exposure levels, that produce respiratory tract 
lesions, including respiratory epithelial carcinoma, pneumoconiosis, and emphysema. Histopathological 
examination was continued on 8000 Series (radon-, radon-progeny-, and uranium ore-dust-exposed) life- 
span animals and completed on 11,000 Series (radon-, radon-progeny-, uranium ore-dust-, and cigarette- 
smoke-exposed) serial-sacrifice animals. Data on 8000 Series animals continue to show that the risk of 
lung rumors continues to decrease in proportion to the decrease in cumulative radon-progeny exposure 
and remains elevated at exposures comparable to those found in houses. Data on 1 1,000 Series animals 
continue to suggest that cigarette smoke ameliorates radon-progeny-induced lung tumors; however, 
adenomatosis (considered to be a preneoplastic lung lesion) is more prevalent and severe in rats exposed 
to smoke after radon-progeny exposure than before radon-progeny exposure. Finally, the validity of the 
dosimetric approach for estimating risks of plutonium exposures from radon exposures was examined. 

Rat Exposure Protocols 

The 6000 Series (1000-working level; WL) and 
7000 Series (100-WL) experiments (Table 1) are 
designed to develop the relationships between 
response and exposure to radon progeny (at two 
rates of exposure) and carnotite uranium ore dust. 
The 8000 Series (1 00-WL) experiments (Table 2) 
are designed to extend the exposure-response 
relationships to cumulative exposure levels compa- 
rable to current condi.tions in the mines and to 
lifetime environmental exposures. The 9000 Series 
experiments (Table 3) continue the "low-dose" 
studies at exposure rates comparable to former 
occupational working levels (1 0 WL). They will 
help to further evaluate the hypothesis that the 
tumor probability per working-level month (WLM) 
exposure increases with decreasing exposure rate. 
In addition, concurrent exposure to varying levels 
of uranium ore dust tests the hypothesis that 
irritants (both specific and nonspecific) act 
synergistically with radiation exposures. The 

exposures of 6000,7000, and 8000 Series animals 
are completed. Exposures of 9000 Series animals 
have been temporarily discontinued, ceasing with 
the 80-WLM and 15 mg/m3 ore-dust exposures, 
pending analyses of existing data. Exposures of 
rats to uranium ore dust alone (10,000 Series 
experiments; Table 4) are completed. 

The ore-dust studies address recent experimental 
data in rats (as well as human epidemiological 
data) linking silica exposures to lung cancer. 
Because the silica content of the ore dust in the 
animal studies exceeds 60%, this potential link in 
the response to combined ore-dust and radon- 
progeny exposures needs to be clarified. Expo- 
sures of rats to radon progeny, uranium ore dust, 
and cigarette-smoke mixtures [initiation- 
promotion-initiation (IPI; 1 1,000 Series) experi- 
ments; see Mechanisms of Radon Injury project, 
this volume] are completed. These experiments 
clarify the induction-promotion relationships of 
radon and cigarette-smoke exposures. Exposures 



TABLE 1. Exposure-Response Relationship Study for Radon-Progeny Carcinogenesis in Rats 
(6000 and 7000 Series Experiments) 

Number of 
~ n i m a l s ( ~ )  

6000 Series 7000 Series Exposure ~ e ~ i m e m ( ~ l ~ )  

1000-WL radon progeny 
15 mg/m3 uranium ore dust 

1000-WL radon progeny 
15 mg/m3 uranium ore dust 

1000-WL radon progeny 
15 mg/m3 uranium ore dust 

1000-WL radon progeny 
15 mg/m3 uranium ore dust 

1000-WL radon progeny 
15 mg/m3 uranium ore dust 

1000-WL radon progeny 
15 mg/m3 uranium ore dust 

Controls 

Total 

EXPOS&! 
WLM 

(a) Number of animals is sufficient to detect the predicted incidence of lung 
tumors at the 0.05 to 0.1 level of significance, assuming linearity of 
response between 0 and 9200 WLM (see footnote d) and 0.13% 
spontaneous incidence. 

(b) Exposure rate, 90 hr/wk; planned periodic sacrifice. 
(c) Study will be repeated at 100-WL rate (without periodic sacrifice) to 

augment previous limited exposure-rate data (7000 Series experiments). 
(d) Working level (WL) is defined as any combination of the short-lived radon 

progeny in 1 liter of air that will result in the ultimate emission of 1.3 x l o5  
MeV of potential cr energy. Working-level month (WLM) is an exposure 
equivalent to 170 hours at a 1-WL concentration. Previous exposure at 
900 WL for 84 hr/wk to 9200 WLM produced an 80% incidence of 
carcinoma. 

of female rats (12,000 Series experiments; Table 5) 
are completed. These experiments provide com- 
parative risk data to exposures of male animals. 
Tables 1 through 5 are shown here with the actual 
numbers of animals (including serial-sacrifice 
animals) used at each exposure level. Previous 
reports showed design protocol numbers of 
animals needed to detect lung tumors at a 
particular level of significance; actual numbers 
employed always equaled or exceeded the design 
protocols. 

Rat Respiratory Tract Pathology 

A current summary of primary tumors of the 
respiratory tract for 8000 Series animals is shown 
in Table 6. These sampled data continue to show 
that the incidence of lung tumors decreases in 
proportion to the decrease in cumulative radon- 
progeny exposure and, in comparison to the 
approximate 0.1 3% spontaneous incidence, re- 
mains elevated at exposures comparable to those 
found in houses (20 to 40 WLM). Histopathological 



TABLE 2. Low Exposure-Response Relationship Study for 
Radon-Progeny Carcinogenesis in Rats (8000 Series 
Experiments) 

Total 
Number of Exposu 

Exposure Regimen (b) WLM(J' 

96 100-WL radon progeny 
3 

640(~)  
15 mglm uranium ore dust 

96 100-WL radon progeny 320(~)  
15 mg/m3 uranium ore dust 

192 100-WL radon progeny 1 60 
15 mg/m3 uranium ore dust 

384 100-WL radon progeny 80 
15 mg/m3 uranium ore dust 

480 100-WL radon progeny 40 
15 mg/m3 uranium ore dust 

544 100-WL radon progeny 20 
15 mg/m3 uranium ore dust 

192 Controls 

(a) Number of animals is sufficient to detect lung tumors at 
the 0.05 to 0.1 level of significance, assuming linearity of 
response between 0 and 640 WLM (see footnote c) and 
0.13% spontaneous incidence. 

(b) Exposure rate, 90 hrlwk; planned periodic sacrifice. 
(c) Previous exposures indicated a tumor incidence of 16% 

at 640 WLM. Working level (WL) is defined as any 
combination of the short-lived radon progeny in 1 liter of 
air that will result in the ultimate emission of 1.3 x l o5  
MeV of potential a energy. Working-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. 

examinations are in progress on the remainder of 
tissues from 8000, 9000, 10,000, 11,000, and 
12,000 Series animals. 

Histopathological examination was completed on 
all lPl Series rats sacrificed at 25, 52, and 
78 weeks from beginning of mixed exposures to 
radon, radon progeny, uranium ore dust, and 
cigarette smoke (Table 7). Exposure-related 
lesions were limited to the lungs and tracheo- 
bronchial lymph nodes. 

TABLE 3. Ultralow Exposure-Rate Study for Radon-Progeny 
Carcinogenesis in Rats (9000 Series Experiments) 

Number of 

64 

64 

384 

384 

51 2 

51 2 

192 

Exposure Regimen (b) 

10-WL radon progeny 
15 mg/m3 uranium ore dust 

10-WL radon progeny 
3 mg/m3 uranium ore dust 

10-WL radon progeny 
15 mglm3 uranium ore dust 

10-WL radon progeny 
3 3 mglm uranium ore dust 

10-WL radon progeny 
15 mg/m3 uranium ore dust 

10-WL radon progeny 
3 mg/m3 uranium ore dust 

Controls 

Total 
Exposu 

wLM(4' 

320 

320 

80 

80 

20 

20 

(a) Number of animals is sufficient to detect lung tumors at 
the 0.05 to 0.1 level of significance, assuming linearity of 
response between 0 and 640 WLM (tumor incidence is 
approximately 16% at 640 WLM) and 0.1 3% spontaneous 
incidence. 

(b) Exposure rate, 90 hr/wk; planned periodic sacrifice. 
(c) Working level (WL) is defined as any combination of the 

short-lived radon progeny in 1 liter of air that will result in 
the ultimate emission of 1.3 x lo5  MeV of potential a 

energy. Working-level month (WLM) is an exposure 
equivalent to 170 hours at a 1-WL concentration. 

Exposure-Related Lung Lesions in IPI Series 
Rats 

Focal accumulations of alveolar macrophages with 
dust ("dust macrophages"), focal interstitial 
reaction, adenomatosis, and primary lung tumors 
were the principal experimental effects observed in 
IPI sacrificed animals. The focal accumulations of 
alveolar macrophages with dust were randomly 
distributed or occurred near terminal bronchioles. 
The dust consisted of uranium ore and, in rats 
exposed to smoke, probably smoke particulates 
that blended with and were not distinguishable 
from the uranium ore dust. The foci frequently had 



TABLE 4. Control Study for Uranium Ore-Dust 
Carcinogenesis in Rats (10,000 Series Experiments) 

Number of 
Animals Exposure Regimen (a) 

96 15 mglm3 uranium ore dust 

64 Sham-exposed controls 

(a) Exposures, 12 to 18 months at 72 hrlwk; 
planned periodic sacrifice. 

TABLE 5. Exposure of Female Rats to Radon Progeny and 
Uranium Ore Dust (12,000 Series Experiments) 

Number of 
Animals Exposure Regimen (a) 

96 100-WL radon progeny; 640 WLM 
5 mglm3 uranium ore dust 

96 Sham-exposed controls 

(a) Exposure rate, 72 hrjwk; planned periodic sacrifice. 
Working level (WL) is defined as any combination of the 
short-lived radon progeny in 1 liter of air that will result in 
the ultimate emission of 1.3 x l o5  MeV of potential a 

energy. Working-level month (WLM) is an exposure 
equivalent to 170 hours at a 1 -WL concentration. 

TABLE 6. Current Surr~mary of Primary Tumors of the Respiratory Tract in Life-Span Animals (8000 Series Experiments) 

Extrathoracic Tumors Lung Tumors 
Nominal No. 

Nominal Ore Dust No. Animals Adeno- Adeno- No. Animals 
Exposure, Conc 

3 
Laryn- Animals to Be Ade- carci- Epidermoid squamous Sar- with 

WLM mglm Nasal geal Tracheal Examined Examined noma noma Carcinoma Carcinoma coma(a) Lung Tumors 

Controls 0160 0146 0155 64 1 09 0 0 0 0 0 0 

(a) One malignant hemangiopericytoma and one malignant fibrous histiocytoma, considered radon-progeny-exposure-related. 
(b) Number tumors1number examined. 
(c) One malignant oropharyngeal hernangiosarcoma, considered radon-progeny-exposure-related; found in tissue not routinely 

sectioned for histopathology. 

a minimal amount of thickened alveolar septa and 
occasionally had interstitially located macro- 
phages. There was a tendency for dust-laden 
macrophages to be more aggregated by 52 and 
78 weeks after initiation of exposures than in rats 
sacrificed at 25 weeks; fewer alveolar macro- 
phages were observed at 78 weeks than at earlier 
sacrifice times. 

Focal interstitial reactions were the principal 
inflammatory lesions related to the exposures. The 
focal interstitial reactions were generally randomly 
disseminated and consisted of thickened alveolar 

septa with a mild mononuclear or mixed-cellular 
inflammatory response. The interstitial reactions 
frequently had some associated macrophages in 
the alveoli, but increased numbers of alveolar 
macrophages were not the most prominent reac- 
tion present. Minimal amounts of alveolar epithelial 
hyperplasia was associated with the thickened 
alveolar septa. 

The proliferative reaction of alveolar epithelium, 
more than the minimal amounts associated with an 
interstitial reaction, was tabulated as adenoma- 
tosis. Adenomatosis consisted of foci where alveoli 



TABLE 7. Primary Lesions of the Lung in 2.5, 52-, and 78-Week Sacrificed Rats (11,000 Series IPI ~ x ~ e r i r n e n t s ) ( ~ )  

Group Number 

1 

Exposure 

320 

Sham-exposed controls 

160/Shelf/160 

Sham-exposed controls 

1 6O/Smoke/l60 

Sham-exposed controls 

320/Smoke 

Sham-exposed controls 

Smoke1320 

Sham-exposed controls 

Ore dustlsmoke 

Sham-exposed controls 

Sacrifice 
Time, wk 

Number of Rats (and Group Average of: 
Interstitial Dust 
Reaction Macrophages Adenomatosis Tumors 

(a) Moderately low concentrations (5-6 nlg/m3) of uranium ore dust (2% U content) accompanied radon exposures as a 
carrier aerosol for ,the daughters; 10 animals were sacrificed in each group at each sacrifice time. 

(b) Group average lesion severity is given in parentheses: +1 (very slight); +2 (slight); +3 (moderate); +4 (marked); 
+5 (extreme). 

(c) Radon-progeny exposures shown are nominal; 
320 = 320-WLM (100-WL) radon progeny + uranium ore dust delivered in 8-wk exposure period 
16O/Shelf/160 = 160 WLM (4 wk)/Shelf (17 wk)/160 WLM (4 wk). 

All exposures except group 1 were completed in 25 weeks; cigarette-smoke exposures were 1 hr/d, 5 d/wk for 
17 weeks at 0.5 mg/L total particulate mass concentration. Working level (WL) is defined as any combination 
of the short-lived radon progeny in 1 liter of air that will result in the ultimate emission of 1.3 x lo5  MeV 
of potential a energy. Working-level month (WLM) is an exposure equivalent to 170 hours at a 1 -WL concentration. 



were lined with prominent cuboidal epithelial cells 
resembling alveolar type 2 pneumocytes. The 
alveolar septa were thickened, but the increased 
thickness was principally caused by the alveolar 
epithelial hyperplasia and not the inflammatory 
response as was tabulated with the focal interstitial 
reaction. In the grade of +3 (observed), the ade- 
nomatosis is moderately extensive. The grade +4 
(observed) would include some atypical hyper- 
plasia of alveolar epithelium. Grade +5, not 
observed with these rats, would include atypia and 
replacement of the architecture of the lung 
parenchyma so as to be difficult to distinguish 
from neoplasia. One additional proliferative lesion, 
alveolar squamous metaplasia, was present in one 
rat from group 5 (r-S-r). 

Primary lung tumors (21 total in 17 rats) were 
papillary adenomas (lo), solid adenomas (A), 
bronchioloalveolar carcinomas (8), and adeno- 
squamous carcinomas (2). The papillary adeno- 
mas occurred in alveolar parenchyma and con- 
sisted of fairly well circumscribed nodules of 
proliferating cuboidal epithelial cells having a 
papillary pattern replacing normal architecture. 
The one solid adenoma was composed of a well- 
circumscribed mass of densely packed epithelial 
cells having fine connective tissue stroma. The 
bronchioloalveolar carcinomas consisted of cuboi- 
dal epithelial cells proliferating in a bronchio- 
loalveolar pattern with a tendency to extend into 
adjacent tissues. The two adenosquamous carci- 
nomas had major portions of both bronchioloalve- 
olar pattern and stratified squamous epithelium. 
Assuming spherical volumes, the average volume 
and standard deviation of benign tumors was 1.3 
21.4 mm3, while carcinomas were 7.6 2 5.7 mm3. 
The average size of all tumors combined (benign 
and malignant) were the same at 52 and 78 wk. 

The data in Table 7 suggest that cigarette smoke 
ameliorates radon-induced lung tumors; however, 
adenomatosis (considered to be a preneoplastic 
lung lesion) was more prevalent in rats exposed to 
cigarette smoke after radon exposures (Groups 5 
and 7) than before radon exposure (Group 9). 

Adenomatosis was essentially absent in rats 
exposed to cigarette smoke without accompanying 
radon exposures (Group 11). 

Exposure-Related Tracheobronchial Lymph 
Node Lesions in IPI Series Rats 

Phagocytosed dust was tabulated as dust macro- 
phages. In grades of +3 (observed), or higher, 
broad sheets of macrophages partially replace the 
parenchyma of the medulla. 

Reactive hyperplasia usually consisted of in- 
creased numbers of plasma cells causing in- 
creased thickness of the medullary cords. In 
grades of +3 (observed) or higher, broad sheets 
of lymphocytes in the cortex start to extend into 
pericapsular tissues. 

Cystic degeneration, common in older rats and 
beginning to appear in this population, consisted 
of dilated spaces partially filled with lymph. The 
spaces were lined with a single layer of flattened 
cells and could represent dilated lymphatics. 

Finally, the validity of the dosimetric approach for 
estimating risks of plutonium exposures from 
radon exposures was examined in collaboration 
with Drs. E. S. Gilbert, C. L. Sanders, and 
G. E. Dagle, PNL. The dosimetric approach is 
based on the assumption that a specified dose to 
the lung produces the same lung tumor risk inde- 
pendent of the radionuclide producing the dose. 
If lung tumors are assumed to be fatal, radon and 
plutonium dose-response curves differ, with a 
linear function providing a good description of the 
radon data and a pure quadratic function 
providing a good description of the plutonium 
data. These results suggest that the use of the 
dosimetric approach would be likely to over- 
estimate lung tumor risks from plutonium at low 
doses. However, if lung tumors are found inciden- 
tally at death, dose-response curves for the two 
exposures are very similar and thus support the 
dosimetric approach for estimating plutonium lung 
tumor risks from radon exposures. 



Mechanisms of Radon Injury 

Principal Investigator: E 7: Cross 

Other Investigators: R. L. Buschbom. G. E. Dagle, E. W ~ / e c k , ( ~ )  M. E. Foreman, 
M. E. Frazier; R. A. Gies, A. C. James, R. E Jostes, E C. Leung, 
L. S. McCoy, S. H. ~ o o l ~ a v k a r ; ( ~ )  T. L. Morgan. 
J. L. S~hwartz,(~) L. G. Smith, and G. L. Stiegler 

Technical Assistance: 7: L. Curry and C. R. Petty 

In this project we conduct 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 in radon-progeny carcinogenesis; the induction-promotion relationships 
associated with exposure to radon and cigarette-smoke mixtures; the role of oncogenes in radon-induced 
cancers; the effects of radon on DNA as well as on DNA repair processes; and the involvement of growth 
factors and their receptors in radon-induced carcinogenesis. 

In vitro radon and radon-progeny exposures of adult and fetal rat lung cells were initiated to correlate 
with data on growth factor and growth factor receptor involvement in radon-exposed rats. The analysis 
of survival response data on Chinese hamster ovary cells (CHO-C18) exposed to radon and radon 
progeny in intercalibration experiments continued using a model to calculate dose to the cell nucleus 
for cells exposed in suspension culture. Southern blot analyses of x-ray- and radon-induced mutations 
at the CHO-HGPRT locus showed a high percentage of deletion-type events in contrast to a low 
percentage of deletion-type events in spontaneous mutants. No alterations were seen in spontaneous 
mutants although to date they comprise about 28% of the mutants from x- and radon-irradiated cells. 
Initiation-promotion-initiation experiments continued in male SPF Wistar rats exposed to radon and 
cigarette-smoke mixtures. Biological/statistical modeling of PNL experimental data on radon-induced lung 
tumors in rats also continued. 

In an effort to correlate molecular data with 
pathological data derived from the animal radon 
studies, Drs. Marla Foreman, Linda McCoy, and 
Marvin Frazier (PNL) isolated DNA from fixed, arch- 
ived, radon- induced lung tumors in rats, amplified 
the oncogene of interest by the polymerase chain 
reaction method, and analyzed it by sequencing. 
(This collaborative work appears in Oncogenes in 
Radiation-Induced Carcinogenesis, this volume.) 

In Vitro Radon Cell-Exposure System 
and Molecular/Cellular Studies 

The PNL in vitro radon cell-exposure system was 
extensively employed in PNL experiments as well 
as in several collaborative and intercalibration 
experiments with other laboratories. Collaborations 
included: (1) Dr. Earl Fleck, Whitman College, on 
isolating radon-induced HGPRT mutations for 

Southern blot analysis; (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. Sheldon Wolff and John Wiencke, University 
of California San Francisco (UCSF), on adaptation 
studies using x-irradiation followed by radon 
exposure and vice versa; (4) Drs. James Cleaver 
and Louise Lutze, UCSF, on radon exposure of 
shuttle vectors for molecular analysis; and (5) Dr. 
William Au, University of Texas, on scoring 
aberrations in first-division metaphases from 
quiescent human lymphocytes. 

(a) Whitman College, Walla Walla, Washington. 
(b) Fred Hutchinson Cancer Research Center, Seattle, 

Washington. 
(c) Argonne National Laboratory, Argonne, Illinois. 



The PNL-designed alpha probe, used to monitor 
alpha-particle irradiation of cells in suspension 
culture, was calibrated with the chelated and 
unchelated 2 1 2 ~ i  and 2 1 2 ~ b  suspension system at 
Argonne National Laboratory (ANL) in 
collaboration with Drs. Jeffrey Schwartz, Rick 
Jostes, and Edmond Hui. A comparison of the 
calculated and measured degraded alpha-energy 
spectrum for chelated 2 1 2 ~ i  is shown in Figure 1. 
Agreement is good over a wide range of energy. 
The two shoulders of the curve correspond to the 
two alpha energies (-6.06 MeV of 2 1 2 ~ i  and 8.78 
MeV of 212~o)  in the medium. The extremely high 
count rate below 1 MeV results principally from 
beta particles. 

100,000 
- Calculation 

Measurement 

Alpha Energy (MeV) 

FIGURE 1. Cn!cu!sted and Measured Energy Spectrum for 
2 1 2 ~ b  

The effect of plateout on surfaces was measured 
using unchelated 2 1 2 ~ i  and 212~b.  Alphas attached 
to the Mylar window of the alpha probe act as a 
thin source in contrast to the thick source of the 
medium. The additional source produces a peak 
on each shoulder of the spectrum (Figure 2). Fig- 
ure 2 also shows the additional beta counts below 
1 meV from 2 1 2 ~ b .  Additional measurements with 
the alpha probe, and development of algorithms 
by Dr. T. E. Hui (PNL) to unfold alpha spectra to 
obtain concentrations of individual alpha emitters 
in culture media, are planned. 

The analysis of survival response data from inter- 
calibration experiments with CHO-C18 cells con- 
tinued,  sing a model to calculate dose to the 
nucleus of cells exposed in radon suspension 
systems. The model (manuscript submitted to 

Radiation Research) takes into account the contri- 
bution of dose from different radionuclides using 
scintillation counts of the medium and the incor- 
porated activity in cells. The model produced a 
Do value of about 64-cGy alpha dose to the 
nucleus in PNL 2 2 2 ~ n  suspension system experi- 
ments; the previously reported value of about 
75 cGy was determined with an interim calcula- 
tional model. The revised value is similar to that 
obtained at ANL and CWRU using the updated 
model. 

Alpha Energy (MeV) 

FIGURE 2. Measured Energy Spectrum for Unchelated 2 1 2 ~ i  
and 2 1 2 ~ b  

Work continued on evaluating radon-induced 
mutations at the CHO-HGPRT locus after 76-cGy 
alpha doses to the nucleus (previously reported 
to be 100 cGy). Mutations obtained with radon 
exposures are predominantly deletion-type events 
(48%), with 24% showing no change from the par- 
ental line and 28% showing a rearrangement of 
the Southern blot banding patterns. X-ray- 
induced mutations show a spectrum of damage 
similar to that obtained from radon exposures. In 
contrast, spontaneous mutants exhibit a low 
percentage of deletion-type events (1 1 %) com- 
pared with 0% alterations and 89% showing no 
change. Rigorous selection techniques were 
employed to ensure that mutants were not sibling 
isolates. These selection techniques produced 
banding patterns in spontaneous mutants that 
were quite different from previously reported 
values. A current summary of HGPRT mutation 
types is shown in Table 1. Additional data are 
needed to determine any differences in radon- 
exposed and x-irradiated populations. 



In vitro radon exposures of fetal and adult rat lung 
cells were initiated to examine growth factor1 
growth factor receptor (GFIGFR) gene expressions 
for correlation with GFIGFR expressions in radon- 
induced rat lung tumors. This work is being con- 
ducted in collaboration with Dr. Frederick Leung 
(PNL). 

Biological/Statistical Modeling and 
Initiation-Promotion-Initiation 
Studies 

These studies, conducted in collaboration with 
Dr. Suresh Moolgavkar of the Fred Hutchinson 
Cancer Research Center, Seattle, are (1) to ana- 
lyze PNL experimental data on radon-induced lung 
tumors in rats [the data are to be analyzed using 
current survival data methods] and also the two- 
mutation model of carcinogenesis, which is a 
generalization of the recessive oncogenesis 
model; (2) to estimate the parameters of the two- 
mutation carcinogenesis model, to generate test- 
able hypotheses regarding radon-induced lung 
carcinogenesis, and to study parameters of the 
model in terms of the effect of radon progeny on 
mutation rates and cell proliferation kinetics; and 
(3) to design and analyze data from initiation- 
promotion-initiation experiments in rats with radon 
progeny as the initiator and cigarette smoke as 
the promoter. 

An analysis in the context of the two-mutation 
model of a data set of approximately 1800 rats 

exposed to between 320 WLM and 10,000 WLM 
with exposure rates ranging from 5 WLMIweek to 
500 WLMIweek was reported in Radiation 
Research (Moolgavkar et al. 1990). A further 
analysis of the data set using current survival data 
methods to determine risk is in progress. 

Initiation-promotion-initiation (IPI) experiments 
continued in male SPF Wistar rats with radon and 
cigarette-smoke mixtures. The exposure protocols 
are shown in Table 2. 

Initial radon-progeny exposures were at 100-WL 
concentrations with cumulative levels of 320 WLM; 
uranium ore-dust concentrations ranged from 
about 5 to 6 mg/m3. Cigarette smoke from 
Kentucky 1R4F cigarettes, in exposures of 1 
hrlday, 5 dayslweek, for 17 weeks, contained total 
particulate mass concentrations of about 0.5 mg/L 
and carbon monoxide concentrations between 650 
and 700 ppm. Mean plasma concentrations of 
nicotine and cotinine were about 260 and 125 
ngImL, respectively, in cigarette-smoke-exposed 
animals; carboxyhemoglobin levels were about 
29%. Blood samples were obtained within 
15 minutes after exposures ended. 

Histopathological examination was completed on 
all exposed and sham-exposed sacrifice groups at 
25, 52, and 78 weeks from start of exposures. 
These data are reported under the co-project 
Inhalation Hazards to Uranium Miners (this 
volume). 

TABLE 1. Current Summary of HGPRT Mutation ~ ~ ~ e s ( ~ )  

Treatment Full ~ e l e t i o n ( ~ )  ~l terat ion(~1 No T a  

None (spontaneous) 2 (11%) 0 (0%) 17 (89%) 19 
76 cGy radon 12 (48%) 7 (28%) 6 (24%) 25 
300 cGy x rays 5 (33%) 5 (33%) 5 (33%) 15 

(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. 



TABLE 2. Initiation-Promotion-Initiation 
(R), Kyst (D), and Cigarette-Smoke (S) 
Rats 

Protocol for Radon 
Inhalation Exposure of 

Reference Cited 

Moolgavkar, S. H., F. T. Cross, G. Luebeck, and 

Duration of Exposure, weeks G. E. Dagle. 1990. A two-mutation model for 
~roup 2 - 4 - 8 - 17 21 25 radon-induced lung tumors in rats. Radiat. Res. 

121 ~28-37. 
1 R+D > 

(a) Moderately low concentrations of uranium ore dust (D) 
accompany radon exposures as the carrier aerosol for 
radon progeny; sham-exposed control animals (not 
shown) are included in each exposure group. Animals 
from each group are killed at 25, 52, and 78 weeks to 
evaluate developing lesions. Protocol may be repeated 
for different radon-progeny exposure rates and levels. 



Dosimetry of Radon Progeny 

Principal Investigator: A. C. James 

Other Investigators: D. R. Fisher; 1 E. Hui, F: 1 Cross, J. S. Durham, I? ~ e h r ; ( ~ )  
M. J.  an,(^) W ~ i x o n , ( ~ )  D. L. ~ w i f t , ( ~ )  and I? K. ~ o ~ k e ( ~ )  

The purpose of this project is to provide key dosimetric models that are needed to evaluate human cancer 
risks from exposures to radon and thoron progeny and to relate risk to the conditions of exposure. The 
research encompasses modeling and experimental studies that are necessary (1) to interpret human 
exposures to radon and thoron progeny in terms of effective dose to sensitive cells, and (2) to integrate 
findings of the DOEIOHER Radon Research Program, including ,the effects observed in experimental 
animals and the cellular and molecular responses observed in vitro, into a coherent and comprehensive 
assessment of human cancer risks. We report here the development and application of a dosimetric 
model to evaluate radiation doses to sensitive cells throughout the bronchial epithelium of the human 
adult, child, and infant, and also the corresponding microdosimetric probabilities of radiation events at the 
subcellular level. The dosimetric model has been used by a Committee of the National Research Council/ 
National Academy of Sciences to examine the extrapolation of risk estimates developed from studies of 
underground miners to the general population exposed in the home environment. 

Last year we reported work in progress to model 
lung deposition and bronchial dose for male and 
female adults and for children exposed to radon 
(or thoron) progeny (James 1990). We also 
reported the development of methods for calculat- 
ing the microdosimetry of cells irradiated in vitro 
by alpha particles (Fisher 1990). This year we have 
updated the bronchial dosimetry model to 
incorporate new research information from the 
DOE Radon Program; modeled aerosol deposition 
and bronchial doses in the immature infant lung; 
applied the updated dosimetry model to compare 
biologically significant doses from unit exposure in 
mine and home environments; and linked the 
microdosimetric calculation to the exposure-dose 
model and thus evaluated the frequency of radia- 
tion events in target cell nuclei as a function of the 
rate at which a subject is exposed to radon 
progeny. 

Updating the Dosimetry Model 

and the ranges of depth through which the sensi- 
tive targets (basal cell and secretory cell nuclei) 
are taken to occur in healthy subjects indepen- 
dently of age and gender (James et al., in press, 
a). In the bronchioles, the epithelium and the 
overlying mucus and ciliary layer are substantially 
thinner, and the sensitive targets are composed 
only of secretory cells. In addition to updating the 
calculation of doses received by these epithelial 
target tissues from alpha disintegrations in mucus 
or in the epithelium itself, we have developed 
methods to calculate the doses received from beta 
particles that are also emitted by radon and thoron 
progeny (James et al., in press, a). 

Further experimental studies of the penetration of 
unattached radon progeny through hollow casts of 
the human nasal passages, pharynx, and larynx, 
carried out by J. C. Strong and D. L. Swift (at the 
Biomedical Research Laboratory, AEA Technology, 
Harwell, England) and also by F? K. Hopke with 

The d e ~ t h  distributions of sensitive tissue beneath 
the su'rface of the bronchial and bronchiolar 
epithelia were determined from the morphometric (a) Institute of Anatomy, University of Berne, Switzerland. 

(b) AEA Safety and Reliability, Culcheth, England. 
data by Mercer et al. (in press). Figure 1,) The Johns Ho~k ins  Universitv. Baltimore. Marvland. 

1 ,  , . . , 
shows the structure of the bronchial epithelium (d) Clarkson ~nivkrsity, Potsdam, New York. 
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Blood Vessels 

FIGURE 1. Schematic Model of Bronchial Epithelium with Dimensions and Spatial Distributions 
of Secretory and Basal Cell Nuclei 

D. L. Swift (at Clarkson University, Potsdam, New 
York), now support the unexpectedly high values 
of nasal filtration efficiency for ultrafine particles 
and unattached thoron progeny that were found 
by Cheng et al. (1 989). Similar results have been 
obtained with several accurately made casts, 
including one from a magnetic resonance image 
(MRI) scan of a 1.5-year-old infant. The emerging 
congruence of experimental data indicates that 
estimates of nasal penetration based on George 
and Breslin's (1969) study of human subjects, 
which have been used in previous dosimetric 
models, may well be twofold high. Thus, previous 
estimates of exposure-dose conversion coefficients 
for unattached radon progeny may also have been 
approximately twofold high. In deriving the dosi- 
metric modeling results outlined here, we assumed 
for the adult male the nasal penetration efficiency 
that was expressed in terms of the flow rate (in 
liters per minute) and particle diffusion coefficient 
by Cheng et al. (1989): 

We also assumed that penetration of aerosols 
through the nasal passages in the adult female, in 

children, and in infants is related to that in the 
adult male by dimensional scaling factors based 
on airway size (Swift 1989). 

There are no human data on oral deposition of 
particles as small as unattached radon progeny. 
Studies with hollow casts of the oral passageway 
down to the larynx have shown that the deposition 
efficiency of this pathway may be as high as 75% 
of that of the nose for the same flow rate and 
particle size (Cheng et al. 1989). However, in the 
absence of confirmatory data in vivo, we assumed 
for the present a more conservative oral deposition 
efficiency that is 50% of the nasal value (James 
et al., in press, b). To evaluate doses for so-called 
mouth breathers and for normal subjects who are 
exercising heavily, we assumed the typical pattern 
of change between nasal and oral breathing that 
was found for adult subjects by Niinimaa et al. 
(1980, 1981). Thus, the proportion of the total 
airflow inhaled nasally by mouth breathers is taken 
to decrease from 70% at rest to 30% under heavy 
work. Normal nose breathers are assumed to 
switch from 100% nasal breathing to partial mouth 
breathing at a total respiratory rate of about 2.1 
m3/h for the adult male. 



To calculate the fractional deposition of particles 
in each branching airway of the lower respiratory 
tract, we used the theoretical model of aerosol 
transport and deposition that was developed by 
Egan et al. (1989). However, for the bronchi (the 
first through eighth airway generation), we cor- 
rected the theoretical deposition estimates to 
account for the observations of Cohen et al. 
(1 990) of enhanced deposition of submicron-sized 
particles in the complex flow fields simulated in a 
hollow bronchial cast. The correction factor shown 
in Figure 2 is applied to the likelihood of particle 
deposition that is calculated to arise from the 
thermodynamic process of diffusion under laminar 
flow conditions. Although Cohen et al. studied only 
particles of diameter between 0.04 and 0.2 pm, 
their data indicated that the deposition enhance- 
ment factor approaches unity for very small par- 
ticles. Shimo and Ohashi (in press) have since 
observed directly that the deposition efficiency of 
unattached radon progeny (with a particle diame- 
ter of approximately 0.001 pm) in a hollow bron- 
chial model does correspond to the value calcu- 
lated for diffusion in laminar flow, as we have 
assumed. 

*( F = 1 + 80 exp { - [ log (80 +101d:~)]~) - I 

Equivalent Diffusion Diameter, d, pm 

FIGURE 2. Factors by Which Deposition Efficiencies of 
Submicron-Sized Particles Measured by Cohen et al. (1990) 
for Cyclic Flow in Hollow Bronchial Casts Exceed Values 
Calculated for Diffusion in Laminar Flow 

Modeling the Infant Lung 

Typical dimensions of respiratory airways in the 
developmental stage from birth to 2 years of age 
were estimated by scaling a model of the fully 
developed respiratory acinus according to lung 
volume, the number of airways, and the degree of 
alveolization. The number of airways is virtually 
complete at birth, but alveolization of these 
immature airways is not (Zeltner et al. 1987). At 1 
month, about 20% of the typical number of alveoli 
in the adult are present. By 1 year, alveolization 
has increased to about 80%. 

Exposure-Dose Conversion 
Coefficients 

Table 1 shows how the doses received by basal 
cell targets in the bronchi of different subjects are 
calculated to depend on the activity median therm- 
odynamic diameter (AMTD) attained by the radon- 
progeny aerosol within the respiratory tract and 
also on the subject's breathing rate (represented 
by different levels of physical exertion). It is seen 
that the assumed value of nasal deposition effi- 
ciency has a major impact on doses that are cal- 
culated to result from exposure to unattached 
radon progeny (characterized by an aerosol AMTD 
of 0.001 1 pm). The doses received by secretory 
cell nuclei are found to be approximately twofold 
higher than the values shown in Table 1 (for basal 
cell nuclei only). 

Representative Exposure Conditions in 
Mines and Homes 

Table 2 summarizes the unattached fractions of 
airborne potential alpha energy (f and the 
characteristic sizes of the attached ra 8' on-progeny 
aerosols, which are taken to represent the different 
exposure conditions in underground mines and in 
the home environment (NRC, in press). The con- 
densation nuclei to which radon progeny attach 
are unstable in saturated air. According to the 
available information, we assume that conden- 
sation nuclei grow on inhalation, such that the 
AMTD of the radon-progeny aerosol within the 
respiratory tract is double that in ambient air 
(Sinclair et al. 1974). 



TABLE 1. Summary of Coefficients to Convert Exposure to Radon-Progeny Potential Alpha ~ n e r ~ ~ ( ~ )  into Dose Received 
by Basal Cell Nuclei in Bronchi of Different Subjects (normal nose breathers) as a Function of Radon-Progeny Aerosol Size 
and Subject's Level of Physical Exertion 

Radon- 
Progeny AMTD 

Grn) with Assumed 
Subject Nasal Deposition 

Adult male 0.001 1 (b) 
0.001 1 
0.02 
0.15 
0.25 
0.3 
0.5 

Adult female 0.001 1 (b) 
0.001 1 
0.02 
0.1 5 
0.25 
0.3 
0.5 

Child, age 10 yr 0.001 1 (b) 
0.001 1 
0.02 
0.1 5 
0.25 
0.3 
0.5 

Child, age 5 yr 0.001 1 (b) 
0.001 1 (c) 
0.02 
0.1 5 
0.25 
0.3 
0.5 

Infant, age 1 yr 0.001 1 (b) 
0.001 1 
0.02 
0.1 5 
0.25 
0.3 
0.5 

Infant, age 1 mo 0.001 1 (b) 
0.001 
0.02 
0.15 
0.25 
0.3 
0.5 

Exposure-Dose Conversion Coefficient (rnGy per 
WLM) for Various Levels of Physical Exertion 

Light Heavy 
Sleep Rest Work Work - - 
48.9 59.6 153.0 321.2 
23.4 28.9 80.9 21 0.7 
18.3 20.0 31.5 41.6 
4.66 5.04 7.86 11.8 
3.35 3.64 6.31 14.9 
3.03 3.31 6.22 18.4 
2.63 2.93 7.51 38.6 

(a) The airborne concentration of potential alpha energy is corr~morlly quoted in the unit working level (WL) which is defined as 5 any combination of short-lived progeny in 1 liter of air that will result in the ultimate emission of 1.3 x 10 MeV of potential 
alpha energy. The working-level month (WLM) is an exposure equivalent to 170 hours at a 1-WL concentration. AMTD, 
activity median thermodynamic diameter. 

(b) Nasal deposition of unattached progeny according to George and Breslin (1969). 
(c) Nasal deposition of unattached progeny according to Cheng et al. (1989). 



TABLE 2. Radon-Progeny Aerosol Characteristics Assumed to Represent Exposure Conditions in Mines and Homes 

Exposure Scenario 

Mine 
Mining 
Haulageway 
Lunchroom 

Living Room 
Normal 
Smoker, average 
Smoker, during smoking 
Cooking/vacuuming 

Bedroom 
Normal 
High 

AMTD of 
Ambient Aerosol 

Grn) 

AMTD of Aerosol 
in Respiratory 

Tract Grn) 

(a) The radon-progeny aerosol produced by cookinghracuuming has three size modes; 
5% of potential alpha energy is unattached, 15% has an AMTD of 0.02 Wrn, and 80% 
an AMTD of 0.1 5 prn. The 0.02-pm AMTD mode is hydrophobic and does not 
increase in size within the respiratory tract. AMTD, activity median thermodynamic 
diameter. 

To evaluate doses received from given exposures Extrapolation of Dose per Unit Exposure 
in underground mines, we consider that a miner from Mines to Homes 
who is engaged in rock-breaking or other dusty 
"mining'activities (see Table 2) spends 25% of his Using the terminology of the BElR IV report (NRC 
time doing heavy work and 75% doing light work. 1988), we consider that the risk per unit exposure 
We consider that transport and maintenance work in the home, (Ri~k)d(wLM)~ (WLM, working-level 
in less dusty "haulageways"corresponds to light month), is related to that from exposure in mines, 
work. We also examine the case of exposure in a ( R ~ s ~ ) ~ / ( W L M ) ~ ,  by a dimensionless factor, K. 
"lunchroom" or other less active and dusty areas 
of a mine, where the miner is assumed to spend 

K =  
(Risk) ,,/(WLM)h 

50% of his time resting and 50% doing light work. (2) 
(Risk) JWLM), 

For the home, we take into account differences in 
the level of each subject's physical exertion during 
exposures in living rooms and bedrooms. Thus, for 
living rooms, adults, children and 1-year-old 
infants are assumed normally to spend 50% of 
their time resting and 50% doing light work. The 
1-month-old infant is assumed to spend 70% of 
the time asleep and 30% in light activity. During 
exposure to the special aerosol conditions that 
arise during cooking or vacuuming (see Table 2), 
we assume that adults spend 75% of their time 
doing light work and 25% resting. We assume that 
subjects are asleep during most of their exposure 
in a bedroom. 

On the premise that risk is related primarily to the 
doses received by the appropriate cellular targets, 
the value of the risk extrapolation factor K is given 
by the ratio of the doses that result from unit 
exposure in each environment. 

Figure 3 compares doses received by secretory 
and basal cell nuclei in bronchial epithelium that 
are calculated for an adult female (a homemaker), 
for unit exposure to radon progeny under various 



I MINER FEMALE HOMEMAKER 1 

ESI Secretory Cells K =  0.57 
U Basal Cells K = 0.53 

FIGURE 3. Comparison of Doses to Bronchial Target Cell Nuclei Received by Miner and by Female Homemaker fo: Unit Exposure 
Under Various Environmental Conditions 

conditions in the home, with the values calculated 
for a male underground miner. It is seen that 
secretory cell nuclei receive approximately twofold 
higher doses than basal cell nuclei. When we 
consider that the exposure of a population of 
miners is divided equally between "mining"and 
work in "haulageways,"and that the exposure of a 
homemaker is divided equally between the 
"normalu living room and bedroom, we find that the 
K factor based on comparative doses to secretory 
cell nuclei is 0.57, and also that the K factor based 
on doses to basal cell nuclei is not significantly 
different (at K = 0.53). 

Figure 4 shows the calculated variability in the 
mean doses received by secretory and basal cell 
nuclei for different subjects (all nose breathers) 
exposed under various conditions in the home. It 
is found that doses per unit exposure tend to be 
higher for children than for adults, but not by large 
factors. The corresponding K factors that are 
assessed by comparison with bronchial doses 
received by a normal nose-breathing miner are 
summarized in Table 3. These K factors are found 

to range from 0.47 for a I -month-old infant (based 
on comparative doses received by basal cell 
nuclei) to 0.81 for a I-year-old infant (based on 
comparative doses received by secretory cell 
nuclei). On the basis of bronchial doses averaged 
for all nose-breathing subjects exposed in the 
home relative to the healthy nose-breathing miner, 
the overall value of this exposure risk extrapolation 
factor is found to be 0.62. 

Table 3 also gives values of the K factor calculated 
for the adult male by comparing doses received 
by just the lobar and segmental bronchi or by the 
bronchioles. The former are similar to K factors 
calculated for target cells throughout all bronchial 
airways, but the K factor based on comparative 
doses received by bronchiolar target cells is mar- 
ginally higher (at 0.8). Finally, Table 3 shows that 
values of the K factor calculated by comparing 
mouth-breathing subjects in the home with nose- 
breathing miners are generally higher than the 
corresponding values for nose breathers. The 
overall average exposure risk extrapolation factor 
for mouth-breathing subjects is found to be 0.76. 
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FIGURE 4. Influence of Environmental Conditions on Bronchial Doses Received by Subjects Exposed in the Home 

Comparative Microdosimetry 
We have calculated the microdosimetric probability 
densities in specific energy for secretory and basal 
cell nuclei in bronchial epithelium of the adult male 
and for the various exposure conditions in mines 
and homes (Fisher et al., in press). We have also 
applied microdosimetric calculations to relate the 
frequency of radiation events during the lifetime of 
an epithelial cell to the rate at which a subject is 
exposed to radon progeny. For example, Figure 5 
shows .the alpha-particle hit probabilities calcu- 
lated for secretory cell nuclei at levels of 
cumulative exposure from 0.15 to 100 WLM. The 
lowest rate of exposure corresponds to that 
received over a Smonth period in the average 
U.S. home (with a mean radon concentration of 
approximately 1.5 pcilliter). The highest exposure 
rate (1 00 WLM over 6 months) corresponds to the 
highest exposed group of uranium miners from the 
Colorado Plateau epidemiological study (NRC 
1988). The intermediate rate of 10 WLM over 
6 months corresponds to the average exposure of 
uranium miners in the Ontario study. 

For all except the highest exposure rate con- 
sidered for the Colorado Plateau miners, it is 

found that the probability of a single alpha-particle 
hit to the secretory cell nucleus during the normal 
lifetime of a cell (which is approximately 6 months) 
increases linearly with the exposure rate. The 
corresponding probabilities of multiple hits are 
small (less than 0.01 at a cumulative exposure of 
10 WLM). However, for the very high cumulative 
exposure of 100 WLM in 6 months, the probability 
of a single hit is significantly lower, and the overall 
probability of multiple hits exceeds 0.1. These 
findings support the notion that the significantly 
lower excess risk of lung cancer in relationship 
to radon-progeny exposure that was found for 
the most highly exposed group of Colorado 
Plateau miners is related to the relatively low num- 
ber of single alpha-particle events in target cell 
nuclei. 

We will proceed to develop a model of target cell 
transformation and survival in the human respira- 
tory tract (Fisher 1990) based on the cellular 
responses to radon-progeny exposure observed in 
vitro and the specific energy distributions com- 
puted for basal and secretory cell nuclei in 
relationship to the environmental conditions of 
exposure. 



TABLE 3. Summary of K Factors Calculated for Healthy Subjects in the Home Relative to the Normal Healthy Miner 

Target 
Region 

Target 
Cell 

Radon-Progeny 
Solubility 

K 
Factor Subject 

Nose Breathers 

Adult male Bronchi Secretory lnsoluble 
Partially soluble 
lnsoluble 
Partially soluble 
lnsoluble 
Partially soluble 
lnsoluble 
Partially soluble 

Basal 

Adult male Lobar1 
segmental 
bronchi 

Secretory 

Basal 

Adult male 

Adult male 

Bronchioles 

Bronchi 

Bronchi 

Bronchi 

Secretory Mean 

Secretory 
Basal 
Secretory 
Basal 
Secretory 
Basal 
Secretory 
Basal 
Secretory 
Basal 

Mean 
Mean 
Mean 
Mean 
Mean 
Mean 
Mean 
Mean 
Mean 
Mean 
Mean 
Mean 

Adult female 

Child, age 10 yr 

Child, age 5 yr Bronchi 

Infant, age 1 yr Bronchi 

Infant, age 1 mo Bronchi Secretory 
Basal 

Mouth Breathers 

Adult Male Bronchi 

Bronchi 

Bronchi 

Bronchi 

Bronchi 

Bronchi 

Secretory 
Basal 
Secretory 
Basal 
Secretory 
Basal 
Secretory 
Basal 
Secretory 
Basal 
Secretoty 
Basal 

Mean 
Mean 
Mean 
Mean 
Mean 
Mean 
Mean 
Mean 
Mean 
Mean 
Mean 
Mean 

Adult Female 

Child, age 10 yr 

Child, age 5 yr 

Infant, age 1 yr 

Infant, age 1 mo 
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Aerosol Technology Development 

Principal Investigator: A. C. James 

Other Investigators: J. K. Briant, B. J. Greenspan, and M. A. Parkhurst 

The purpose of this project is to develop and transfer aerosol technology to basic and applied research 
in biology and chemistry, especially in the areas of health and environmental effects of energy-related 
materials. The ongoing objective is to improve systems for the control, monitoring, and characterization 
of exposures of laboratory animals to toxic aerosols, gases, and vapors. The current thrust is to improve 
the metrology, control, and characterization of exposures to radon progeny in studies of the mechanisms 
of radon-induced respiratory tract cancer and to provide a new and simpler technique to characterize 
exposure to unattached radon progeny in domestic or occupational settings. We report here the design 
and development of an Unattached Radon Progeny Size-Spectrometer to measure the concentration and 
unattached fraction of potential alpha energy in air and also the activity-size distribution of the unattached 
progeny. 

The Unattached Radon Progeny Size- 
Spectrometer (URPSS) is based on the principle of 
diffusion in a parallel-plate channel.(a) Sampled air 
is drawn at a constant flow rate of 0.5 literlmin 
through unobstructed channels formed by the 
outer parallel walls of the spectrometer and a strip 
of track-etch detector material (poly[ethylene 
glycol bis-(ally1 carbonate)], commonly known as 
CR-39). The sampling channels are designed to 
effectively allow all the radon-progeny activity 
associated with ambient condensation nuclei or 
other forms of vector aerosol (such as the uranium 
ore dust used in PNL's studies of radon-induced 
lung cancer) to pass through and be collected on 
a separate filter. Laminar airflow and unobstructed 
sampling char~nels eliminate inertial deposition of 
these particles. Vertical orientation of the channels 
prevents significant loss of particles by sedimenta- 
tion. 

Unattached radon progeny, that is, those progeny 
existing as ions or molecules or those associated 
with molecular clusters of airborne contaminants, 
deposit according to their particulate size by 
diffusion to the walls of the sampling channels. 
Figure 1 shows the profiles of particle deposition 
along either 15-cm channel of the URPSS (shown 

along either 15-cm channel of the URPSS (shown 
as the logarithm of fraction deposited per centi- 
meter of length) that are calculated for particles of 
several different diameters using the theoretical 
treatment reviewed by Soderholm (1 979). Particles 
of 0.5-nm diameter are calculated to deposit 
entirely within 2 cm of the channel entrance. For 
larger particles, the deposition profile is calculated 
to spread progressively along each channel. This 
pattern of diffusive particle deposition is deter- 
mined by the width of the sampling channels and 
the total sampling flow rate, and both parameters 
can be varied to extend the particle-size range 
analyzed by the spectrometer. 

The profile of radon-progeny alpha (a) activity de- 
posited along each of the sampling channels is 
recorded as damage tracks in the exposed sur- 
faces of the CR-39 detector strip. Radon progeny 
a activity attached to particles large enough to 
pass through the sampling channels is recorded 
by a separate CR-39 detector chip mounted in 
front of the 25-mm-diameter filter used to collect 
these particles. The exposed CR-39 detectors are 
batch-processed by controlled etching in a sodium 
hydroxide solution to produce a permanent record 
of radon-progeny a decays in the form of etched 
tracks (Figure 2). 

(a) This design is similar in concept to the "radon progeny 
The number of a-particle tracks is counted under 

detectoru patented by RAD-x ~ t d .  719 Genesee st., a mic r0~~0pe in ~ontiguous fields along the whole 
Syracuse, New York 13210. length (and on both sides) of the 15-cm CR-39 
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FIGURE 1. Calculated Profiles of Particle Deposition Along the Spectrometer Channel 
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FIGURE 2. Alpha Tracks Developed in Poly[ethylene glycol bis-(ally1 carbonate)] by Chemical Etching 



detector strip. The measured track density is 
recorded as a function of distance from the front 
edge of the strip. In the case of the CR39 chip 
that measures radon-progeny a activity collected 
in the filter, the average a-track density is mea- 
sured by scanning an appropriate number of opti- 
cal fields. We are calibrating both of these 
source/detector configurations in terms of the 
response of the CR-39 detectors to total a energy 
emitted by the short-lived radon progeny. 

Processed CR-39 detectors are scanned by a 
computer-controlled optical microscope (Southern 
Micro Instruments, Inc., Atlanta, Georgia). Software 
to enable the scanning microscope to automati- 
cally recognize and focus on a-particle-etched 
tracks in CR-39 is being developed for us by the 
manufacturer of the instrument. We will inter- 
face this with software developed by Dr. D. L. 
Henshaw's group at the H. H. Wills Physics 
Laboratory, University of Bristol, ~ n ~ l a n d ( ~ )  (Fews 
1986; Hatzialekau and Henshaw 1988) for fully 

(a) Used by PNL under license from the University of Bristol. 

automated image analysis of the spatial distribu- 
tion of a tracks in CR-39 autoradiographs. 

Figure 3 shows the profile of a activity measured 
along the CR39 detector strip when the URPSS 
was used to sample the unattached 2 1 8 ~ o  aerosol 
formed in an exposure chamber supplied with 
2 n ~ n  in filtered laboratory air (at 40% relative 
humidity with no animals present). The measured 
pattern of a tracks is fitted by the profile of 
deposition calculated for particles with an activity 
average diffusion coefficient of 0.067 cm2 s-' 
(which corresponds to a particle diameter of 
0.68 nm). Under the test conditions, the diffusion 
coefficient of 2 1 8 ~ o  was expected to be less than 
the maximum value of 0.078 cm2 s-' found for 
neutral 2 1 8 ~ o  atoms in dry air (Ramamurthi and 
Hopke 1991). We are testing the theoretically 
determined profile of deposition in the sampling 
channel b exposing the URPSS at various flow 
rates to 21'Po of known diffusion coefficient. 

The activity-weighted size distribution of 
unattached radon progeny is known to vary 
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FIGURE 3. Alpha-Track Density Measured Along the Spectrometer Channel Compared with Best-Fit Theoretical Deposition Profile 
for Particles of 0.68-nm Diameter 



substantially with environmental conditions. In 
indoor air, the activity average diffusion coefficient 
is thought to be about 0.04 cm2 s-' (Ramamurthi 
and Hopke 1991). This value corresponds to an 
average particle diameter of about 1 nm. However, 
in the presence of relatively high concentrations of 
vapors, such as those produced during and after 
cooking, the median activity-weighted particle size 
is shifted into the range 1.5 nm to 10 nm. This 
range of particle size corresponds to a range of 
activity average diffusion coefficients from 
0.02 cm2 s-' to 0.0005 cm2 dl. Using the URPSS, 
we have found that the size of unattached radon 
progeny also grows significantly in the contami- 
nated atmosphere of an animal exposure 
chamber. 

Figure 4 shows the profile of a activity measured 
along the CR-39 detector strip when the URPSS 
was used to sample the ultrafine radon progeny 
produced in a reconstruction of PNL's exposures 
of laboratory rats to uranium mine aerosols. In this 
preliminary study, 64 rats were exposed to n 2 ~ n  
at a concentration of 290 nCi/liter with 2.5 mg/m3 
of uranium ore-dust aerosol. The resulting con- 
centration of radon-progeny potential a energy 
was 160 working level (WL). The ultrafine fraction 
f was approximately 15%, as measured by PNL's 
conventional wire-screen technique.The measured 
dependenceof radon-progeny penetration through 
the wire screen as a function of flow rate indicated 
an effective diffusion diameter of 1.0 nm. However, 

---- Calc (d = 0.98) 

Calc (d = 0.98 + 4.09) 

the URPSS showed that a second component of 
ultrafine radon progeny, composed of larger par- 
ticles that are not detected by a wire-screen 
sampler, was also present (as shown in Figure 4). 

From measurements of the a-track profile along 
the URPSS channel, we were able to resolve the 
ultrafine fraction of radon-progeny activity into its 
discrete components; 54% with an equivalent par- 
ticle diameter of 0.94 nm and 46% with a median 
equivalent particle diameter of about 4.1 nm. 

Data on the filtration efficiency of the nasal 
passages in the rat (Cheng et al. 1990) show that 
only 2% of inhaled 0.94-nm-diameter particles are 
expected to escape deposition in the nose. In 
contrast, a much higher fraction (33%) of the 
4.1-nm-diameter component of the true ultrafine 
fraction is expected to deposit in the lung and 
thus contribute to the measured higher incidence 
of lung tumors in rats exposed to so-called 
unattached progeny. 

To unfold the activity-weighted size distribution for 
a polydisperse aerosol of ultrafine radon progeny, 
we use the characteristic penetration curves cal- 
culated for the spectrometer channel (Figure 5). 
The CR-39 strip can be divided into an optimum 
number of segments that is determined by the 
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measured distribution of a tracks. Based on the 
calculated penetration values for each segment, 
the activity-weighted size distribution of particles 
that deposited in the spectrometer channel can be 
unfolded from the measured penetration profile of 
a activity. We are developing an unfolding pro- 
cedure based on the method of Wolfenbarger and 
Seinfeld (1 990). We are also developing the soft- 
ware needed to calculate the activity-size distri- 
bution of unattached radon progeny, the total 
airborne concentration of potential a energy, and 
the "unattached fractionVirectly from the a-track 
densities measured along the spectrometer 
channel and on the CR-39 chip that records 
activity on the final filter. 

We expect the URPSS to improve significantly the 
characterization of radon-progeny exposures of 
laboratory animals and thus the modeling of doses 
received by target tissues in the respiratory tract. 
The URPSS will also enable economical characteri- 
zation and monitoring of human exposures to un- 
attached radon progeny at low concentrations in 
indoor air for a wide variety of situations, with 
integrated averages over extended, and thus 
representative, periods of exposure. 
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Growth Factors in Radiation Carcinogenesis 

Principal Investigator: F. C. Leung 

Other Investigators: D. P. Chandler, J. F. Park, G. E. Dagle, and F. T. Cross 

This research project examines the involvement of growth factors (GF) and their receptors (GFR) in 
radiation-induced carcinogenesis of the lung in animals. We used immunocytochemical assays for 
detecting GFIGFR in lung tumors from dogs and rats exposed to inhaled radionuclides including 
239~~02 ,  238~~02 ,  2 3 9 ~ ~ ( ~ 0 3 ) 4 ,  and radon progeny. lmmunocytochemical analysis of epidermal growth 
factor (EGF) receptor (EGFR) expression was performed on paraffin-block sections of 51 primary lung 
tumors from dogs exposed to inhaled plutonium and 6 primary lung tumors from control dogs. Four of 
six (67%) primary lung tumors from control dogs and 21 of 51 (41 %) primary lung tumors from plutonium- 
(Pu-) exposed dogs stained positively. In the Pu-exposed dog lung tumors, EGFR-positive staining was 
observed in 2 of 5 epidermoid carcinomas, 11 of 19 bronchioloalveolar carcinomas, 5 of 15 papillary 
adenocarcinomas, and 3 of 11 adenosquamous carcinomas. In the control dog lung tumors, EGFR 
staining was positive in 2 of 2 bronchioloalveolar carcinomas, 2 of 3 papillary adenocarcinomas, and 0 of 
1 adenosquamous carcinoma. EGFR-positive staining was observed in 1 of 16 dog lung tumors at the 
three lowest exposure levels and in 20 of 35 dog lung tumors at the two highest exposure levels. In 
radon-induced rat lung tumors, EGF, EGFR, transforming growth factor-alpha (TGF-a), and bombesin 
were found to be abnormally expressed. The abnormal expressions of these GFJGFR were mainly asso- 
ciated with epidermoid carcinoma of the lung and were not found in other histotypes. 

Introduction 

Radiation exposure causes DNA damage (double- 
and single-strand DNA breaks, chromosomal 
translocation, deletion, and mutation, etc.) and 
tumor development. The mechanisms of radiation- 
induced carcinogenesis are not known. Activation 
of oncogenes, deletion of suppressor genes, and 
abnormal expression of growth factor and growth 
factor receptor (GFIGFR) have been reported as 
being involved in the carcinogenesis processes in 
human lung cancers, but very few data are avail- 
able for animal lung tumors, especially radiation- 
induced lung tumors. 

Growth factors (GF) are polypeptides that regulate 
cell growth and differentiation through binding to 
specific cell membrane receptors; however, their 
function in cell growth and differentiation is 
complex. Recent advances in molecular cellular 
biology have provided links between GF, onco- 
genes, and cancer, including: (1) activation and 
overexpression of GF; (2) activation and over- 
expression of GF receptors (GFR); (3) activation of 
a postreceptor pathway that bypasses the GF 
requirement; and (4) suppression of an inhibitory 

GF such as TGF-p. Human lung tumor tissues 
synthesize many types of GF that are not usually 
found in normal lung tissues. Also, GFR binding is 
reportedly different in human normal and lung 
tumor tissue demonstrating that GFIGFR play a 
role in human lung tumorigenesis (Yamaguchi 
et al. 1989). 

Epidermal growth factor (EGF) is a 53-amino-acid, 
small polypeptide with a molecular weight of 6045 
that was first isolated from mouse salivary glands 
and was subsequently shown to be present in a 
variety of tissues. Regulation of EGF of cellular 
growth and proliferation is mediated by the bind- 
ing of EGF to a specific membrane glycoprotein 
receptor with a molecular weight of 170,000. This 
epidermal growth factor receptor (EGFR) consists 
of an extracellular ligand binding domain, a trans- 
membrane portion, and an intracellular domain 
with tyrosine kinase activity. The EGFR also phos- 
phorylates a number of protein substrates in 
addition to mediating autophosphorylation of 
tyrosine residues located near the carboxyl 
terminal. 



The molecular cellular role of EGF and its receptor 
in normal and disease states is under active inves- 
tigation but the mechanism is still poorly under- 
stood. EGF has been shown to increase cell 
growth by increasing DNA synthesis and also to 
be involved in cell proliferation, differentiation, and 
wound healing in epithelial tissue. Conversely, 
EGF has also been shown to be a negative growth 
factor. 

The EGFR gene shares a high significant homol- 
ogy to the erb-B family of oncogenes. The V-erb-B 
oncogene, derived from a strain of avian erythro- 
blastosis virus, encodes a transforming protein 
with homology to a truncated form of EGFR that 
lacks the extracellular ligand binding domain. 
EGFR is overexpressed in various malignant 
tumors and appears to play an important role in 
the pathogenesis of these carcinomas. In human 
lung cancer, there are reports of increased EGFR 
using the radioreceptor binding assay and 
immunocytochemical assay (Berger et al. 1987; 
Cerny et al. 1986; Hwang et al. 1986; Sherwin 
et al. 1981 ; Sobol et al. 1987). The overexpression 
of EGFR is mainly associated with non-small-cell 
carcinomas of the lung, particularly with epider- 
moid carcinomas (Berger et al. 1987; Cerny et al. 
1986; Sobol et al. 1987). 

We recently reported increased EGFR expression 
in radiation-induced dog lung tumors by radio- 
receptor binding assay (Leung et al. 1991). Dog 
lung tumors are mainly non-small-cell carcinomas 
including epidermoid and adenocarcinomas; dogs 
do not have small-cell carcinomas. This report 
describes the cell types that overexpress EGFR in 
plutonium- (Pu-) induced dog lung tumors and 
radon progeny-induced rat lung tumors, as indi- 
cated by irr~munocytochemical assay. The rat lung 
tumors were also examined for EGFR, EGF, 
TGF-a, and bombesin. 

Materials and Methods 

Formalin-fixed, paraffin-embedded dog and rat 
lung tumor samples were obtained from our on- 
going long-term experiments designed to deter- 
mine the life-span dose-effect relationships of 
inhaled plutonium (dogs) and radon (rats). For 
the immunocytochemical staining procedure, we 
employed the standard procedure using the 
avidin-biotin complex (ABC) immunoperoxidase 
method. Reagents for the staining procedure were 

obtained from Vector Laboratories (Burlingame, 
California). A commercial monoclonal antibody 
(29.1) against EGFR from human-derived A431 cell 
membranes was purchased from Sigma (St. Louis, 
Missouri). Polyclonal rabbit antiserum generated 
against EGF was obtained from Collaborative 
Research Inc. (Bedford, Massachusetts); poly- 
clonal goat antiserum against TGF-a was ob- 
tained from Biotop (Seattle, Washington); and a 
polyclonal rabbit antiserum against bombesin was 
obtained from ICN lmmunobiologicals (Lisle, 
Illinois). The slides were counterstained with 
hematoxylin and examined by light microscopy. 
Sections were assessed subjectively, and tumor 
cells were graded as either positive or negative. 

Results and Discussion 

Plutonium-Induced Dog Lung Tumors 

Dogs were exposed to either inhaled 239~u02,  
238~u02, or 2 3 9 ~ ~ ( ~ 0 3 ) 4 ;  51 randomly selected 
primary lung tumors were obtained from 
Pu-exposed dogs and compared with 6 primary 
lung tumors from control dogs. Of the Pu-exposed 
dog lung tumors, 1 was from dose-level Group 1, 
5 were from dose-level Group 2, 10 from dose- 
level Group 3, 27 from dose-level Group 4, and 8 
from dose-level Group 5. Histopathological diag- 
nosis followed the W.H.0, classification system. 

The results of anti-EGFR monoclonal antibody 
staining with control and Pu-induced dog lung 
tumors are shown in Table 1. Four of 6 (67%) 
control dog lung tumors stained positively for 
EGFR, whereas 21 of 51 (41%) of the lung tumors 
from Pu-exposed dogs stained positively. Most 
dog lung tumor (1 6/21, 76%) staining was hetero- 
geneous and patchy; in a few tumors (5121, 24%), 
however, staining was homogeneous. Most 
positive-staining tumor cells displayed moderate to 
strong staining intensity. Examples of anti-EGFR 
monoclonal antibody staining of control and 
exposed dog lung tumors are shown in Figure 1. 
There were no obvious differences in the charac- 
teristics of 29.1 staining between EGFR-positive 
lung tumors on the basis of histopathological 
classification. In the Pu-exposed dog lung tumors, 
EGFR staining was positive in 2 of 5 epidermoid 
carcinomas, 11 of 19 bronchioloalveolar carci- 
nomas, 5 of 15 papillary adenocarcinomas, and 3 
of 11 adenosquamous carcinomas. In the control 
dog lung tumors, EGFR staining was positive in 2 



FIGURE 1. (A) Epidermoid Carcinoma lmmunostained with Anti-Epidermal Growth Factor Receptor (anti-EGFR) Shows Intense 
Homogeneous Irnmunoreactivity. (6) Papillary Adenocarcinoma lmmunostained with Anti-EGFR. Most tumor cells stained posi- 
tively; note few negative-staining cells. (C) Bronchioloalveolar Carcinoma lmmunostained with Anti-EGFR. Most cells immuno- 
stained distinctly although variably. (D) Epidermoid Carcinoma lmmunostained with Anti-EGFR. Note variable staining. 



TABLE 1. Anti-EGFR Monoclonal Antibody Staining of Lung Tumors from Control and Plutonium-Exposed Dogs 

Dose- 
Level 
Group 

Mean Initial 
Lung 

Deposition 
jnCi/g lung1 

Control 0 
1 -0.01 
2 0.18 
3 0.53 
4 2.33 
5 9.53 

Total Carcinoma 
(exposed) 

Epidermoid 
Carcinoma 

Number Positive/Number Examined 
Bronchiolo- 

alveolar Papillary Adenosquamous 
Carcinoma Adenocarcinoma Carcinoma 

Solid 
Carcinoma 

Total 
Carcinoma 

of 2 bronchioloalveolar carcinomas, 2 of 3 papillary 
adenocarcinomas, and 0 of 1 adenosquamous 
carcinoma. In relationship to different dose- 
exposure groups, there seemed to be fewer 
EGFR-positive reactions among dose-level groups 
1 through 3 (011, 115, and 0110) compared to 
dose-level groups 4 and 5 (16127, 418). We have 
observed that anti-EGFR monoclonal antibody also 
stained normal bronchial epithelium identified with- 
in positive lung tumor sections in 1 of 4 control 
dog lung tumors and 16 of 21 lung tumors from 
Pu-exposed dogs. In addition, there were no ap- 
parent morphological differences between EGFR- 
positive and EGFR-negative lung tumor cells. 

The immunocytochemical localization of EGFR in 
lung tumors of dogs confirmed our earlier observa- 
tions of elevated EGFR determined by the radio- 
receptor binding assay (Leung et al. 1991). The 
radioreceptor binding assay demonstrated that 
EGFR increased as much as 10 fold in Pu-induced 
dog lung tumors compared to normal lungs. The 
immunocytochemical procedure, although it did 
not provide the quantitative data obtained with 
radioreceptor binding assays, demonstrated spe- 
cific cell types associated with EGFR expressions 
that had not previously been demonstrated in lung 
tumors of dogs. We have observed both EGFR- 
positive- and EGFR-negative-staining epidermoid 
carcinomas, bronchioloalveolar carcinomas, and 
adenosquamous carcinomas. There were no ob- 
vious morphological differences between the 
EGFR-positive and EGFR-negative cells. The 
existence of EGFR-positive and EGFR-negative 
cells in epidermoid carcinomas and adenocarci- 
nomas may reflect variations in the differentiation 
status among these carcinomas. 

We used a commercial monoclonal antibody that 
is generated against a human cervical cancer cell 
line membrane, A431, because the canine EGF 
and EGFR have not been purified and charac- 
terized. This monoclonal antibody has been 
demonstrated to have a strong reactivity to dog 
liver EGF receptor. It is important for future 
research to purify the dog EGFR for sequence 
analysis and for use as ligand and reagent for 
generating antibodies and to clone the EGFR 
genomic gene and cDNA for sequence analysis 
and comparison to the human sequence. 

Our current data agree well with the EGFR expres- 
sion found in human lung epidermoid carcinomas 
and adenocarcinomas (Berger et al. 1987; Cerny 
et al. 1986; Sobol et al. 1987). The percentage of 
EGFR-positive epidermoid carcinomas in human 
lung tumors ranged from 62% to 100% and the 
percentage of EGFR-positive adenocarcinomas 
from 34% to 75%. There were no EGFR-positive- 
staining cells in small-cell carcinoma of the human 
lung tumors. -The similar percentages of EGFR- 
positive and EGFR-negative tumor cells found in 
both epidermoid and adenocarcinomas suggest 
that Pu-induced dog lung tumors and human non- 
small-cell lung carcinoma share similar molecular 
and cellular abnormalities in terms of EGFR 
expression. Our data demonstrated that elevated 
EGFR expression may be one of the molecular 
cellular characteristics of radiation-induced lung 
tumors in the dog, and that EGF and its receptor 
may play a role in radiation-induced carcino- 
genesis of the dog lung. The data also suggested 
that radiation-induced dog lung tumors may be a 
suitable animal model for studying human non- 
small-cell lung carcinoma. 



Radon-Induced Rat Lung Tumors 

We have examined 72 radon-induced rat lung 
tumors for EGFR expression; 37 radon-induced rat 
lung tumors for EGF expression; 37 radon-induced 
rat lung tumors for TGF-a expression; 38 radon- 
induced rat lung tumors for bombesin expression; 
and 31 normal control rat lungs. One lung tumor 
from a control rat was also examined. There were 
no positive staining reactivities of anti-EGFR, 
anti-EGF, anti-TGF-a, and anti-bombesin with the 
32 lung samples from normal control rats (data not 
shown). The control rat lung tumor, a histocytoma, 
did not stain. positively with anti-EGFR, anti-EGF, 
anti-TGF-a, and anti-bombesin. 

The results of anti-EGFR reactivity with radon- 
induced rat lung tumors and the 1 tumor obtained 
from a control rat are summarized in Table 2. 
Twenty-six (36%) of 72 radon-induced rat lung 
tumors showed positive EGFR staining; the 1 lung 
tumor from a control rat showed no positive 
staining to EGFR antibody. When lung tumors 
were separated into different histopathological 
classifications, 25 of 37 radon-induced epidermoid 
carcinomas of the lung stained positively. In most 
cases, tumor expression of EGFR was hetero- 
geneous and patchy. None of ,the other histo- 
pathological types of lung tumors stained 
posi.tively except the squamous portion of adeno- 
squamous carcinomas. 

TABLE 2. Reactivity of EGFR Antibodies with Radon-Induced 
Rat Lung Tumors 

Number Number Percent 
Examined Positive Positive - - -  

Treatment 
Control 1 0 0 
Radon-induced 72 26 36 

Tumors 
Epidermoid 

carcinoma 37 25 68 
Adenocarcinoma 30 0 0 
Sarcoma 4 0 0 
Adenosquamous 

carcinoma 1 1 (a) 

(a) Adenosquamous carcinoma; squarnous portion positive. 

The results of anti-EGF reactivity with radon- 
induced rat lung tumors and the tumor obtained 
from a control rat are summarized in Table 3. 
Sixteen (43%) of 37 radon-induced rat lung tumors 
showed positive EGF staining, and the 1 lung 
tumor from a control rat showed no .positive 
staining to EGF antibody. When lung tumors were 
separated into different histopathological classi- 
fications, all 15 radon-induced epidermoid carci- 
nomas of the lung stained positively. In most 
instances, tumor expression of EGF was hetero- 
geneous and patchy. None of the other histo- 
pathological types. of lung tumors stained 
positively except the squamous portion of adeno- 
squamous carcinomas. 

TABLE 3. Reactivity of EGF Antibodies with Radon-Induced 
Rat Lung Tumors 

Number Number Percent 
Examined Positive Positive - - -  

Treatment 
Control 1 0 0 
Radon-induced 37 16 43 

Tumors 
Epidermoid 

carcinoma 15 15 100 
Adenocarcinoma 17 0 0 
Sarcoma 4 0 0 
Adenosquamous 

carcinoma 1 1 (a) 

(a) Adenosquamous carcinoma; squarnous portion positive. 

The results of anti-TGF-a reactivity with radon- 
induced rat lung tumors and the tumor obtained 
from a control rat are summarized in Table 4. 
Sixteen (43%) of the 37 radon-induced rat lung 
tumors showed positive TGF-a staining; the 1 lung 
tumor from a control rat showed no positive 
staining to TGF-CY antibody. When lung tumors 
were separated into different histopathological 
classifications, all 15 radon-induced epidermoid 
carcinomas of the lung stained positively. In most 
instances, tumor expression of TGF-CY was also 
heterogeneous and patchy. None of the other 
histopathological types of lung tumors stained 
positively except the squamous portion of adeno- 
squamous carcinomas. 



TABLE 4. Reactivity of TGFa Antibodies with Radon-Induced 
Rat Lung Tumors 

Number Number Percent 
Examined Positive Positive - - -  

Treatment 
Control 

Tumors 
Epidermoid 

carcinoma 15 15 1W) 

Adenocarcinoma 17 0 0 
Sarcoma 4 0 0 
Adenosquamous 

carcinoma 1 1 (a) 

(a) Adenosquamous carcinoma; squamous portion positive. 

The results of anti-bornbesin reactivity with radon- 
induced rat lung tumors and the tumor obtained 
from a control rat are summarized in Table 5. 
Sixteen (42%) of the 38 radon-induced rat lung 
tumors showed positive bombesin staining; the 1 
lung tumor from a control rat showed no positive 
staining to bombesin antibody. When lung tumors 
were separated into different histopathological 
classifications, 15 of 16 radon-induced epidermoid 
carcinomas of the lung stained positively. In most 
instances, tumor expression of bombesin was also 
heterogeneous and patchy. None of the other 
histopathological types of lung tumors stained 
positively except the squamous portion of adeno- 
squamous carcinomas. 

TABLE 5. Reactivity of Bombesin Antibodies with Radon- 
Induced Rat Lung Tumors 

Number Number Percent 
Examined Positive Positive 

Treatment 
Control 1 0 0 
Radon-induced 38 16 42 

Tumors 
Epidermoid 

carcinoma 16 15 94 
Adenocarcinoma 17 0 0 
Sarcoma 4 0 0 
Adenosquamous 

carcinoma 1 1 (a) 

(a) Adenosquarnous carcinoma; squarnous portion positive 

We have demonstrated that the expression of 
EGFR, EGF, TGF-a, and bombesin in radon- 
induced rat lung tumors is significantly elevated 
compared to that in normal rat lung tissue as 
determined by immunocytochemical assay. The 
abnormal expression of EGFR, EGF, TGF-a, and 
bombesin was predominantly associated with epi- 
dermoid carcinomas. Current data showing posi- 
tive expression of GFIGFR in radon-induced rat 
lung tumors agree well with previous radioreceptor 
binding assay data showing significantly elevated 
EGFR in Pu-induced dog lung tumors when com- 
pared with normal dog lung tissue (Leung et al. 
1991). Elevated EGFR levels were also demon- 
strated by lmmunocytochemical analyses of 
Pu-induced dog lung tumors. These results sug- 
gest that the immunocytochemical assay is useful 
for identifying and characterizing abnormal expres- 
sion of GFIGFR in radiation-induced animal lung 
tumors. 

Our results do not deiin~tely rule out GFIGFR 
expression in radon-induced adenocarcinomas. 
The low levels of GFIGFR expression in radon- 
induced adenocarcinomas may not have been 
detectable in our assays. We have demonstrated 
that the immunocytochemical assay is less sensi- 
tive in measuring abnormal expressions of EGFR 
than is the radioreceptor binding assay when the 
same tissue samples are examined. Therefore, it 
is important that additional assays such as 
radioimmunoassay and northern blot analysis 
corroborate the abnormal expression of GFIGFR. 
However, the immunocytochemical assay does 
provide relative differences in expression among 
cell types. 

Abnormal expressions of GFIGFR found in radon- 
induced rat lung tumors do not necessarily imply 
a causal relationship, because oncogenesis has 
been demonstrated to be a multistep process. The 
definitive molecular and cellular mechanism of 
abnormal expressions of GFIGFR in radon- 
induced cancer remains to be determined and can 
be studied in gene transfer experiments. Flavin 
et al. (1990) reported that bovine lung fibroblasts 
exposed to a 5-Gy radiation dose showed growth 
factor release into conditioned medium, and Shoji 
et al. (1990) demonstrated that human lung fibro- 
blasts produced an apparent 6000-dalton growth 
factor that possessed growth stimulatory activity 
for bronchial epithelial cells. These studies 



demonstrated that lung cells are capable of pro- 
ducing GF and possibly GFR. It would be useful to 
examine early GFIGFR gene expression in rat lung 
cells exposed to radon in vitro and compare it with 
the expression of GFIGFR found in carcinomas. 

It is well established that human lung tumors are 
hormone-producing tumors, and it has also been 
shown that many human lung tumors possess ab- 
normal expression of GFIGFR. In many instances, 
multiple hormones and GFIGFR are produced by 
human lung carcinomas. Even though the multiple 
production of hormones and GFIGFR is a rather 
common feature in human lung carcinomas, the 
exact biological significance of such phenomena 
is not known. Because GFIGFR are involved in 
normal cell growth and differentiation, and 
because their abnormal expression has been 
shown to be associated with human carcinomas, 
it has been suggested that abnormal expressions 
of GFIGFR may be involved in oncogenesis in the 
human lung. It is reasonable to hypothesize that 
different profiles of GFIGFR expression may also 
reflect variations in the differentiation or histo- 
genesis of lung carcinomas. In addition, there 
seems to be a significant difference in GFJGFR 
expression between human small-cell and non- 
small-cell carcinomas. Such differences in GFIGFR 
expression in human lung tumors suggest that 
characterizing the expression of GFIGFR in 
humans may find application in distinguishing 
clinically significant subtypes of lung carcinomas. 
Our current results suggest that radon-induced rat 
lung and human lung carcinomas may share a 
similar molecular and cellular pathway as regards 
the expression of GFIGFR during carcinogenesis. 
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Oncogenes in Radiation-Induced Carcinogenesis 

Principal Investigator: M. E. FrazierlG. L. Stiegler 

Other Investigators: E. Sisk, L. C. Stillwell, T. M. M. E. Foreman, and 
R. P. Schneider 

We are studying the role of activated oncogenes in radiation-induced carcinogenesis. Lung tumor and 
leukemic cells have been obtained from studies of life-span dose-effect relationships in experimental 
animals exposed to either plutonium, inhaled radon progeny, or external whole-body radiation. We have 
done molecular analysis of the ras oncogene family in selected samples using the polymerase chain 
reaction (PCR) method and direct DNA sequencing of the amplified gene products. We have identified 
specific activating ras mutations in about one-half of the samples and are characterizing their frequency 
and specficity to the particular source of inducing radiation. Ultimately, we will use the accumulated data 
to describe a pattern of genetic change that might provide a basis for distinguishing damage caused by 
different forms of radiation and chemical mutagens. 

More than 30 oncogenes have been identified and 
partially characterized. None has been totally 
biochemically defined as to its specific cellular 
function. It is generally agreed that the known 
oncogenes are directly or indirectly connected to 
cellular proliferation or to a specific developmental 
process, that is, their genetic expression is impor- 
tant to the flow of specific information bringing 
about these biological events. Experimental evi- 
dence strongly indicates that the molecular 
changes which activate proto-oncogenes (the nor- 
mal cellular oncogene counterpart) result from 
point mutations, translocations, and deletions, and 
that the resulting gene protein product is altered 
so that its normal cellular function is altered. The 
end result is carcinogenesis. 

Our preliminary analysis of radiation-induced 
canine malignancies indicates that dominant- 
acting oncogenes are present in DNA prepared 
from these canine tumors. These data were 
obtained from NIH 3T3 transformation assays 
using isolated canine lung tumor DNA. Experi- 
mental data from other groups have shown that 
the activated genes causing the NIH 3T3 transfor- 
mation often belong to the ras gene family. We 
previously reported experimental evidence of ras 
gene activation in radiation-induced canine tumors 
showing tumor-specific restriction fragment-length 

(a) Argonne National Laboratory, Argonne, Illinois 

polymorphisms and elevated levels of ras gene 
transcription. 

Initial studies have focused on activation of the ras 
oncogene family, which contains the best- 
characterized group of oncogenes at both the 
molecular and the biochemical level. Published 
experimental data about the chemical induction of 
these genes provide our study of radiation activa- 
tion with a large database of comparable chemical 
methods of activation (Table 1). Mammalian ras 
genes are activated and acquire transforming 
potential by alteration in their coding sequence, 
most often brought about by single-point 
mutations. 

These point mutations have been localized in 
codons 12, 13, 59, and 61. The presence of a 
glycine residue at position 12 appears to be 
necessary for normal gene function; substitution 
of any other amino acid except proline results in 
gene activation. Substitution of glutamic acid at 
codon 61 by any other amino acid residue except 
proline or glutamine yields an activated ras gene. 
The exact function of the ras proteins is not 
known, but they closely approximate the biochemi- 
cal properties of G proteins, which are involved in 
.the modulation of signal transduction through 
transmembrane signaling systems. Through these 
systems, ras proteins play a role in cell 
proliferation and possibly terminal differentiation. 



TABLE 1. Activation of ras Oncogenes in Carcinogen- 
Induced Tumors 

Incidence, 
Species Carcinogen Tumor ras gene % 

Rat NMU(~) Mammary H-ras 86 
carcinoma 

DMBA(~) Mammary H-ras 23 
carcinoma 

DMN(~) Kidney K-ras 40 
mesenchymal 

Mouse DBACR(~) Skin H-ras 80 
carcinoma 

DMBA(~) Mammary H-ras 100 
carcinoma 

MCA(~) Thymic lymphoma K-ras 80 
HOAFF(~ Hepatocellular H-ras 100 

carcinoma 
VCQ Hepatocellular H-ras 100 

carcinoma 

(a) Zarbl, H., A. V. Sukumar, M.-Z. Dionisio, and M. Barbacid. 
1985. Direct mutagenesis of Ha-ras-1 oncogenes by N- 
nitroso-N-methylurea during initiation of mammary 
carcinogenesis. Nature 31 5:382-385. 

(b) Sukumar, S., A. Perantoni, C. Reed, J. Rice, and M. L. 
Wenk. 1986. Activated K-ras and N-ras oncogenes in 
primary renal rnesenchymal tumors induced in F344 rats 
by methyl-(methoxymethy1)-nitrosamine. Mol. Cell. Biol. 
6:2716-2720. 

(c) Bizub, D., A. W. Wood, and M. S. Skalka. 1986. 
Mutagenesis of the Ha-ras oncogene in mouse skin 
tumors induced by polycyclic aromatic hydrocarbons. 
Proc. Natl. Acad. Sci. USA 83:6048-6052. 

(d) Dandekar, S., S. Sukumar, H. Zarbl, L. J. Young, and 
R. D. Cardiff. 1986. Specific activation of the cellular 
Harvey-ras oncogene in dimethylbenzanthracene-induced 
mouse mammary tumors. Mol. Cell. Biol. 6:4104-4107. 

(e) Eva, A., and S. A. Aaronson. 1983. Frequent activation of 
c-kis as a transforming gene in fibrosarcomas induced by 
methylchoanthrene. Science 220:955-956. 

(f) Wiseman, R. W., S. J. Stowers, E. C. Miller, M. W. 
Anderson, and J. Miller. 1986. Activating mutations of the 
c-Ha-ras proto-oncogene in chemically induced hepa- 
tomas of the male B6C3F mouse. Proc. Natl. Acad. Sci. 
USA 83~5825-5829. 

Identification of the receptor and effector systems 
that interact with the ras proteins has so far been 
elusive, although some experimental evidence 
connects ras and the epidermal growth factor that 
enhances the ras protein guanosine 5'-diphospate 
(GDP) binding activity. 

The tumor material that we are analyzing to 
provide a large database on radiation-induced ras 
gene activation has been fixed in formalin and 
embedded in paraffin, or frozen. This material can 

be used for detailed molecular analysis by the 
polymerase chain reaction (PCR) method. Only 
small quantities of valuable assay material are 
required; less than 1 pg of DNA or total cellular 
RNA is necessary per assay. 

Preliminary DNA sequencing of canine genomic 
material was necessary to establish the normal 
molecular structure of the H-, K-, and N-ras gene 
1st and 2nd exons (Figures 1A and 10, respec- 
tively). The sequences have been obtained either 
directly from PCR-amplified material or from DNA 
sequence analysis of molecular clones isolated 
from a canine-specific genomic or cDNA library 
(the cDNA library was commercially obtained from 
Stratagene, Inc.). 

Direct DNA sequence analysis of frozen plutonium- 
induced lung tumor samples has so far not shown 
ras gene mutational activation in the regions of the 
12th and 61st codons. This does not preclude the 
event of mutations in these regions; it only pre- 
dicts that a more careful analysis of the samples 
must be made using molecular cloning tech- 
niques. We have previously reported (see Pacific 
Northwest Laboratory Annual Report for 1989 to the 
DOE Office of Energy Research, Part 1) that one 
tumor we examined had an alteration in amino 
acid codons 15 and 16 of the N-ras 1st exon. 
These mutations resulted in a change in the amino 
acid specificity at these two positions. The codon 
changes have not been reported in the literature 
for any mammalian species, and it is not known 
whether these mutations cause ras gene trans- 
forming activity. 

We have examined DNA from frozen spleen Sam- 
ples of dogs with myelomonocytic leukemia 
induced by whole-body gamma radiation. Direct 
DNA sequence analysis of the K-ras 1st exon PCR 
products has revealed a transformation-specific 
mutation in the 12th codon. The autoradiograph of 
the sequencing gel (Figure 2) shows a mixture of 
nucleotide bases at the second position of the 
codon where the sequence GGT (glycine) has 
been replaced by GlT (valine) in what we 
assumed to be a background of normal 1st exon 
sequences. When we further characterized the 
mutation and determined its frequency in the 
tumor by cloning and sequencing individual 
products of the PCR reac.tion, we found that ,the 
amplified material consisted of sequences of H-, 
K-, and N-ras 1st exons rather than a mixture of 



K- ras  first exon 
5'-ATG ACT GAG TAC AAA CTG GTG GTG GTT GGA GCT GGT GGC 

GTA GGC AAG AGT GCC TTG ACG ATA CAG CTA ATT CAG AAC 
CAT TTT GTG GAC GAA TAT GAT CCC ACC ATA GAG- 3' 

N-ras - first exon 
5'-ATG ACT GAG TAC AAA CTG GTG GTG GTT GGA GCA GGT GGT 

GTT GGG AAA AGC GCA TCG ACA ATG CAG CTA ATC CAG AAC 
CAC TTT GTA GAT GAA CAC GAC CCC ACC ATA GAG- 3' 

H-ras - first exon 

5'-ATG ACT GAG TAC AAA CTG GTG GTG GTG GGC GCT GGA GGC 
GTG GGA AAG AGT GCC CTG ACC ATC CAG CTG ATC CAG AAC 
CAT TTT GTG GAC GAA TAT GAT CCC ACC ATA GAG- 3' 

K-E second exon 
5 ' -GAT TCC TAC AGG AAG CAA GTA GTA ACC GAT GGA GAA ACC TGT CTC 

TTG GAT ATT CTC GAC ACA GCA GGT CAA GAG GAG TAC GGT GCA ATG 
AGG GAC CAG TAC GTG AGG ACT GGG GAG GGC T l T  C l T  TGT GTG l T T  
GCC ATA AAT AAT ACT AAA TCA TTT GAA GAT ATT CAC CAT TAT- 3' 

N-ras second exon 
5 ' -GAT TCT TAC CGA AAA CAG GTG GTT ATA GAC GGT GAA ACC TGT CTG 

TTG GAT ATA CTG GAT ACA GCT GGT CAA GAA GAG TAC AGT GCC ATG 
AGA GAC CAA TAC ATG AGG ACA GGC GAA GGC TTC CTC TGT GTA TTT 
GCC ATC AAT AAT AGC AAA TCA TTT GCA GAC ATT AAC CTC TAC -3' 

H-ras second exon 
5 ' -GAC TCC TAC CGG AAA CAG GTG GTC A m  GAT GGG GAG ACG TGT TTA 

CTG GAC ATC TTA GAC ACA GCA GGT CAA GAA GAG TAT AGT GCC ATG 
CGG GAC CAG TAC ATG CGC ACA GGG GAG GGC TTC CTC TGT GTA TTT 
GCC ATC AAC AAC ACC AAG TCC TTC GAG GAC ATC CAT CAG TAC- 3' 

FIGURE 1. (A) Sequences of K-ras, N-ras, and H-ras 1st exons. Sequences used for primers are underlined. Primers were 
chemically synthesized with restriction sites to facilitate molecular cloning. (B) Sequences of K-ras, N-ras, and H-ras 2nd exons. 
Primer sequences are underlined. 



1 0  1 1  1 2  1 3  
GGA GCT G l T  GGC 

GGT Normal codon 

FIGURE 2. Chemical sequence analysis of polymerase chain 
reaction- (PCR-) amplified canine K-ras 1st exon from dog 
myeloid leukemia cells. Interpretation of banding patterns in 
autoradiograph are shown above photograph. The lMh,  1 l th, 
12th, and 13th codons are identified on right. Double banding 
pattern is seen in middle base of 12th codon. Coding 
sequence and normal 12th codon sequence are shown below 
photograph. 

normal and mutated K-ras 1st exons. The 
sequences were predominantly K-ras and N-ras 
with H-ras occurring at a frequency of approxi- 
mately 1 in 10 examined. The amplification mixture 
resulted from the design of the PCR primers, 
which match the first 20 bases of coding 
sequence on the 5' and 3' terminus of the 1st 
exon, in this case N-ras. 

The sequences of the K-, N-, and H-ras 1st exon 
are highly homologous with H-ras being the most 
divergent. Obtaining this mixture proved to be 
fortuitous. When we examined the nucleotide 
sequence of the H-ras gene, another activating 
lesion was found in its 12th codon in which GGA, 
normally coding for glycine, was altered to AGA. 
The codon is now specific for arginine and brings 
about ras transformational activation. The 

sequence and interpretation are shown in Fig- 
ure 3. We are currently performing a detailed 
analysis of the ras I st and 2nd exon sequences in 
a number of the chronic myeloproliferative (CMP) 
tumors and have found the K-ras I st exon lesions 
in four CMP tumors and the H-ras mutation in two 
of the four CMP tumors examined. Analysis of the 
K-, N-, and H-ras 2nd exon sequences has not 
been completed. 

We have preliminary evidence of K-ras activation 
in radon-induced rat lung tumors. One tumor has 
been characterized and shown to have an altered 
12th codon (GGT altered to GlT), changing the 
amino acid preference from the normal glycine to 
valine, similar to the CMP observation discussed 
previously. We are now examining control and 
tumor samples to determine the frequency and 
significance of this lesion in radon-induced 
carcinogenesis. 

Translocations are important in defining a 
chronosomal basis of neoplasia. Many chromo- 
somal translocations have been defined in 
malignant myeloid diseases, and certain chromo- 
somal defects are consistently associated with 
some types of human cancer. One of the first 
translocations identified was the 9;22 translocation 
in human chronic myeloid leukemia (CML), which 
became known as the Philadelphia (Ph) chromo- 
some. It is important to identify and, if possible, 
clone the genes involved at the rearrangement 
site, which probably have functions that are critical 
to cellular growth potential. The gene that is 
associated with the Ph translocation is the Abelson 
(abl) proto-oncogene located on human chromo- 
some 9. This abl proto-oncogene has sequence 
homology with the viral oncogene (v-abl) first 
isolated from a mouse pre-B-cell leukemia. 

We are characterizing the molecular arrangement 
of the abl gene in the dog genome. Our interest is 
in investigating the abl gene locus and its possible 
association with an observed canine cytogenetic 
alteration in the q arm of the karyotypic first 
chromosome. This rearrangement has been ob- 
served in a number of animals ,that either have or 
are developing radiation-induced chronic myelo- 
proliferative disorders. In humans, the locus for the 
abl gene is large, more than 200 kbp; it is a 
logical assumption that the canine gene size is 
equivalent. We will analyze the abl gene with 



GCT GTT CEC GCT AGA EC 

FIGURE 3. Dideoxy sequencing gel autoradiograms of canine K-ras (A) and H-ras (B) gene 1st exons. Specific lanes are 
marked at top of photographs as G, A, T, or C; regions of the 1 lth, 12th, and 13th codons of A and E? are indicated on right; 
specific gene and codon sequences are shown below each photograph. Normal 12th codon sequence is below codon 12. 

pulse-field gel electrophoresis (PFGE), a technique 
capable of separating large DNA restriction frag- 
ments (100,000 to 2.5 million bp). The probes 
I J S ~ ~  for detection of abl gene rearrangement, the 
v-abl cDNA clone, and specific canine PCR- 
generated abl gene fragments, will be labeled and 
used for PFGEISouthern blot analysis of canine 
CML DNA samples. 

In addition to detailed DNA sequence information, 
we hope to provide more information on gene 
expression in tumors identified with an activated 
ras gene. We have available frozen tumor material 
suitable for analysis of isolated mRNA. We are 
developing methods, using PCR, to directly 
amplify and sequence ras-specific mRNA tran- 
scripts (Figure 4). The method uses the retroviral 
enzyme reverse transcriptase to make a cDNA 
copy of the K-, N-, or H-ras sequence. Using 
standard PCR procedures, the cDNA copy is 

amplified, molecularly cloned, and examined for 
mutation by DNA sequence analysis. This informa- 
tion provides evidence that the gene is being 
transcribed and used as a translational template. 

The myeloproliferative canine DNA samples 
provide more than the single experimental 
observation of a ras point mutation. The 
importance of this study focuses on the availability 
of tumor samples. Bone marrow as well as spleen 
samples have been collected from dogs at various 
stages in the progression of CMP disease. Each 
sample will provide a unique analytical time point. 
We intend to use the point mutations identified in 
K-ras, H-ras, and possibly abl as genetic markers 
for following the genetic malignant progression of 
the disease. It is hoped that a stage-specific 
pattern of mutational oncogene activation will be 
identified that will define sequential events leading 
to radiation-induced oncogenesis. 



Tumor 9 
I Isolation of Total Tumor RNA 1 

1 cDNA copy made using reverse 
transcriptase and primers specific 
for .E& gene 5' end of 1 st and 3' end 
of 2nd exon 

PCR amplification for 25 to 30 cycles will generate -300-bp DNA 
molecule representing .E& gene 1st and 2nd exons. 

1 st and 2nd exons will be completely spliced. Restriction sites will 
be included in primers to facilitate cloning and DNA sequence 
anaysis. 

FIGURE 4. Amplification of mRNA by polymerase chain reaction. After reverse transcriptase copying using specific primers, resultant 
molecule respresents 1st and 2nd ras gene exons. 



Mutation of DNA Targets 

Principal Investigator: R. F Schneider 

Other Investigators: J. E. Hulla, S. J. Rogers, and G. L. Stiegler 

The project is testing the hypothesis that tumor suppressor genes are important targets in radiation 
carcinogenesis. We have prepared specific DNA probes and primers to dog Rb and rat p53 genes to 
characterize their integrity in preserved tumor tissue from animals exposed to radiation. We have 
amplified, cloned, and analyzed the sequence of a 534-bp fragment of dog Rb cDNA. Methods and 
primers were developed for amplification and analysis of the rat p53 gene. Amplification of the p53 gene 
from rat genomic DNA results in amplification of fragments of the predicted size of a cDNA copy of the 
gene, suggesting the presence of a processed pseudogene. 

During 1990, a study of mutation of tumor sup- 
pressor genes as targets in radiation carcino- 
genesis was started. The current objective is to 
characterize the status of these genes in radiation- 
induced cancer tissue. 

The loss of function of the product of tumor sup- 
pressor genes apparently contributes to csrcino- 
genesis. In other words, their normal function 
provides essential control of cell division. Defects 
in the gene, mRNA, or gene products of retino- 
blastoma susceptibility (Rb) and p53 genes have 
been observed in many tumor types. For Rb, 
these include human retinoblastoma, osteosar- 
coma, and small-cell carcinoma of the lung 
(SCCL). Defects in the p53 gene, mRNA, or 
protein have been commonly seen in human lung 
cancers of all types (except SCCL), in colorectal 
cancer, and in many other types. Transfection of 
transformed cells (or cotransfection with ras 
oncogenes) with either Rb or p53 cDNA can sup- 
press the malignant phenotype. We suspect that 
tumor suppressor gene inactivation by deletions is 
a mechanism of radiation carcinogenesis, because 
evidence from PNL and elsewhere indicates that 
large deletions are a major component of genetic 
damage by ionizing radiation. It is possible, in 
radiation carcinogenesis, that tumor suppressor 
genes are inactivated by larger deletions than 
those characterized in cancers caused by other 
means, such as chemicals, thus providing a 
means to identify radiation-induced cancer. 

Our approach is to examine p53 and Rb genes in 
tumor tissue preserved from life-span animal 
experiments at PNL and other DOE laboratories. 
We have a small number of frozen rat and dog 
lung tumors and dog bone tumors (osteosar- 
comas) induced by inhaled plutonium and radon. 
We also have a large number of plutonium- 
induced rat and dog lung tumors that have been 
fixed in formalin and embedded in paraffin. 
Myelogenous leukemia cells from dogs that were 
chronically exposed to x rays and gamma radia- 
tion at Argonne National Laboratory are also 
available. When tissue of sufficient quality is 
available, we plan to analyze Rb and p53 gene 
expression by analysis of their mRNA using the 
polymerase chain reaction (PCR) and northern 
blot methods. The fixed and embedded tissues do 
not have mRNA or large molecular weight DNA for 
northern or Southern analysis; thus, PCR is being 
used to amplify specific regions of these genes for 
analysis by gel electrophoresis. Further analysis 
by methods that detect base-pairing mismatches 
caused by mutations and deletions is also 
planned. The first step required for this approach 
has been to prepare primers for PCR and Rb 
gene-specific DNA probes for northern and 
Southern blot analysis. 

Because the Rb gene is commonly defective in 
human osteosarcomas, and because dogs ex- 
posed to 2 3 9 ~ u ~ ~ 2  and 2 3 8 ~ ~ 0 2  developed this 
form of cancer, we prepared reagents for analysis 



of the dog Rb gene. The human Rb gene is en- 
coded in 200 kb containing 27 exons with a 4.7-kb 
mRNA and a coding sequence of 2.7 kb; the 
human and mouse cDNA sequences are known 
but that of the dog is not. Our strategy was to 
amplify specific exons by PCR, assuming a high 
degree of sequence homology with the human 
gene, to design primers. We have amplified a seg- 
ment with synthetic primers to human exon 17 
from dog genomic DNA and a canine cDNA 
library. However, we have not been successful in 
obtaining amplification of other exons except in a 
fragment that includes exons 1 7 through 20 from 
the canine cDNA library. To verify that it is part of 
the dog Rb gene and to assess sequence homol- 
ogy with the human gene, we analyzed the 
sequence of this fragment after subcloning it in a 
plasmid. The sequence (Figure 1) is highly homol- 
ogous to the human sequence, differing only by 
43 base and 12 amino acid changes. The 
sequence differs from that of the mouse gene by 
63 bases. We are now using this amplified frag- 
ment to screen the dog cDNA and cosmid libraries 
to obtain more information about its sequence and 
have probes for in situ hybridization. We will also 
use it as a probe to screen radiation-induced 
myelogenous leukemia cells of the dog by north- 
ern blot techniques for deletions in Rb mRNA. We 
plan to culture dog bone tumor cells that we have 
maintained frozen for investigation of Rb expres- 
sion and size of its mRNA. 

Because the rat p53 gene has yet to be cloned 
and sequenced, we used sequence information 
from the mouse gene to estimate the location and 
size of intervening sequences within the rat cDNA. 
The resulting gene structure is outlined in Fig- 
ure 2. From reports of mouse investigations, we 
know that of the 11 exons, only exons 2 through 
11 code for the protein product. The 1st exon is 
separated from the other coding regions by a 
6100-bp intron and is spliced from the mRNA 
before protein synthesis. Additionally, in the 
human ortholog, mutational hot spots have been 
localized to the region encompassing exons 4 
through 8. These findings allow us to focus our 
attention to the functionally significant regions of 
the gene; it is these sequences that have the 
greatest potential as markers for radiation-induced 
damage. 

We plan to determine if deletions within the p53 
gene have an increased occurrence in radiation- 

induced rat lung tumors compared to the sur- 
rounding normal tissue. We synthesized a series 
of primers and probes sufficient to amplify and 
detect each of the 10 coding exons of the gene. 
Using freshly isolated rat live DNA as a template, 
we effectively amplified 8 of the coding exons 
individually (Figure 3). Additionally, we amplified 
larger fragments of the gene to include most of 
the intervening sequences within the targeted 
region. These fragments are indicated by the 
underlined stretches of the gene in Figure 2; the 
products of the amplifications are shown in 
Figure 4. The identity of the amplification products 
was confirmed by blotting the fragments and prob- 
ing with radiolabeled oligonucleotide (Figure 5). 
The probes consisted of sequences complemen- 
tary to the predicted amplification products and 
were internal to the sequences used for priming 
the amplification. With these preliminary data for 
comparison, we began using formalin-fixed tissues 
as the source of p53 template. When we used 
DNA isolated from archived tissues, we success- 
fully amplified fragments of the p53 gene 
containing exons 5 and 6 and exons 8 and 9 as 
well as the two intervening sequences. These 
fragments contain the sequences known to be 
altered most often in human tumors. 

An interesting finding resulted from our initial 
investigations. When fragments containing more 
than one exon are amplified, two major products 
are apparent on agarose gels (see Figure 4). In 
each case, the size of the longer amplification 
product is consistent with the expected p53 gene 
fragment. The size of the shorter amplification 
products suggests that they are amplified from a 
processed (sans introns) p53 pseudogene in the 
rat genome. A pseudogene that includes the same 
priming sites will always be amplified in concert 
with the functional gene. Because the gene and 
putative pseudogene are distinguishable on the 
basis of size when the amplified fragment contains 
intron sequences, we plan to use the pseudogene 
as an internal control in our PCR assays. We are 
now attempting to confirm the identity of the 
shorter fragments with sequence analysis. 

Our future direction is to use the assays we 
developed to compare the structure of p53 gene 
fragments amplified from a series of well- 
characterized, archived, normal and tumor tissues. 
Through these experiments, we will determine 
whether aberrations within the p53 gene are 



HUMAN RB GENE BASE 1665 

ACA GAT TTG TCT TTC CCA TGG GTT CTG AAT GTA CTT AAT 
PCR Primer V ( I )  

C  
TTA AAA GCC TTT GAT TTT TAC AAA GTG ATT GAA AGT TTT 

ATC AAA GCA GAA GCC AAC TTG ACC AGA GAA ATG ATA AAA 
A(G)  

C 
CAT TTA GAA CGA TGT GAA CAT CGA ATC ATG GAA TCA CTT 

A T 
GCA TGG CTC TCT GAT TCA CCT TTA TTT GAT CTG ATT AAA 

CAA GCA AAA GAC CGA GAA GGA CCA GCT GAT CAC CTT GAA 
A ( S )  

C T T  A 
TCT GCT TGT ACT CTG AAC CTT CCT CTC CAG AGT AAT CAC 

T (  P S ( N  
T 

ACT GCA GCA GAT ATG TAT CTT TCT CCT GTA AGA TCC CCA 

AAG 
T 

AAC 

T 
AAA AAA GGA TCA ACT 

G 
ACA GAG ~ C A  CAA GCA 

CG 
ATA 
1 (TI 

ACC 

C 
CGT GTA AAT TCT ACT GTA 

C 
V ( A )  

TCA GCC TTC CAG ACT CAG 
T ( A )  A ( T )  

T  G T 
AAG CCA TTG AAA TCT ACC TCC CTT TCA CTT TTT TAC AAA 

T G C C G A  T 
AAA GTG TAC CGA CTA GCT TAT CTT CGA CTA AAT ACG CTG 

ATC ATC TGG ACC CTT TTT CAG CAC ACA CTG C f d ~  AAT GAG 

TAT GAA CTC ATG AGA GAC AGG CAT TTG GA 
PCR Primer 

FIGURE 1. Sequence of Fragment of Dog Rb Gene Amplified by Polymerase Chain Reaction (PCR) from Canine cDNA Library 
was Obtained by Dideoxy Method Using Sequenase from Fragment Cloned into Plasmid pUC18. Underlined regions indicate 
PCR primer sequences; vertical lines indicate location of introns in human gene. Bases differing from human cDNA sequence 
have corresponding base in human gene printed above them; amino acid changes are shown below appropriate codon with 
human amino acid in parentheses. 



significant to the tumorigenic process induced by Further, we will characterize the nature of the 
radiation. This will lead to increased understand- genetic damage that inactivated the mechanisms. 
ing of the mechanisms of radiation carcinogenesis. 

1 Exons - lntrons 

H 1000 Base Pairs 

FIGURE 2. Schematic Pepresentation of Rat p53 Gene. Location and size of exons and introns have been estimated from 
sequence information from mouse and rat. Only exons 2 through 11 are coding sequences. Each of the exons 4 through 11, in 
addition to the underlined regions, have been successfully amplified (see Figures 3 and 4). 

FIGURE 3. Amplification Products Were Electrophoretical!y 
Separated Using 2% Agarose Gel and Stained with Ethidium 
Bromide. Table below outlines contents of each lane with 
expected sizes of amplified fragments; apparent sizes are 
consistent with predicted sizes. Lanes 1 and 10 contain 
molecular size markers. 

Lane Exon Predicted Size (bp] 

FIGURE 4. Amplification Products Were Electrophoretically 
Separated on 1.5% Agarose Gel and Stained with Ethidium 
Bromide. Table bslow outlines contents of each lane with 
expected sizes of amplified fragments. Apparent fragment 
sizes are consistent with predicted sizes. Lane 1 contains 
molecular size markers. 

Primers Flank Predicted Size 
Lane Exons GeneIPseudogene (bp) 

2 2 and 4 
3 5 and 6 
4 7 and 9 
5 8 and 9 



FIGURE 5. Primers flanking exons 5 and 6 Were Used to 
Amplify p53 Gene and Putative Pseudogene Fragments. 
(A) Amplification products were separated by electrophoresis 
on 1.5% agarose gel. Lane 1 contains molecular weight 
markers; lane 2 contains amplified gene and pseudogene 
fragments (molecular size given in numbers of base pairs). 
Gel was blotted to nylon membrane and probed with radio- 
labeled oligonucleotide having sequence complementary to 
internal stretch of exon 5. (B) Autoradiograph shows both 
fragments contain complementary exon 5 sequence. 





Molecular Events During Tumor Initiation 

Principal Investigator: D. L. Springer 

Other Investigators: D. 6. Mann, G. L. Stieglel; and 5. D. Thrall 

Many in vitro studies have been conducted with benzo[a]pyrene diol-epoxide (BPDE) binding to DNA; 
in vivo, however, this binding may be altered by association of numerous proteins with the DNA. The 
fundamental unit of DNA in chromatin is the nucleosome, where the DNA wraps around a core of his- 
tone proteins. At this level, the DNA lies on the surface of the protein core particles, and this association 
protects the DNA from nucleases. An unanswered question is: Does this close association between DNA 
and proteins protect the DNAfrom damage by chemical carcinogens or radiation? Studies with very small 
molecules such as dimethyl sulfate have indicated unrestricted access to the nucleosomal DNA, whereas 
larger molecules may bind preferentially to naked DNA over nucleosomal DNA. Because BPDE is a large 
bulky carcinogen, it may bind differently to chromatin compared to naked DNA. Further, BPDE intercalates 
into the DNA prior to covalently binding to the exocyclic amino groups of deoxyguanosine or 
deoxyadenine. This suggests that the influence of BPDE binding on chromatin structure may be critical 
to tumor initiation and progression. Thus, the purpose of our work includes determining: (1) the location 
and frequency of BPDE adducts to naked versus nucleosomal DNA; (2) the influence of BPDE adducts 
on nucleosome positioning; and (3) whether these adducts alter the expression of genes. 

Many lines of evidence support the hypothesis 
that tumor initiation and development may involve 
adduct-induced changes in chromatin structure. It 
has been well established that many carcinogens 
either bind directly to DNA or are converted by 
mixed-function oxidases to reactive intermediates 
that covalently attach to the DNA. Although the 
relationship between covalent binding and tumor 
yield is only loosely correlated, this mechanism for 
tumor initiation has been widely accepted. Studies 
designed to obtain fundamental information about 
the way the three-dimensional structure of chro- 
matin is involved in gene regulation have indicated 
that actively transcribed chromatin is more loosely 
coiled than other forms of chromatin and thus is 
more susceptible to nuclease digestion. Thus, it is 
not surprising that certain oncogenes have sensi- 
tivity to nuclease digestion that increases through- 
out tumor progression. 

It is known that benzo[a]pyrene-diol-epoxide 
(BPDE) binds to DNA and inhibits its replication 
(Mizusawa and Kakefuda 1979). However, little is 
known about the effects of BPDE adducts on tran- 
scriptional processes. Bulky DNA adducts may 
alter transcriptional regulatory processes in genes, 
and this may ultimately contribute to the progres- 
sion of malignancy. For example, recessive-acting 
anti-oncogenes or other tumor-suppressing genes 

may be key targets for adduction, and altered 
transcription of these may contribute to the 
carcinogenic process. An early study by Leffler 
et al. (1977) demonstrated that adduction of calf 
thymus DNA with BPDE resulted in decreased 
average RNA chain length. Studies by Koostra 
et al. (1 989) also demonstrated that transcription 
was inhibited when as little as 0.01% of pGAL 
plasmid DNA was modified by BPDE. In fact, 
Koostra et al. (1989) showed that transcription of 
BPDE-modified plasmid DNA was terminated in a 
region that contains GC-box sequences 
(GGGCGG), which are important eukaryotic pro- 
moter elements found in the 5' region of some 
oncogenes. Koostra speculated that these regions 
are preferential targets for BPDE adduction. 
Because the chromatin structure in the 5' region 
of many active genes is in open (non-nucleo- 
somal) form (Benezra et al. 1986), it may be that 
these regions are susceptible to adduction with 
BPDE. Thus, preferential adduction of 5' (pro- 
moter) regions of genes could conceivably lead to 
decreased transcription or loss of regulation of 
transcription. 

Using a well-characterized 5s rRNA gene system, 
we are evaluating transcriptional processes in 
BPDE-modified DNA in an effort to extend our 
understanding of the influence of DNA adducts on 



gene regulation. The plasmid pXP-14, provided by 
Dr. D. Brown (Carnegie Institute, Baltimore, A 6 

1 2 3 4  1 2  
Maryland), was used in preliminary transcription - @ 

studies. This plasmid contains the 5s rRNA gene 
from Xenopus borealis and the bacteriophage SP6 
promoter region. Primers containing 30 nucleo- 
tides with a unique restriction site sequence were 
synthesized for polymerase chain reaction (PCR) 
amplification of a 31 0-bp fragment containing the 
SP6 promoter region and the 5s rRNA gene from 
the pXP-14 plasmid. This fragment was then 
adducted by incubation with radiolabeled (5)-r- 1 
7,t-8-dihydroxy-t (-)9,10-epoxy-7,8,9,1O-tetra- 
hydrobenzo[a]pyrene (BPDE), and unbound BPDE 
decomposition products were removed by con- 
secutive extractions with diethylether. As is shown b,* 

in Table 1, incubation of the 31 0-bp fragment with 
250 pM BPDE resulted in 0.55% modification of the 
bases. This corresponds to approximately 1.0 
adduct per 180 bases, or 3.4 adducts per 31 0-bp 
fragment. In addition, incubation of pXP-14 
plasmid DNA with 250 pM BPDE resulted in a 
similar level of adduction (0.64%), suggesting that 
adduction was consistent between the plasmid 
and PCR fragment. 

TABLE 1. Adduction of 31 0-bp PCR Fragment and pXP-14 
Plasmid DNA 

Template BPDE (urn) Modification (%) BasesIAdduct 

310 bp 250 0.55 180.2 

pXP-14 250 0.64 157.3 

We have developed several methods for determin- 
ing the effects of adduction on transcription. 
Adducted and nonadducted 310-bp fragments 
were used as a template for transcription by bac- 
teriophage SP6 RNA polymerase. In these studies 
(Figure lA), 100 ng DNA was incubated for 
30 minutes in the presence of 1.25 mM nucleotide 
triphosphates, 25 units SP6 polymerase, and 
20 pCi [ a - 3 2 ~ ] ~ ~ ~  (uridine 5'-triphosphate). The 
RNA transcripts were then precipitated with 
ethanol and electrophoresed on a 6% polyacryl- 
amide 7 M urea gel. Transcription of nonadducted 
31 0-bp template resulted in primarily full-length 
transcripts of approximately 250 bp, with lesser 
amounts of shorter transcripts. We speculated that 
the short transcripts produced with the nonad- 
ducted template are due to secondary DNA struc- 

FIGURE 1. SP6 Transcripts and T4 Polymerase Digestions of 
Unadducted and Adducted 310-bp DNA. (A) Transcription 
runoff was done using 100 ng of unadducted or adducted 
310-bp DNA fragments using SP6 RNA polymerase. RNA 
transcripts were then separated on a 6.0% polyacrylamide 
sequencing gel and autoradiographed. Lane 1, unadducted 
310-bp template; lanes 2 through 4, 310-bp templates 
adducted with BPDE at the level of 1.7, 0.1, and 0.3 adducts 
per strand, res ectively. (B) DNA (310 bp) was 5'-end 

3'3 labeled with [ PIATP using T4 kinase and digested with 
EcoRI, leaving only the coding strand labeled with 
radioactivity. The DNA was then digested with 14 DNA 
polymerase in absence of deoxynucleotide triphosphates. 
separated on a 6% sequencing gel, and autoradiographed 
overnight. Lane 1, unadducted 310-bp template; Lane 2, 
31 0-bp template adducted at level of 1.7 adducts per strand. 

tures that impede transcription by SP6 poly- 
merase. When transcription was carried out using 
three different adducted 31 0-bp templates, distinct 
transcriptional breakpoints were noted as com- 
pared to the control template. DNA adducted at 
the level of 0.1 to 0.3 adducts per 31 0 bp showed 
a series of short RNA transcripts not seen in the 
control template. At a higher level of adduction 
(3.4 adducts per 310 bp or 0.55% modification), 
similar breaks in transcription were observed, 
but the overall amount of RNA produced was 



decreased. In a separate experiment, the primary 
transcript was excised from the gel and counted 
by liquid scintillation counting. The 310-bp 
template adducted at the 0.03% modification level 
showed a 23% inhibition in the amount of primary 
transcript produced, while template adducted at 
the 0.55% modification level showed more than 
80% decrease in the amount of primary transcript. 
This may be because adducts in the SP6 pro- 
moter region of the template prevent the initiation 
of transcription. 

To determine the precise position of BPDE 
adducts on 'the 5s gene fragment, we are cur- 
rently employing methods using the 3'+5' 
exonuclease activity of T4 DNA polymerase. This 
enzyme, in ,the absence of nucleotide triphos- 
phates, digests DNA to short fragments. When the 
enzyme encounters blocks in exonuclease activity, 
such as bulky adducts, a family of fragments of 
defined lengths can be separated and visualized 

by gel electrophoresis and autoradiography. Pre- 
liminary results using this methodology are shown 
in Figure 1B. A 2-hour incubation with T4 poly- 
merase completely digested the nonadducted 
310-bp fragment, yet a series of fragments were 
seen in the adducted fragment. In addition, dark 
bands in the T4-digested fragment corresponded 
closely in size to the transcriptional breaks seen in 
the adducted 31 0-bp template, indicating there are 
"hot spotsVor BPDE adduction in the template 
that stop transcription. Currently, studies using 
dideoxy-sequencing methods to determine the 
precise position of these putative adducts are 
being performed. 

In addition to ongoing studies with pXP-14 plasmid 
DNA, a new plasmid ("pGEM-5s") (Figures 2 and 
3) has been successfully constructed by subclon- 
ing the 5s rRNA gene from pXP-14 into the 
pGEM-9Z-f(-) expression vector. The resulting 
plasmid contains the 5s gene and opposing SP6 

PCR 31 0-bp Fragment from Pxp-14 

Sp6 Hind111 BamHI 5S rRNA EcoRI 

Not1 (2900) 

S P ~ L  (1) 

Hind111 (18) 

EcoRI (36) 

T7 ? (55) 

SfiI (82) 

FIGURE 2. Construction of "pGEMS-59 plasmid. The 310-bp PCR fragment from plasmid pXP-14 and plasmid pGEM-9Z-f(-) 
were digested with Hindlll and EcoRl restriction enzymes. The 219-bp fragment containing the 55 rRNA gene was then ligated 
into the lacZ region of pGEM-9Z-f(-) at the Hindlll/EcoRI site using T4 DNA ligase. Resulting plasmid 'pGEM-52 contains 5S gene 
with opposing SP6 and Ti' promoter regions, as confirmed by restriction mapping (see Figure 3). Transcription of coding strand 
is done with SP6 RNA polymerase. 



FIGURE 3. Restriction mapping of 'pGEMS-59 plasmid. 
Plasrnid pGEMS-5s and parent pGEM-92-f(-) were digested 
with EcoRl and Hindlll (lanes 2 and 3), or Notl and Sfil (lanes 
4 and 5) and electrophoresed on a 2.0% agarose gel. 
EcoRI/Hindlll (219 bp) and NotllSfil fragments (308 bp) are 
indicated by arrows. Lane 1, 123-bp DNA ladder; lanes 2 and 
4, pGEM-5s; lanes 3 and 5, pGEM-9Z-f(-). 

and T7 promoters. This will allow us to selectively 
determine the transcriptional effects of BPDE 
adducts on the coding or noncoding strand of the 
template. In addition, the pGEM-5s plasmid con- 
tains Sfil and Notl restriction sites, which allow a 
308-bp fragment containing the gene and pro- 
moter regions to be excised from the plasmid 
without extraneous DNA. Thus, unlike PCR tech- 
niques, milligram quantities of DNA can be pre- 
pared for adduction and transcription studied with 
relatively little expense. 

Other studies now in progress are directed at 
determining the specific effects of adduction in the 
promoter region of the 5s gene fragment. For 
instance, the 5s fragment (308 bp) from pGEM-5s 
will be digested with BamHI, which cleaves 
between the SP6 promoter and the 5s gene. The 
SP6 promoter will then be adducted with BPDE 
and ligated to nonadducted 5s gene. Incubation 
of the 308-bp fragment with SP6 polymerase in the 
absence of nucleotide triphosphates should result 

in a stable transcription complex. This complex 
can then be 'footprintedn by digestion with DNAse 
I and polyacrylamide gel electrophoresis. By these 
methods, we will determine whether adduction of 
the SP6 promoter region with BPDE interferes with 
binding of SP6 RNA polymerase. 

Nucleosome positioning was recently demon- 
strated to be sequence dependent, and the place- 
ment of nucleosomes along the chromatin fiber 
may be involved in regulation of gene activation or 
inactivation. Further, it has been shown that Z-DNA 
is a more rigid structure and that regions contain- 
ing this DNA conformation do not form nucleo- 
somes. It has also been reported that BPDE 
adducts stabilize DNA structure in the B con- 
formation in the area proximal to the adduct and 
destabilize distal base pairing so that the transition 
of the B to Z conformation is favored (Chen 1985). 
Thus, it follows that chromatin structure and pos- 
sible gene expression may be a1tere.j in regions 
where bulky adducts are present. 

In an attempt to elucidate some of the regulatory 
processes involved in tumor development, we are 
conducting studies to determine the influence of 
BPDE adducts with respect to nucleosome posi- 
tioning and other structural changes in chromatin. 
For this we are also using the 5s rRNA gene as a 
model system. It has been shown that the gene 
will form a single nucleosome either by incubation 
with core histone particles or by exchange with 
chick erythrocyte chromatin. The position of the 
nucleosome is known with respect to the DNA 
sequence, and the positioning is fixed with respect 
to location along the 5s rRNA gene. The model 
therefore allows manipulation of bulky adducts 
and lends itself to experimental designs that 
address questions on the influence of bulky 
adducts on nucleosome positioning. 

Recently we prepared and stored a large quantity 
of chicken erythrocyte nuclei, which will be used 
as a source of core histone particles for nucleo- 
some studies. The 5s rRNA gene will be incubated 
with the erythrocyte chromatin under the appro- 
priate concentrations of salts so that the 5s rRNA 
gene becomes associated with core histone parti- 
cles. After these samples are adductecl with BPDE, 
we will map the location of the adducts, determine 
the influence of the adducts on nucleosome posi- 
tioning and determine whether the adducts alter 
transcription. 
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Genotoxicity of Inhaled Energy Effluents 

Principal Investigator: A. L. Brooks 

Other Investigators: K. E. McDonald, C. Mitchell, and R. M. Kitchin 

The interaction between cellular and genetic damage induced by low- and high-LET radiation and damage 
produced by chemicals is being studied. We have concentrated our research on metals, organic solvents, 
and fibers used in the nuclear industry and present at nuclear waste sites. Research on metals has 
demonstrated a multiplicative interaction between beryllium and x rays for induction of chromosome 
aberrations. Silicon carbide (Sic) fibers used in space nuclear systems were evaluated in lung epithelial 
cells (LEC) and Chinese hamster ovary cells (CHO). Sic produced a concentration-related increase in 
cell killing in both cell types but induced no increase in the frequency of micronuclei in either cell type. 
The fibers interfered with cytokinesis, causing a significant increase in the frequency of multinucleated 
giant cells in CHO cells but having little effect on LEC cells. No interaction between damage from gamma 
rays and that from Sic fibers was demonstrated using micronuclei as an endpoint. 

Research has begun on the genotoxic responses of cells in culture to organic solvents such as methyl 
isobutyl ketone (hexone), which was used to reprocess nuclear fuels and is now present in large amounts 
in nuclear waste sites. Hexone caused a concentration-related increase in cell killing and a small increase 
in the frequency of micronuclei induced in LEC cells. No interaction between damage from gamma rays 
and hexone was detected by induction of micronuclei. Expansion of this research in vitro and in vivo will 
provide a mechanistic foundation on which to define the interaction of radiation and chemicals in 
production of chromosome and cellular damage. Awareness of these mechanisms flags potentidl problem 
areas and allows adequate worker protection both in the nuclear industry and during nuclear waste-site 
cleanup. 

Introduction 

Many workers are involved in nuclear energy and 
weapons production, and in the future additional 
workers may be exposed to internally deposited 
radioactive materials, external radiation, and 
promoting and carcinogenic chemicals during 
cleanup of nuclear waste sites. Because the 
normal incidence of cancer in the human 
population is high, more than 20%, many workers 
in the nuclear indus.try or involved in waste-site 
cleanup operations will develop cancer independ- 
ent of their work or exposure history. Current 
standards are designed to protect worker popula- 
tions from excessive radiation and chemical 
exposure. However, standards are set for one 
compound at a time; little consideration is given to 
potential interaction between physical and chemi- 
cal factors or the interaction of biological damage 
produced by combined exposure to multiple 
environmental insults. It has been demonstrated 

that combined exposure to environmental agents 
can produce risks that are either greater or less 
than would be predicted by an additive model. 

Studies are being conducted to define the 
relationships between combined exposures and 
cellular responses, measured as changes in cell 
killing, micronuclei induction, chromosome num- 
ber, aberration type and frequency, and oncogene 
or anti-oncogene location in the karyotype. The 
data derived from these studies will aid in evalu- 
ation of health risks in nuclear industry and during 
nuclear waste-site cleanup. 

Results and Discussion 

Exposure to Radiation and Metals 

Beryllium is widely used in space nuclear systems, 
creating a potential for combined exposures. 
Research has determined that x rays and beryllium 



interact to increase the frequency of chromatid- 
type aberrations above that predicted by an addi- 
tive model. It was noted that the interaction was 
limited to cells in the S stage of ,the cell cycle. To 
further understand the mechanisms of this 
interaction, the influence of cell cycle on the 
interaction was evaluated. Changes induced in the 
cell cycle by combined exposure to x rays and 
beryllium were measured using a flow cytometer. 
It was determined that exposure of cells to 
beryllium alone delayed the progression of cells 
through the cycle; cells accumulated in the S 
stage of the cell cycle. A -/-hour recovery period 
allowed the cells to move through the cycle, 
resulting in an increased number in the G2/M 
stage. When cells were exposed to x rays only or 
x rays plus beryllium, there was a similar change 
in the distribution of cells through the cell cycle. 
These data supported the idea of a partial 
synchronization or blockage of the cells in the S 
phase of the cycle by beryllium. The difference in 
the response of the cells to the combined expo- 
sure could not be totally explained by 'the 
observed shifts in the cycle. Other factors, such as 
changes in repair of chromosome damage, seem 
to be important in .the production of the increased 
level of damage by the interactions between radia- 
tion and beryllium. 

Exposure to Radiation and Fibers 

Many new fiber materials are being developed for 
use in space nuclear systems and reinforcement 
of advanced ceramics. Studies were conducted on 
the toxicity of one of these, silicon carbide (SIC) 
(Table 1). Detailed studies were conducted to 
determine if and how Sic fibers altered the genetic 
make-up of cells. The effect of Sic fibers on the 
induction of celi killing, micronuclei, and multi- 
nucleated cells was evaluated in both fibroblasts, 
Chinese hamster ovary cells (CHO), and lung 
epithelial cells (LEC). 

The fibers were cytotoxic to both cell types 
(Figure 1). Fibers were more effective per unit of 
concentration in killing LEC cells than CHO cells. 
No change in the frequency of micronuclei was 
observed in either cell type (Figure 2), however, 
suggesting that chromosome aberrations are not 
a major contributor to the failure of cells to divide 
and form colonies. 

TABLE 1. Physical Characteristics of Silicon Carbide Fibers 
(Sic) Used in These Studies and in Advanced Ceramics 

Surface area, 3.6 m21g 
Average diameter 0.32 pm 
Density, 3.2 glcrn 3 
Average length, 6.5 pm 
Fiber nurnberlmass, 1.05 x 10' fiberslmg 

0 10 20 30 40 50 60 
Concentration (pglml) 

FIGURE 1. lnduction of Cell Killing by SIC Fibers in Lung 
Epithelial Cells (LEC) and in Fibroblasts (Chinese hamster 
ovary cells, CHO) 

0 10 20 30 40 50 60 
Concentration (pg/ml) 

FIGURE 2. lnduction of Micronuclei in Chinese Hamster Ovary 
Cells (CHO) and Lung Epithelial Cells (LEC) by SIC fibers. 
No micronuclei were induced in either cell line. 

If fibers cause problems with chromosome segre- 
gation or segregation of chromosome fragments, 
one could postulate that fibers should increase 
the frequency of micronuclei present in cells that 
had been exposed to ionizing radiation. Figure 3 



FIGURE 3. lnduction of Micronuclei in Lung Epithelial Cells 
(LEC) by Radiation with and Without Sic Fibers. No inter- 
action was apparent. 

illustrates that our studies found no interaction 
between damage produced by fibers and that 
from radiation as indicated by induction of 
micronuclei. 

A special protocol was developed to determine if 
the fibers interfered with cytokinesis during normal 
cell division. Cells were treated with fibers for an 
extended period of time. The cells were exposed 
to fibers during the log growth phase; after 
reaching confluency they were subcultured and 
again allowed to grow to confluency. Cells were 
then fixed and stained and the frequency of 
multir~ucleated giant cells scored per microscopic 
field, providing a measure of improper cell division. 
For CHO cells there was a linear increase in the 
induction of rnultinucleated cells as a function of 
fiber concentration (Figure 4). Over the range of 
fibers tested, the frequency of giant cells 
increased more than threefold. The frequency of 
multinucleated giant cells induced by the Sic 
fibers in LEC cells was very low. The fact that 
epithelial cells were not altered by the Sic 
exposure to the same degree as CHO cells sug- 
gests that LEC cells may have a lower intake of 
fibers or a lower cell turnover rate than the 
fibroblasts. Fibers were observed in most of the 
giant cells illustrated for CHO cells (Figure 5). 
Additional research is being conducted t:, deter- 
mine if radiation can interact with damage pro- 
duced by fibers to alter the induction of the 
multinucleated giant cells. 

Concentration (pglrnl) 

FIGURE 4. Induction of Muhinucleated Giant Cells by Sic 
Fibers in Lung Epithelial Cells (LEC) and Chinese Hamster 
Ovary (CHO) Cells 

Exposure to Radiation and Organic Solvents 

Extensive effort will be involved in removing, 
containing, and decontaminating nuclear waste 
sites. Many organic solvents are present in these 
sites, creating a potential for worker exposure. 
Solvents such as trichloroethylene were used to 
remove lubricants from the copper jackets that 
covered the fuel elements; other solvents such as 
methyl isobutyl ketone (hexone), tributyl phos- 
phate, and isobutyl butyl phosphonate were used 
during separation of uranium and plutonium from 
fission products. These materials, disposed of in 
large quan.tities at the waste disposal sites, are 
mixed with radioactive fission products and alpha- 
emitting radioisotopes. 

Research is being conducted to determine the tox- 
icity of these materials in vitro and to evaluate the 
interaction of solvent-induced with radiation- 
induced cellular damage. To date, the toxicity of 
hexone and hexone-induced rnicronuclei in LEC 
cells have been evaluated. Hexone is toxic at 
rather low concentrations (Figure 6). Preliminary 
research to evaluate the potential for interaction 
between radiation and hexone (1 mM) demon- 
strated that hexone alone produces an increase in 
micronuclei but that the combined exposure to 
radiation and hexone had an additive effect on the 
frequency of micronuclei (Figure 7). Other end- 
points and solvents will be evaluated in vitro to 
determine if there are interactive effects. Such 
interactive effects would be cause for concern and 
should be addressed with animal studies. 



FIGURE 6. Relative Cloning Efficiency of Lung Epithelial Cells 

I (LEC) as a Function of Hexone Concentration 

Hexone (1 rnM) R a z i i o n  It plus Radiation 0.6 -,(I mM) 

FIGURE 7. Frequency of MicronucleilBinucleated Cells in Lung ,-* - c I Epithelial Cells (LEC) Induced by Radiation and Hexone Given 

r'i Alone or in Combination 

- r 
responsiveness of the cells to the induction of 

FIGURE 5. Presence of Sic Fibers in Mult~nucleated Giant 
Chinese Hamster Ovary (CHO) Cells 

chromosome damage by the challenge dose of 
x rays is being followed as a function of time and 
radiation dose. This will make it possible to 

Exposure to Acute and Protracted Radiation determine if a plutonium or cerium body burden 
alters the abilitv of the cells to repair 

Studies are being conducted to determine the radiation-induced damage.   his project will 
influence of internally deposited 2 3 9 ~ ~  or 1 4 4 ~ e  on a broad database on the interaction of environ- 
the induction and repair of x-ray-induced chromo- mental pollutants with radiation exposure. It has 
some aberrations in the bone marrow of Chinese demonstrated that beryllium and x rays interact to 
hamsters. Hamsters with a body burden of plu- increase the amount of chromosome damage. 
tonium or cerium were exposed to x rays. The However, no interaction was detected between 



radiation and Sic fibers or radiation and hexone in evaluation of occupational radiation exposure, 
exposure for the induction of micronuclei. Infor- radiation accidents, and nuclear waste-site 
mation derived from this project is very important cleanup. 





Fetal and Juvenile Radiotoxicity 

Principal Investigator: M. R. Sikov 

Other Investigators: R. L. Buschbom, F. T. Cross, G. E. Dagle, A. C. James, T. J. Mast, 
and H. K, Meznarich 

This project is involved with the deposition, dosimetry, and toxicity of radionuclides relative to prenatal or 
postnatal age. Recent emphasis is directed at performing comparative and predictive analyses, modeling 
patterns and phenomenological interactions to facilitate extrapolations to man, and investigating terato- 
genic mechanisms. This information is being used in setting radiological protection standards for preg- 
nant women and for rapidly growing infants and children. We have completed evaluations of specimens 
and data from previous experiments, including dosimetric assessments that demonstrated that radon 
progeny were restricted in their transfer to the fetus during inhalation exposures of pregnant rats. The 
dosimetry confirmed predictions that the major dose to the conceptus would come from radon that 
crossed the placenta and its decay products and that 18-hour exposures to 124 WLM (working-level 
months) per day for 13 days would not be teratogenic. We further examined relationships between 
radionuclide transfer to the embryolfetus and fractional absorption from gut; metabolites showed greater 
similarities and toxic materials greater differences. lmmunocytochemical studies of alterations of extra- 
cellular matrix and cell surfaces by radiation effects on limb development in vitro have demons.trated 
fibronectin changes that correlate with histological and histochemical changes in cartilage differentiation. 
Related experiments have provided parallel information about radiation effects on the processes and roles 
of intercellular communication during early interactions among blastomeres. 

We analyzed specimens and data that provided 
information and concepts about placental transfer, 
fetoplacental radiation doses, and perinatal or 
long-term toxicity to address continuing questions 
concerning the identity of target cells and tissues 
associated with teratogenesis or oncogenesis dur- 
ing prenatal life and the magnitude of the radiation 
doses to these targets from radionuclides. This 
effort included examining archived tissues, slides, 
and related experimental materials, and evaluating 
data to complete and extend previous results. 

A paucity of data on the prenatal dosimetry and 
effects of inhaled radon and progeny led us to 
perform computational and empirical dosimetric 
and toxicological evaluations following daily 
18-hour inhalation exposures of pregnant rats to 
124 working-level months (WLM) through 6 to 
19 days of gestation for a total exposure of 
161 2 WLM. On the basis of our previous results 
with krypton, kinetic models for radon in adults, 
and information on heavy nuclide placental trans- 
fer, we predicted and empirically confirmed that 
radon would freely cross the placenta in both 

directions, that in situ decay of radon and its 
progeny, rather than transferred progeny, would 
provide the primary contribution to the radiation 
dose to the embryolfetus, and that significant 
levels of reproductive or developmental toxicity 
would not be detected even at these high concen- 
tration levels. 

Two rats were removed from the radon chambers 
on the last day of exposure to provide radio- 
analytic samples to estimate distribution and 
dosimetry. Specific activities of 2 1 4 ~ b  in tissues of 
the pregnant rats were calculated from the mea- 
surements made on the last day of exposure, and 
the corresponding dose-equivalent rates were 
determined using a value of 20 for the quality 
factor. 

Predicted and measured values of specific 
activities in these tissues and organs are pre- 
sented in Figure 1. The 2 2 2 ~ n  human model had 
not predicted that the lung would have the great- 
est deposition, and the measured specific activity 
was almost 1000 times greater than predicted 



Predicted from 222 Rn Only 

Rich Marrow 

FIGURE 1. Comparison of Specific Activity of 2 1 4 ~ b  in Tissues of Pregnant Rats and Fetoplacental Unit as Predicted from 2 2 2 ~ n  
Exposure Only and as Measured After Multiple Daily Exposures 

because of the retention of radon progeny in lung. 
Many nuclides in the radon decay chain are ex- 
creted through the kidney, but this organ had the 
highest specific activity of the other tissues and 
organs evaluated, although it was an order of 
magnitude less than lung. The measured activity 
again was markedly higher than predicted on the 
basis of the radon, but the differential was 
substantially less than with lung, presumably 
because of a lesser role of retention. The 
radionuclide concentration in the placenta was 
similar to that in the femurs and livers of the 
pregnant rats. 

The specific activity in the fetus was substantially 
lower than that in the placenta, by about a factor 
of 3, which contrasted with krypton results in 
which fetoplacental concentrations were more uni- 
form and the doses were similar to those received 
by tissues of the dams. This difference is inter- 
preted as indicating that the placenta restricts the 
transfer of radon progeny to the conceptus during 
inhalation exposures to radon. There is probably 
some sequestration of these nuclides in the pla- 
cental tissues, but measurable quantities of these 

nuclides cross the placenta and enter the fetus. 
The dose-equivalent rates at the end of the 
exposure period essentially mirror the measured 
specific activities and thus reflect the reduced 
levels of translocated radon progeny in the fetus. 
The dose-equivalent rate was calculated to be 
1.4 mSv hr-', or 34 mSv to the fetus on the last 
day of exposure. This corresponds to an absorbed 
dose of 1.7 mGy (0.17 rad) on this day or to 
23.5 mGy (2.4 rad) during the 14-day postimplan- 
tation period of the rat, if this rate was maintained 
throughout gestation. An absorbed dose of this 
magnitude would not be expected to produce 
detectable developmental toxicity, nor would the 
corresponding dose-equivalent of 48 cSv (48 rem) 
when protracted over this period. This conclusion 
is consistent with the findings of the biological 
evaluations in the study, which provided no indica- 
tion of reproductive toxicity (Pacific Northwest 
Laboratory Annual Report for 1988 to the Office of 
Energy Research, Part 1). 

The findings of the radon studies relate to 
epidemiological findings with radon progeny and 
related nuclides and to ongoing questions that we 



have raised concerning the identity of target 
tissues and radiation doses that are involved in 
perinatal oncogenesis. Associated implications 
illustrate the need for mechanistic studies of 
dosimetry, pathogenesis, and altered homeostasis 
of control factors. Our ongoing efforts to quantify 
placental transfer and perinatal doses and to 
develop operational models relate to the foregoing 
questions and are of importance in establishing 
dose-response relationships. Such relationships 
for prenatal effects are often developed on the 
basis of the amount administered to the pregnant 
woman or animal, rather than quantities reaching 
the fetal tissues that are exposed, that is, the 
fetoplacental dose. Predictive dose-response rela- 
tionships for the human embryolfetus are limited 
by these dosimetric uncertainties, as well as by 
extrapolation problems relative to effect. 

We have described our initial efforts to establish 
correlations between placental transfer of radio- 
nuclides, their chemical and physical characteris- 
tics, and results obtained with compartmental and 
physiologically based pharmacokinetic models. It 
was desired to have numerical factors for compari- 
sons, for developing and testing hypotheses and 
predictions about placental transfer, and for sub- 
sequent modeling. We have integrated all available 
data, including clearance measurements from pla- 
cental perfusion experiments and serial sacrifice 
studies, and have developed composite values 
that are predictive of fractional placental transfer. 
We found that these composite values, denoted 0,  
displayed good general correlation with gastro- 
intes.tinal or pulmonary fractional absorption, 
expressed as values of f,, but there was marked 
deviation in many instances. 

One approach to determining reasons for this 
pattern involved examining characteristics of those 
values that fit and did not fit the generalization 
(Table 1). We now find that agreement is good for 
materials that are commonly involved in normal 
metabolism and bodily processes. In contrast, 
there tends to be disagreement for several mate- 
rials that are accepted as being toxic, especially 
under experimental conditions, and the lack of 
agreement may relate to biological actions includ- 
ing phenomena such as effects on blood flow, 
altered physical form of materials that enter blood, 
potentially bidirectional transfer processes, and 
transport proteins. 

TABLE 1. Correspondence Between Degree to Which Selected 
Metabolic and Toxic Materials Are Absorbed from the Gastro- 
intestinal (GI) Tract ( f l )  and Fraction Crossing the Placenta from 
Transfer Compartment into ErnbryofFetus (Q) 

Materials @ t 1 0  - 
Metabolic Materials 

H2° 1 1 

C02 1 0.6 

~ a +  1 0.8 

~ 0 ~ ~ -  0.8 0.9 

K+ 1 1 

ca2+ 0.3 0.5 

s?+ 0.3 0.5 

I- 1 1 

c s f  1 1 

Toxic Materials 

cd2+ 0.05 0.6 (guinea pig) 

cd2+ 0.05 0.06 (human) 

H ~ ~ +  0.02 0.02 

Hg (Me) 1 0.8 

Pb 0.3 0.2 

U 0.05 0.03 

PU 1 E-3 4E-3 

Am 1 E-3 6E-4 

As was noted in 1989 (Pacific Northwest 
Laboratory Annual Report for 1989 to the DOE 
Office of Energy Research, Part I ) ,  prenatal 
irradiation was among the first agents for which 
cause-and-effect and dose-response relationships 
for teratogenesis were demonstrated, but that 
analysis of mechanisms was limited. We began 
efforts in this direction, concentrating on cell-cell 
interactions that involve their surfaces and the 
extracellular matrix. It was postulated that 
radiogenic interference with communication 
between mesenchymal cells might interfere with 
chondrogenesis. Thus, we initiated studies on 
dose and stage relationships for teratogenesis, 
using mouse forelimb buds in organ culture as a 
model. One bud was irradiated to obtain a graded 
degree of developmental abnormalities, and the 
contralateral bud served as control. Limb buds 
were fixed at the time of explantation, after 1, 
2, or 3 days in culture, and from embryos removed 
from untreated dams at the same stages of 
development. 



Our studies showed that exposure to 1 Gy did not 
produce gross morphological effect but affected 
differentiation. We concluded that this dose was 
the upper limit for mechanistic studies because 
the limb buds were visually smaller than controls 
after exposure and development was unduly re- 
tarded at higher doses. Procedures have been 
developed to use the indirect peroxidase staining 
method to detect polyclonal antibodies to fibro- 
nectin, which is the primary extracellular matrix 
component in embryonic tissues. Unstained slides 
from the prior study were retained for immunocyto- 
chemical investigation, and these slides have now 
been stained and evaluated. Staining of limbs from 
unirradiated 15-dg (days of gestation) mice that 
had developed in vivo showed that fibronectin was 
present in cell populations of the early develop- 
mental stages and the matured chondrocytes, in 
the premyoblasts, and adjacent to the aggregated 
prechondrocytes. The limb bud fibronectin was 
located in the extracellular matrix as well as in the 
cytoplasm of more mature chondrocytes. 

A dose of 1 Gy reduced aggregation of prechon- 
drocytic mesenchyme, and led to less cell-to-cell 
contact and a less well ordered arrangement of 
cells than in the controls. The mesenchymal cells 
of nonchondrogenic areas of irradiated limbs 
showed reduced differentiation at 3 days. In our 
current evaluations of specimens taken at the time 
of explantation, fibronectin in limb buds of 12-dg 
mice could be detected among nonchondrocytes 
located in the area between the apical ectodermal 
ridge and the predigital chondrocytes but was not 
present in the aggregated prechondrocytes. 
Almost immediately after irradiation, the level of 
fibronectin was reduced relative to controls. 
Fibronectin was detectable in the region between 
the apical ectodermal ridge and the predigital 
chondrocytes after 3 days in culture of limb buds 
explanted from unirradiated 12-dg embryos and 
had appeared in the chondrocytes. In irradiated 
buds at this time, fibronectin levels either were 
reduced or fibronectin was not present in non- 
chondrocytes, although it could be detected in 
chondrocytes. 

Research on this project continued to be coordi- 
nated with that of project staff who are developing 
a study in which single blastomeres of two- to 
four-cell embryos will be irradiated with micro- 
beams of charged particles. Preimplantation 
mouse embryos were selected for that project 

because their cells (blastomeres) and subsequent 
presumptive tissues must undergo precisely se- 
quenced interactions to attain recognizable devel- 
opmental endpoints. Previously, standard proce- 
dures for harvesting and culturing two-cell 
embryos to the blastocyst stage had been modi- 
fied to conditions appropriate to the irradiation 
facility. Studies of intercellular interactions during 
early development were performed to obtain data 
complementary to those obtained after irradiation 
of limb during organogenesis. Two-cell embryos 
were irradiated with 1 Gy of x rays or were sham 
irradiated. Pooled results across experiments 
showed that 92% of 66 control embryos developed 
to the blastocyst stage within 3 days, but only 55% 
of a similar number of irradiated embryos had 
reached this stage and these required a longer 
incubation time to become blastocysts (Figure 2). 
At the end of incubation, embryos were fixed in 
3% glutaraldehyde for immunochemical staining. 
Readily detectable levels of fibronectin were found 
in control blastocysts, although positive levels 
could not be established at the earliest develop- 
mental stages. Even after adjustment for the 
reduced extent of development, fibronectin levels 
were decreased in the irradiated embryos, which 
is consistent with the possible involvement of 
fibronectin in the teratogenic effects of radiation 
(Figure 3). 

I Control I 
Irradiated 

I BL Day 3  a ate BL Day BL Day 4  a ate BL Day 4' 

FIGURE 2. Effect of Exposure of Two-Cell Mouse Embryos in 
Culture to 1 Gy of X Rays on Development to Blastocyst (BL) 
or Late Blastocyst Stage After 3 or 4 Days in Culture. All 
differences between irradiated and control groups are 
statistically significant @ 5 0.02). 
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FIGURE 3. Effect of Irradiation of Two-Cell Mouse Embryos 
with 1 Gy on Amount of lmrnunohistochernically Detectable 
Fibronectin in Control (C) and Irradiated (R) Blastocysts (BL) 
and in Hatched Blastocysts (BL-H) 









GnomeView II: A Graphical Interface to the Human Genome 

Principal Investigator: R. J. Douthatt 

Other Investigator: D. A. Thurman 

GnomeView is a graphical computer interface to the human genome. The central units of information 
organization are genome maps and DNA sequence. Although GnomeView contains its own Data Base 
Management System (DBMS), it is not a data repository such as GenBank and Genetics Data Base (GDB). 
GnomeView is guided by user queries, and abstracts information from these databases to draw genomic 
maps. Currently information is abstracted automatically from GenBank but,must be abstracted manually 
from GDB (Genome Data Base) and other sources of mapping information. 

An examination of any compendium of genetic 
maps, textbooks, and journals about modern 
genetics and molecular biology attests to the fact 
that the preferred method of presenting genomic 
information is pictorial: for example, chromosomes, 
physical maps, and regions related to DNA 
sequence are drawn as boxes, shaded regions, 
etc., on a linear map, and objects are identified 
with labels on drawings. If there are too many 
objects, their location is defined by some metric, 
such as chromosome band or base number, and 
they are listed in a table. 

The GnomeView graphical user interface provides 
scientists with graphical representations of 
genomic maps. It provides access to many types 
of maps, from chromosomes and genetic maps to 
physical maps and DNA sequence. Ancillary infor- 
mation such as description of loci and genetic 
objects and bibliographic information is also 
available to the user. 

System Design 

GnomeView uses db-VISTA, a network-model 
database management system, to store and mani- 
pulate genomic mapping data. This type of data- 
base is excellent for storing and accessing the 
object relationships inherent in genomic data. 
Various genetics objects can be stored as the 
same record type, and maps are stored as collec- 
tions of these objects linked together through 
ownership definitions and map metrics. Objects 
common to more than one mapping need to be 
stored only once in the database. Various query- 
ing mechanisms are being developed to locate 

objects, maps, and descriptive information. The 
system allows simultaneous display of maps at 
different levels in the hierarchy and of conflicting 
and contra.dictory maps. Hybrid or new maps can 
be created by the user and saved as user-specific 
objects in the database. 

We are developing the user interface on a SUN 
workstation in portableC using the UNlX oper- 
ating system. The graphics display is written us- 
ing the network-transparent, device-independent 
X-window system. 

Progress 

The GenBank sequence database has recently 
changed the format of the sequence headers. 
Overall this change is for the better, but routines 
that reference sequence features information had 
to be changed in GnomeView. The Genbank 
changes provide a direct reference between 
objects mapped to human chromosomes and 
GenBank sequences. This addition allows 
GnomeView to connect these extremes in 
mapping in a very straightforward way. 

Gnomeview's central organizing information unit 
is the map-object, which can be described in a 
number of ways (Figure 1). For example, a given 
object can have a database-specific name (locus 
name) and accession number, a map-specific de- 
scription, and a more global description that is 
common among various mappings or databases. 
In addition to the description field, a keyword field 
or dictionary of attributes can be extremely useful 
for conducting queries. 



(Ob jec t~ -  Keywords 
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FIGURE 1. Query-Fields Associated with a Map-Object 

GnomeView is a user interface to information, not 
a database or information repository; however, it 
does have an internal database management 
system. The network model management system 
db-VISTA was chosen for its efficiency in modeling 
complex data representations, anticipating large 
increases in the number of objects that will even- 
tually be mapped. 

A conservative estimate is that about 100,000 
genes make up the human genome. Considering 
only the sequence level in the mapping hierarchy, 
an average of about 20 features may describe 
each gene. This implies an estimated 2 million 
database objects for sequence mapping alone. 
The smallest set of information necessary to 
identify objects and draw maps is selected from 
comprehensive database such as GBD (Genome 
Data Base), OMlM (Online Mendelian Inheritance 
in Man), and GenBank. Except for GenBank, 
information about map-objects is currently entered 
manually into GnomeView. Fortunately, these 
databases have been recently restructured using 
relational database management systems. The 
system of choice seems to be Sybase. A translator 
that captures information from comprehensive 
databases in the GnomeView form is needed. As 
the form of the comprehensive databases 
becomes better defined, so does the form of the 
translator. 

Figure 1 depicts the information associated with a 
map-object that constitutes the basis of a 
GnomeView query. The closer a comprehensive 
database is to ordering information in this fashion, 
the easier it is to abstract into GnomeView. All 
the fields in Figure 1 exist in the new GenBank 
headers. This allows direct assess to a resident 
copy of the database without use of a translator. 

At the chromosome level, loci have been manually 
abstracted from HGML (Human Genome Mapping 
Library) Chromosome Plots. This publication has 
appropriate loci names and descriptions but lacks 
an appropriate set of keywords or attributes that 
can be used to query map-objects. A study was 
made of the attribute quality of loci that have been 
mapped to the chromosomes of the human 
genome. A dictionary of 22 keywords was devel- 
oped and integrated into the X-window choice 
panel (Figure 2). All the loci of the last HGML map- 
ping have been assigned keywords and respond 
to attribute queries. The chromosome query panel 
shown in Figure 2 allows location of objects on the 
basis of names (locus names and numbers), a 
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FIGURE 2. Chromosome Query Menu Box 



description that scans short loci descriptors and Map Representations 
attributes (selected set of keywords). Mapping is 
available at three different band resolutions. The Figure 3 shows a simplified representation of 
use of GDB (Genetic Data Base) and an appro- two maps, A and B, as they are stored in 
priate translator should allow automatic information Gnomeview's Network-Model Database. Maps A 
abstraction rather than manual entry. and B have common objects 1, 3, and 4. Object 2 

Object 1 Object 2 Object 3 Object 4 

I I 

Object 2 
m 

Map 6 

FIGURE 3. Map Storage Within Gnomeview's Network-Model Database 



has only been mapped to Map A. The intersect 
records that link map to object contain informa- 
tion on the type of map, its metric, and specific 
instructions for drawing graphic representations. 

Map A generated by this network contains two 
copies of object 1. Map A and Map B have 
objects 1, 3, and 4 in common. Each map can 
have its own local metric that may be only 
tangentially related to other maps. Common 
objects can be of entirely different sizes on 
different maps. For example, the superoxide 
dismutase loci SOD1 is located on band q22.1 of 
chromosome 21. This band consists of millions of 
base pairs. Band location is the accepted 
chromosome metric. At the sequence level, the 
superoxide dismutase gene is represented by 
locus HUMSOD in GenBank, which is a 874-base 
mRNA sequence, in addition to HUMSODI and 
HUMSOD2, which are also mRNA sequences con- 
taining superoxide dismutase isolated from 
different tissue sources. Loci HUMSODGI. . . 
HUMSODG5 contain sequenced exons and flanks. 
The total superoxide dismutase at the sequence 
level is about I 1  kb (kilobases). In this example, 

the object SOD1 at the chromosome level maps 
into a number of objects at the sequence level, 
a subset of which represents the genomic 
sequence of which less than 20% has actually 
been sequenced. The superoxide dismutase gene 
was the first test of map location and representa- 
tion at different levels in the hierarchy. A 1000-kb 
restriction enzyme map and a combined map of 
sequence and features were constructed manually 
to test the GnomeView architecture. 

Future 

Progress in development of both GenBank and 
GDB databases is facilitating the evolution of 
GnomeView into a useful interface. Objects such 
as DNA probes, restriction fragment-length poly- 
morphism~ (RFLPs), and specific tagged 
sequence (STSs) are being listed in these data- 
bases and can be mapped to the chromosome 
level and in some cases related to sequence. Our 
focus is to directly access these databases for 
information so as to develop a usable 6-test 
version of GnomeView in 1991 -1 992. 



Synthesis of Human Genome Information 

Principal Investigator: J. E. Schmaltz 

Computer science expertise was provided to the Human Genome Task Group by an OHER detailee. The 
Human Genome community uses the term "informatics' to refer to computation, analysis, and database 
components of this multidisciplinary effort. Expertise in the area of informatics was provided, including 
reviewing research proposals, facilitating interagency and interlaboratory cooperation, liaising with the 
Human Genome newsletter group at Oak Ridge National Laboratory, and representing the U.S. Depart- 
ment of Energy at technical meetings. 

Research Proposal Review 

Two regular meetings of the OHER Research 
Committee were attended. Arrangments were 
made for the panels that reviewed the Human 
Genome proposals. A copy of the Federal Register 
announcement on the Human Genome e-mail bul- 
letin board resulted in a number of additional 
proposals. Support was provided for the review of 
Small Business Innovative Research (SBIR) grants 
that pertained to the Human Genome program. 

Site reviews of the three Human Genome Centers 
took place this summer; support was provided for 
selecting informatics reviewers, attending the 
reviews (2 days at each laboratory), and summa- 
rizing the reviewers' comments on the informatics 
portion of each center's efforts. This was the 
second such review for the centers, and the first 
time that reviewers for the informatics portion were 
specifically included. 

Interagency Cooperation 

Cooperation and coordination among the various 
agencies involved is a cornerstone of the national 
Human Genome program. In addition to the DOE 
and National Institutes of Health (NIH), other 
agencies prominent in the genome effort are the 
Howard Hughes Medical Institute (HHMI) (a private 
agency), the National Library of Medicine (NLM), 
and the National Science Foundation (NSF). As 
part of DOE'S interagency coordination, the NIH 
review panel on Physical Mapping Databases 
(February 20, 1990) was attended as an observer. 

The DOE and the NIH formalized their coordination 
and cooperation with a Memorandum of Under- 

standing (MOU) in October 1988. Both the DOE 
Human Genome Coordinating Committee and the 
NIH Human Genome Program Advisory Committee 
had appointed informatics subcommittees. These 
subcommittees met informally twice (Crystal City, 
Virginia, July 19, 1989; Herndon, Virginia, Novem- 
ber 8, 1989). These meetings resulted in a docu- 
ment on genome informatics needs and goals and 
a recommendation on the makeup of the formal 
Joint Informatics Task Force (JITF). This Task 
Force was formally constituted following action by 
the two parent agency committees. Support was 
provided for these meetings and for formulation of 
,the document. The first formal meeting of the JITF 
was held in Rockville, Maryland, on March 8-9, 
1990. 

The DOE and the NIH jointly published a 
document entitled "Understanding Our Genetic 
Inheritance -The US Human Genome Project: The 
First Five Years FY 1991 -1 995" encompassing the 
joint plan developed by their advisory committees. 

lnterlaboratory Cooperation 

Representation was provided for the DOE 
informatics community at the Human Genome 
Coordinating Committee (HGCC) meetings; 
attendance was provided to the NIH Program 
Advisory Committee (PAC) meetings and the joint 
HGCC-PAC meetings. 

The DOE Human Genome ContractorIGrantee 
Workshop, held in Sante Fe, New Mexico, 
November 3-4, 1989, convened the people work- 
ing on the DOE genome program and provided an 
overview of the program. With the help of Slyvia 
Splengler of Lawrence Berkeley Laboratory (LBL), 



an informal reception for computer professionals 
before the meeting resulted in many interesting 
discussions. 

Another outcome was a meeting of human 
genome computer scientists from Los Alamos 
National Laboratory (LANL), LBL, Lawrence 
Livermore National Laboratory (LLNL), and PNL 
that was held at LBL on December 1, 1989. Each 
laboratory presented the software they were 
currently working on and the additional software 
they needed. Numerous arrangements for sharing 
software and collaborations were made; some 
were already under way. 

Oak Ridge Liaison 

In February 1988, the Human Genome Task Group 
initiated a project at Oak Ridge National 
Laboratory (ORNL) called Human Genome 
Management lnformation System (HGMIS). The 
project began with four components: (1) a 
quarterly newsletter, (2) an annual DOE program 
report, (3) technical reports, and (4) an electronic 
bulletin board. Liaison was provided as ,the 
primary DOE contact with Betty Mansfield, the 
Task Leader for ORNL. The highlights for this year 
were producing the DOE program report and see- 
ing the newsletter become a joint DOEINIH effort. 

The Human Genome 1989-90 Program Report was 
a 156-page, full-color report on the current status 
of the DOE program containing sections on his- 
tory, background, management, and abstracts. It 
has become the cornerstone of the DOE'S public 
relations on the genome program. 

The NIH was also sufficiently impressed with the 
quarterly newsletter last year to join with the DOE 
this year to produce a bimonthly newsletter fea- 
turing news from both agencies. The joint news- 
letter, renamed "Human Genome News" instead of 
"Quarterly," was first published in April 1990 and 
will continue to be produced by the ORNL group. 
Liaison was provided with the public relations 
people at NIH who were responsible for their input 
into the newsletter. DOE continues to receive 
many favorable comments about the usefulness of 
this publication. The mailing list, which grew this 
year from 2100 to more than 4500 names, in- 
cludes scientists, administrators, staff of other 

agencies, members of the press, upper DOE and 
National Laboratory management, and Congres- 
sional staff. 

Meeting Attendance 

Interest in the national Human Genome Project 
engendered many meetings on this topic (and 
sessions on human genome at tangentially related 
meetings). The DOE sent representatives to many 
of these meetings, often in response to invitations, 
to make presentations and bring reports back to 
the Task Group. Representation was provided to 
a number of informatics-related meetings: 

NSF Workshop on Computational Biology, 
Washington, D.C., December 13-1 5, 1989 

1st International Conference on Electro- 
phoresis, Supercomputing, and the Human 
Genome, Tallahassee, Florida, April 10-1 3, 
1990 

Workshop on Computing and Molecular 
Biology, Washington, D.C., April 30- 
May 1, 1990 

Cold Spring Harbor Laboratory meeting on 
Genome Mapping and Sequencing, Cold 
Spring Harbor, New York, May 3-6, 1990 

Panel session on Database Issues of the 
Human Genome Project at SIGMOD '90, 
Atlantic City, New Jersey, May 25, 1990 

Federal Technology Transfer -- Biotech- 
nology Conference, Washington, D.C., 
July 10, 1990 

Human Genome hearing before the Senate 
Subcommittee on Energy Research and 
Development, Washington, D.C., 
July 11, 1990 

Software and Database Developers Con- 
ference, Bethesda, Maryland, July 16, 
1990. This meeting was sponsored by the 
National Center for Biotechnology 
lnformation (NCBI) of the National Library 
of Medicine. 



Regular meetings of two groups were attended as 
an observer for OHER and the Human Genome 
Task Group. The first is the ESnet (Energy 
Sciences network) Steering Committee (ESSC), 
which is an effort to consolidate several existing 
special purpose networks within Energy Research 
programs and at the same time significantly 
upgrade the capacity of the network. The OHER 
research community is not now a significant user 
of this network but will be in the future. Meetings 
of the ESSC were attended as an observer for the 
OHER staff. With George Duda of the Health 
Effects Research Division, a survey was conducted 
of OHER-funded researchers to determine their 
current network uses and future network needs. 
The results of this survey were used in OHER's 
input to ESnet planning. 

The second regular meeting was that of the semi- 
annual GenBank Advisors meeting, of interest to 
DOE because of its relevance to the genome pro- 
gram and because part of the contract is carried 
out at LANL. The GenBank Sponsor's Forum was 

also attended, at which the NIH GenBank staff 
reviewed the Advisors' meeting with other agency 
staff. 

Other Human Genome Efforts 

One major focus was to find a replacement 
detailee. OHER received approval to hire a 
permanent Computational Biologist rather than a 
temporary assignee, and the national labs and 
universities were polled for candidates and also an 
announcement was sent out on electronic mail. 
Support was provided in the interviewing of 
candidates for this position and for a new 
Molecular Biologist position. 

The Human Genome Program is highly visible and 
is often a major topic in briefings to the Director of 
Energy Research, ,the Secretary of Energy, the 
Office of Management and Budget, and Congress. 
Support was provided preparing materials for 
these briefings. 
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Appendix 

Dose-Effect Studies with Inhaled Plutonium in Beagles 

On the following pages (pp. 11 9-131 data are presented for all dogs assigned to current life-span dose- & effect studies with inhaled 239~u02,  8 ~ ~ 0 2 ,  and 2 3 9 ~ u  nitrate. Information is presented on the estimated 
initial lung deposition, based on external thorax counts and on estimated lung weights (0.01 1 x body 
weight) at time of exposure. Information is also provided (see column headed "Comments on Dead DogsM) 
on the current interpretation of the most prominent clinicopathological features associated with 'the death 
of animals. These data represent information presently available, and are presented as reference material 
for scientists who desire to follow in detail the progress of these experiments. 





DOSE-EFFECT STUDIES WITH INHALED PU-239 OXIDE I N  BEAGLES 

DOSE GROUP 
--------------- 
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CONTROL 
CONTROL 
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CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL SACRIFICE 
CONTROL SACRIFICE 
CONTROL SACRIFICE 

D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 

I N I T I A L  ALVEOLAR DEPOSITION INHALATION EXPOSURE MONTHS SINCE ........................... .................... DATE INHALATION 
DOG NCI/G NCI /  WEIGHT AGE* OF ------------- 

IDENT NC I LUNG KG (KG) (MO) DATE DEATH 9/30/90 DEATH COMMENTS ON DEAD DOGS 

171 .5 t  Hemangiosarcoma, H e a r t  
169.88 M a l i g n a n t  Lymphoma 
183.48 A d r e n a l i t i s  
162.28 S t a t u s  E p i l e p t i ,  Nephrosc le ro  
180.38 Lung Tumor 
147.3+ Pulmonary Thromboembolism 
217.68 Luxa ted  V e r t e b r a l  D i s c  
167.98 M a l i g n a n t  Lymphoma 

79.58 O r a l  Tumor 
204.98 M a l i g n a n t  Pheochromocytoma 
148.18 Lung Tumor 
183.1+ O r a l  cav. :  M a l i g n a n t  Melanoma 
159.6+ N e p h r o s c l e r o s i s  
202.68 C u s h i n g J s , I n t e s t i n a l  Carc inom 
205.44 C h r o n i c  Nephropathy 
152.88 Lung Tumor 
177.48 C h r o n i c  Nephropathy 
138.78 Hemangiosarcoma, L i v e r  
153.64 Lung Tumor 
174.64 M a l i g n a n t  Lymphoma 
121.08 S a c r i f i c e d  

96.28 S a c r i f i c e d  
187.98 S a c r i f i c e d  
147.0 E p i l e p s y  

72.2 S a c r i f i c e d  
162.6  K idney  F a i  l u r e  
182.9 Lymphocy t i c  Leukemia 
182.4 Acu te  Pneumonia, Lung Tumor 
153.7 Hemangiosarcoma, L i ve r ,Sp leen  
148.8 Meningioma, M a l i g n a n t  
174.0 Pneumonia 
137.3 Hemangiosarcoma, Sp leen 

12.6 S a c r i f i c e d  
145.3 Chondrosarcoma, Nasal 
178.2 M a l i g n a n t  Lymphoma 
126.3 Round C e l l  Sarcoma 
154.0 Pneumoni a 
112.6 Hemangiosarcoma, H e a r t  
175.1  M a l i g n a n t  Lymphoma 
115.5 Sep t i cemia  
158.2 Bronchopneumonia 

82.5 K idney :  M a l i g n a n t  Lymphoma 
166.3 G l o m e r u l o s c l e r o s i s  

8 I n d i c a t e s  age i n  months s i n c e  b i r t h ,  a l l  o t h e r  ages a r e  i n  months s i n c e  exposure.  



DOSE-EFFECT STUDIES WITH INHALED PU-239 OXIDE I N  BEAGLES 

DOSE GROUP 
------------- 

D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
0-2  LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
0 -2  LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
0-3 MED-LOW 
D-3 MED-LOW 
0-3  MED-LOW 

I N I T I A L  ALVEOLAR DEPOSITION INHALATION EXPOSURE 
........................... .................... DATE 

DOG NCI/G NCI /  WEIGHT AGE* OF 
IDENT NCI LUNG KG (KG) (MO) DATE DEATH -- ------ ---- ----- ---- ----- ---- -------- -------- 

MONTHS SINCE 
INHALATION ------------- 

9/30/90 DEATH ------- ----- COMMENTS ON DEAD DOGS 
.............................. 

C h r o n i c  Nephropathy  
Bone Tmr, C h r o n i c  Nephropathy  
Pneumonia 
P i t u i t a r y  Tumor, Cush ing ' s  
M a l i g n a n t  Lymphoma 
Unknown, Pulmon. H y a l i n o s i s  
Bronchopneumonia 
Lung Tmr, C h r o n i c  Nephropathy  
V a l v u l a r  Endoca rd iopa thy  
S a c r i f i c e d  
P e r i t o n i t i s  
M a l i g n a n t  Melanoma, O r a l  
C h r o n i c  Nephropathy  
E p i  l e p s y  
U r i n a r y  B l a d d e r  Tumor 
Unknown Cause 
S a c r i f i t e d  
Hemangioma, Sp leen  
Pneumonia 
A c u t e  Pneumonia 
Pheochromocytoma 
U r i n a r y  B l a d d e r  Tumor 
Leiomyosarcoma,Kidney,Lung Tm 
Nephropathy ,Lung Tumor 
P a l a t e :  M a l i g n a n t  Melanoma 
M u l t i l o b u l a r  Sarcoma, S k u l l  
Lung Tumor 
O v a r i a n  Tumor 
Pneumonia 
K idney  Tumor, Lung Tumor 
Lung Tumor 
Neurofibrosarcoma,Brach.PI. 
A d r e n o c o r t i c a l  Carc,  Lung Tmr 
Lung Tumor, Ad rena l  Tumor 
U r i n a r y  B l a d d e r  Tumor 
C h r o n i c  Nephropathy  
Pulmonary Thromboembolism 
M a l i g n a n t  Lymphoma, Lung Tmr 
Lung Tumor 
S a c r i f i c e d  
T h y r o i d  Carc,  H y p o t h y r o i d i s m  
S a c r i f i c e d  
Pyometra  

* I n d i c a t e s  age i n  months  s i n c e  b i r t h ,  a l l  o t h e r  ages a r e  i n  months s i n c e  exposu re .  



DOSE-EFFECT STUDIES WITH INHALED PU-239 OXIDE I N  BEAGLES 

I N I T I A L  ALVEOLAR DEPOSITION INHALATION EXPOSURE ........................... .................... DATE - 
DOG NCI/G NCI/  WEIGHT AGE* 0 F 

DOSE GROUP IDENT NC I LUNG KG (KG) (MO) DATE DEATH 
--------------- ------ ---- ----- ---- ----- ---- -------- -------- 

D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 

A D-4 MEDIUM 

2 D-4 MEDIUM 
0-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 

MONTHS SINCE 
INHALATION 

------------- 
9/30/90 DEATH ------- ----- COMMENTS ON DEAD DOGS .............................. 

Lung Tumor 
A c u t e  Pneumonia 
Acu te  P n e u m o n i t i s  
C a r d i a c  V a l v e  I n s u f f i c i e n c y  
Lung Tmr, M a l i g n a n t  Lymphoma 
Lung Tumor 
Nephropathy ,Lung Tumor 
M a l i g n a n t  Lymphoma 
Lung Tumor 
L i v e r  C i r r , T h y  Tm,AddisonJs 
Lung Tumor 
R e t i c u l u m  C e l l  Sarcoma 
Lung Tumor ,B i l e  D u c t  Carc inom 
Lung Tumor, T h y r o i d  Adenoma 
Lung Tumor 
Nephropathy ,Lung Tumor 
Lung Tumor 
Bronchopneumonia 
Lung Tumor 
M e t r i t i s , A d r e n a l  & Thyr  Tumr 
Lung Tumor 
P i t u i t a r y  Tumor, Cush ing ' s  
Lung Tumor 
S a c r i f i c e d  
Lung Tumor 
Esophageal & Lung Tumor 
Lung Tumor 
Lung Tumor 
Lung Tumor 
S a c r i f i c e d  
Lung Tumor 
I n t e r s t i t i a l  Pneumon i t i s  
Lung Tumor, I n t e s t i n a l  Tumor 
Lung Tumor 
Lung Tumor 
U r i  B l a d r  & Lung & Adr Tumor 
Lung Tumor 
Lung Tumor 
Lung Tumor 
Lung Tumor 
S a c r i f i c e d  
Lung Tumor 
Lung Tumor 

* I n d i c a t e s  age i n  months s i n c e  b i r t h ,  a l l  o t h e r  ages a r e  i n  months s i n c e  exposu re .  



DOSE-EFFECT STUDIES WITH INHALED PU-239 OXIDE I N  

I N I T I A L  ALVEOLAR DEPOSITION INHALATION EXPOSURE ........................... .................... DATE 
DOG NCI/G NCI /  WEIGHT AGE* 0 F 

DOSE GROUP IDENT NC I LUNG KG (KG) (MO) DATE DEATH 
--------------- ------ ---- ----- ---- ----- ---- -------- -------- 

D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 

BEAGLES 

MONTHS SINCE 
INHALATION 

------------- 
9 /30 /90  DEATH 
------- ----- COMMENTS ON DEAD DOGS 

.............................. 

Lung  Tumor 
L u n g  Tumor 
Lung  Tumor 
Lung  Tumor, O s t e o a r t h r o p a t h y  
Lung  Tumor 
Lung  Tumor, Rad. P n e u m o n i t i s  
Lung  Tumor 
R a d i a t i o n  P n e u m o n i t i s  
Lung  Tumor, O s t e o a r t h r o p a t h y  
Lung  Tumor 
S a c r i f i c e d  
Lung  Tumor, O s t e o a r t h r o p a t h y  
S a c r i f i c e d  
S a c r i f i c e d  
Lung  Tumor 
R a d i a t i o n  P n e u m o n i t i s  
R a d i a t i o n  P n e u m o n i t i s  
R a d i a t i o n  P n e u m o n i t i s  
S a c r i f i c e d  
S a c r i f i c e d  
R a d i a t i o n  P n e u m o n i t i s  
R a d i a t i o n  P n e u m o n i t i s  
R a d i a t i o n  P n e u m o n i t i s  
R a d i a t i o n  P n e u m o n i t i s  

* I n d i c a t e s  age i n  mon ths  s i n c e  b i r t h ,  a l l  o t h e r  ages  a r e  i n  mon ths  s i n c e  e x p o s u r e .  



DOSE-EFFECT STUDIES WITH INHALED PU-238 OXIDE I N  BEAGLES 

I N I T I A L  ALVEOLAR DEPOSITION INHALATION EXPOSURE MONTHS SINCE ........................... .................... DATE INHALATION 
DOG NCI/G NCI/ WEIGHT AGE* OF ------------- 

DOSE GROUP IDENT NCI LUNG KG (KG) (MO) DATE DEATH 9/30/90 DEATH COMMENTS ON DEAD DOGS --------------- ------ ---- ----- ---- ----- ---- -------- -------- ------- ----- .............................. 

CONTROL 939 M 
CONTROL 949 F 
CONTROL 978 M 
CONTROL 990 F 
CONTROL 996 F 
CONTROL 1005 M 
CONTROL 1007 F 
CONTROL 1024 M 
CONTROL 1038 M 
CONTROL 1045 M 
CONTROL 1054 F 
CONTROL 1061 F 
CONTROL 1093 M 
CONTROL 1097 F 
CONTROL 1112 M 
CONTROL 1116 F 
CONTROL 1186 F 
CONTROL 1197 M 
CONTROL 1209 M 
CONTROL 1225 F 
CONTROL SACRIFICE 966 M 
CONTROL SACRIFICE 1011 F 
CONTROL SACRIFICE 1013 F 
CONTROL SACRIFICE 1087 M 
CONTROL SACRIFICE 1118 M 
CONTROL SACRIFICE 1223 M 
CONTROL SACRIFICE 1227 M 
CONTROL SACRIFICE 1228 M 

D-1 LOWEST 998 M 
D-1 LOWEST 1003 M 
D-1 LOWEST 1023 F 
D-1 LOWEST 1039 M 
D-1 LOWEST 1044 F 
D-1 LOWEST 1055 M 
D-1 LOWEST 1063 M 
D-1 LOWEST 1105 F 
D-1 LOWEST 1194 F 
D-1 LOWEST 1215 M 
D-1 LOWEST 1230 M 
D-1 LOWEST 951  M 
D-1 LOWEST 1008 M 
D-1 LOWEST 1193 F 
D-1 LOWEST 959 M 

136.9+ U r i n a r y  B l a d d e r  Tumor 
161.7+ M a l i g n a n t  Lymphoma 
202.8s C e r v i c a l  D i s c  D isease  

97.45 Pyometra 
157.2+ M a l i g n a n t  Lymphoma 
1 8 8 . 8 ~  Lung Tumor 
201.9s C h r o n i c  Nephropathy 
192.9s T rans .  C e l l  Carc .  U r e t h r a  
183.9s Hernangiosarcoma, Sp leen 
177.6* Renal Amy lo idos i s ,Sp l  Hemangi 
207.3s C h r o n i c  Nephropathy 
118.2+ M a l i g n a n t  Lymphoma 
142.4. P i t u i t a r y  Tumor, Cush ing 's  
200.1+ Nasa l  T r a n s i t i o n a l  Carcinoma 
178.4+ M a l i g n a n t  Lymphoma 
206.3r  Hemangiosarcoma, Omentum 
155.3+ U r i n a r y  B l a d d e r  Tumor 
199.8+ Pneumonia 
195.6s Pulmonary I n t e r s t i a l  F i b r o s i s  
180.2r  P i t u i t a r y  Adenoma 

71 .6 r  S a c r i f i c e d  
83.9s S a c r i f i c e d  
95.8+ S a c r i f i c e d  
6 0 . 0 ~  S a c r i f i c e d  
47.5c S a c r i f i c e d  
31.9+ S a c r i f i c e d  
49.9c S a c r i f i c e d  
72.9r  S a c r i f i c e d  

158.7  Lung Tumor 
170.4 T r a n s i t i o n a l  Carc,  U r i  B l a d r  
182.2 Pneumonia 
161.5  H e a r t  F a i  l u r e  
187.4 E p i  l e p s y  
172.5 M a l i g n a n t  Melanoma, Ora l  

93.8  B r a i n  Tumor, H e a r t  Tumor 
140.3 M a l i g n a n t  Lymphoma 
139.5 M a l i g n a n t  Lymphoma 

36.3 S a c r i f i c e d  
149.4 Hemangiosarcoma, L i v e r  
121.9 A n e s t h e t i c  Death  
153.2 F i  brosarcoma, Sp leen 
141.2 Immune H e m o l y t i c  Anemia 
138.1  L i v e r  Abcess 

+ I n d i c a t e s  age i n  months s i n c e  b i r t h ,  a l l  o t h e r  ages a r e  i n  months s i n c e  exposu re  



DOSE-EFFECT STUDIES WITH INHALED PU-238 OXIDE I N  BEAGLES 

I N I T I A L  ALVEOLAR DEPOSITION INHALATION EXPOSURE ........................... .................... 
DOG NCI/G NCI/  WEIGHT AGE* 

DOSE GROUP IDENT NCI LUNG KG (KG) (MO) DATE 
--------------- ------ ---- ----- ---- ----- ---- -------- 

D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 

A D-2 LOW 
r\) D-2 LOW 
A D-2 LOW 

D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
0-2 LOW 
D-2 LOW 
D-2 LOW 
0-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-3 MED-LOW 
D-3 MED-LOW 
0-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 

DATE 
0 F 

DEATH -------- 

MONTHS SINCE 
INHALATION ------------- 

9/30/90 DEATH ------- ----- COMMENTS ON DEAD DOGS .............................. 
M a l i g n a n t  Lymphoma 
C h r o n i c  Nephropathy  
S a c r i f i c e d  
S a c r i f i c e d  
Bone Tumor, F ib rosa rcoma 
S a c r i f i c e d  
T r a n s .  C e l l  Carc,  U r e t h r a  
S a c r i f i c e d  
M a l i g n a n t  Lymphoma 
Adrena l  Tmr ,Ds teoa r th ropa thy  
M a l i g n a n t  Lymphoma, Lung Tmr 
P a r a l y s i s ,  S p i n a l  Cord Degen. 
M e t a s t a t i c  Lng Tmr, P r i m .  Unk 
Ma l i g n a n t  Lymphoma, H e a r t  
H e a r t  F a i l u r e  
Ma l i gn (med i a s t )  Mesothe l ioma 
Hemangiosarcoma, Sp leen  
Nasa l  Sarcoma, Lung Tumor 
Pneumonia, T h y r o i d  Tumor 
Round C e l l  Sarcoma: K i d n e y  
S a c r i f i c e d  
Lng  Tumor, B i l e  D u c t  Adenoma 
Lung Tumor 
M a l i g n a n t  Melanoma, O r a l  
M a l i g n a n t  Lymphoma 
Pneumonia 
C h r o n i c  Nephropathy  
Lung Tumor 
Lung Tumor 
Meningioma, M a l i g n a n t  
H e r n i a t e d  V e r t  D i s c  
S a l i v a r y  Squam. Carc,  Lng  Tmr 
S a c r i f i c e d  
S a c r i f i c e d  
M a l i g n a n t  Lymphoma 
A l l e r g i c  B r o n c h i t i s  
C h r o n i c  Nephropathy  
S a c r i f i c e d  
S a c r i f i c e d  
S a c r i f i c e d  
C h r o n i c  Nephropathy  
S a c r i f i c e d  
Nasa l  Carcinoma 

* I n d i c a t e s  age i n  months s i n c e  b i r t h ,  a l l  o t h e r  ages a r e  i n  months s i n c e  e 



DOSE-EFFECT STUDIES WITH INHALED PU-238 OXIDE I N  BEAGLES 

DOSE GROUP ------------- 

D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
0-3 MED-LOW 
D-3 MED-LOW 
0-3 MED-LOW 
D-3 MED-LOW 

A D-3 MED-LOW 
N 
UI 

0-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
0-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
0-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
0-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
0-4 MEDIUM 

I N I T I A L  ALVEOLAR DEPOSITION INHALATION EXPOSURE MONTHS SINCE ........................... .................... DATE INHALATION 
DOG NCI/G NCI/ WEIGHT AGE* OF ------------- 

IDENT NC I LUNG I( G (KG) (MO) DATE DEATH 9/30/90 DEATH ------ ---- ----- ---- we--- ---- -------- -------- ------- ----- 
COMMENTS ON DEAD DOGS .............................. 

Acu te  Pneumonia 
Hemangiosarcoma, L i v e r  
S a c r i f i c e d  
S a c r i f i c e d  
P o s t e r i o r  P a r a l y s i s  
M a l i g n a n t  Lymphoma 
Delayed R a d i a t i o n  Pneumon i t i s  
Lung Tumor 
S a c r i f i c e d  
S a c r i f i c e d  
Pneumonia, T h y r o i d  Carcinoma 
P a r a t h y r o i d  Adenoma 
M a l i g n a n t  Lymphoma 
S a c r i f i c e d  
P o s t e r i o r  P a r a l y s i s  
T r a n s i t i o n a l  Carc,  U r i  B l a d r  
Pneumonia, T h y r o i d  Carcinoma 
M a l i g  Lympho, Lng Tmr, Cholan 
H e p a t i c  D i s p l a s i a  
Empyema, P i t u i t . T . ,  Cush ing 's  
Pneumonia 
Hepatoce I I u l a r  Carcinoma 
Hemangioma, Sp leen 
M a l i g  Lympho, Cholang iosarcom 
Chron N e p h r , B i l e  D u c t  Adenoma 
S a c r i f i c e d  
Cush ing 's  D isease  
Lung Tumor 
U r i n a r y  B l a d d e r  & Ovar ian  Tmr 
Bone Tumor 
S a c r i f i c e d  
Bone Tumor, Lung Tumor 
Bone Tumor 
S a c r i f i c e d  
T h y r o i d  Carcinoma 
Bone Tumor ,B i le  D u c t  Carcinom 
Bone Tumor, Lung Tumor 
S a c r i f i c e d  
Hemangiosarcoma, H e a r t  
Pneumonia, Rad. Pneumon i t i s  
Acu te  Pneumonia, Lung Tumor 
Bone Tumor 
M a l i g n a n t  Lymphoma 

* I n d i c a t e s  age i n  months s i n c e  b i r t h ,  a l l  o t h e r  ages a r e  i n  months s i n c e  exposu re .  



DOSE-EFFECT STUDIES WITH INHALED PU-238 OXIDE I N  BEAGLES 

I N I T I A L  ALVEOLAR DEPOSITION INHALATION EXPOSURE ........................... .................... DATE 
DOG NCI/G NCI /  WEIGHT AGE* OF 

DOSE GROUP IDENT NCI  LUNG KG (KG) (MO) DATE DEATH 
--------------- ------ ---- ----- ---- ----- ---- -------- -------- 

D-4 MEDIUM 
D-4 MEDIUM 
0-4 MEDIUM 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 

h) D-5 MED-HIGH 
Q, D-5 MED-HIGH 

D-5 MED-HIGH 
D-5 MED-HIGH 
0-5 MED-HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 

MONTHS SINCE 
INHALATION 

------------- 
9 /30 /90  DEATH 
------- ----- 

COMMENTS ON DEAD DOGS 
.............................. 

M a l i g n a n t  Lymphoma, A d d i s o n ' s  
Bone Tumor 
A d r e n a l  & P i t u i t a r y  Tumor 
I n t e r s t i t i a l  P n e u m o n i t i s  
Bone Tumor 
Bone Tumor, C u s h i n g ' s  D i s e a s e  
Bone Tumor 
Bone Tumor 
Bone Tumor, Lung  Tumor 
Bone Tumor 
Bone Tumor, Lung  Tumor 
V e r t e b r a l  D i s k  H e r n i a t i o n  
Bone & Lung  Tumor, A d d i s o n ' s  
Bone Tumor, Lung  Tumor 
Bone Tumor 
A d d i s o n ' s  D i s e a s e  
Bone Tumor 
Bone Tumor 
Bone Tumor, Lung  Tumor 
Bone Tumor 
Bone Tumor 
A d d i s o n ' s  D i sease ,  G . I .  Tumor 
Bone Tumor, A d r e n a l  Tumor 
Bone Tumor, Lung  Tumor 
Bone Tumor 
Lung  Tumor, O s t e o a r t h r o p a t h y  
Bone Tumor, Lung  Tumor 
A d d i s o n ' s  D i s e a s e  
Bone Tumor, Lung  Tumor 
Bone Tumor, Lung  Tumor 
Bone Tumor 
Bone Tumor, Lung  Tumor 
Lung Tumor 
Bone Tumor, Lung  Tumor 
Bone Tumor, A d d i s o n ' s  D i s e a s e  
Lung  Tumor 

* I n d i c a t e s  age  i n  months  s i n c e  b i r t h ,  a l l  o t h e r  ages a r e  i n  mon ths  s i n c e  e x p o s u r e .  



DOSE GROUP 
--------------- 

CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 

A CONTROL 
10 CONTROL 

CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
CONTROL 
VEHICLE 
VEHICLE 
VEHICLE 
VEHICLE 
VEHICLE 
VEHICLE 
VEHICLE 
VEHICLE 
VEHICLE 
VEHICLE 
VEHICLE 
VEHICLE 
VEHICLE 
VEHICLE 
VEHICLE 
VEHICLE 
VEHICLE 

I N I T I A L  ALVEOLAR DEPOSITION INHALATION EXPOSURE ........................... .................... 
DOG NCI/G NCI /  WEIGHT AGE* 

IDENT NC I LUNG KG (KG) (MO) DATE 
------ ---- ----- ---- ----- ---- -------- 

DATE 
OF 

DEATH -------- 

MONTHS SINCE 
INHALATION ------------- 

9/30/90 DEATH COMMENTS ON DEAD DOGS ------- ----- .............................. 

154.9. Adrena l  Tumor 
170.1. Pneumonia 

70.8. Pneumonia 
86.7. S a c r i f i c e d  

155.9. Pneumonia 
121.3. S a c r i f i c e d ,  H e a r t  Base Tumor 
180.3. P r o c e s s i  ng 
181.41 P r o c e s s i n g  

96.5. S t a t u s  E p i l e p t i c u s  
87.4+ S a c r i f i c e d  

156.5. Pyometra 
192.9+ 

145.1. S a c r i f i c e d  
191 .8 t  

157.1. P r o s t a t e  Tumor 
190.5. P r o c e s s i n g  
149 .2 r  C e r e b r a l  hemorrhage 
141.3+ V e r t e b r a l  D i s c  

180.8. 
172.8. E n d o c a r d i t i s  
174.9. S p l e n i c  Tumor 
158.6. T h y r o i d  Tumor 

180.6. 
180.3. 

126.9. T h y r o i d  Tumor 
136.5+ S a c r i f i c e d  
157.7 P r o c e s s i n g  
165.7 P r o c e s s i n g  
164.8 P r o c e s s i n g  
141.0 M a l i g n a n t  Melanoma 
160.7 P r o c e s s i n g  
140.1 Mastocy toma 
162.5 P r o c e s s i n g  
154.5 Mammary Tumor 
152.0 M a l i g n a n t  Lymphoma 

73.4 M a l i g n a n t  Lymphoma 
140.0  V e r t e b r a l  D i s c  

170.1 
153.1  M a l i g n a n t  Lymphoma 
154.2 M a l i g n a n t  Lymphoma 
155.0 Nephropathy 

162.5 
156.8 Nephropathy 

t I n d i c a t e s  age i n  months s i n c e  b i r t h ,  a l l  o t h e r  ages a r e  i n  months s i n c e  exposu re .  



INHALED PLUTONIUM NITRATE I N  DOGS 

I N I T I A L  ALVEOLAR DEPOSITION ........................... 
DOG NCI/G NCI/  

DOSE GROUP IDENT NC I LUNG KG --------------- ------ ---- ----- ---- 

VEHICLE 
VEHICLE 
VEHICLE 

D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 

A D-1 LOWEST 
N 
Q) 

D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-1 LOWEST 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-2 LOW 

INHALATION EXPOSURE 
.................... 
WEIGHT AGE* 

(KG) (MO) DATE 
----- ---- -------- 

DATE 
OF 

MONTHS SINCE 
INHALATION ------------- 

9/30/90 DEATH 
------- ----- 

COMMENTS ON DEAD DOGS 
........................... 

V e r t e b r a l  D i s c  

P r o c e s s i n g  
P r o c e s s i n g  
Esophageal Tumor 
T h y r o i d  Tumor 

P r o c e s s i n g  
Hemangiosarcoma 

P r o c e s s i n g  

S a c r i f i c e d  
P r o c e s s i n g  
Stomach tumor  
Nephropathy  
Meningioma 
M a l i g n a n t  Melanoma 
Pneumonia 
L i v e r  Tumor 
S a c r i f i c e d  
P r o c e s s i n g  
T h y r o i d  Tumor 
S a c r i f i c e d  
Hemangiosarcoma 

P r o c e s s i n g  
P r o c e s s i n g  
P r o s t a t e  Tumor 
P r o c e s s i n g  
P r o c e s s i n g  
P r o c e s s i n g  
Mammary Tumor 
T h y r o i d  Tumor 

M a l i g n a n t  Lymphoma 
P r o c e s s i n g  
P r o c e s s i n g  
P r o c e s s i n g  
P r o c e s s i n g  
T h y r o i d  Tumor 
Ep i l epsy 

* I n d i c a t e s  age i n  months s i n c e  b i r t h ,  a l l  o t h e r  ages a r e  i n  months s i n c e  e  xposu re .  



4 NITRATE I N  DOGS 

DOSE GROUP ------------ 
D-2 LOW 
D-2 LOW 
D-2 LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 

-L D-3 MED-LOW 
N D-3 MED-LOW 
LD D-3 MED-LOW 

D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-3 MED-LOW 
D-4 MEDIUM 

INHALED PLUTONIUI 

I N I T I A L  ALVEOLAR DEPOSITION ........................... 
DOG NCI/G NCI /  

IDENT NCI  LUNG KG 

INHALATION EXPOSURE .................... 
WEIGHT AGE* 

(KG) (MO) DATE ----- ---- -------- 

DATE 
OF 

DEATH -------- 

MONTHS SINCE 
INHALATION ------------- 

9/30/90 DEATH -- ----- ----- COMMENTS ON DEAD DOGS .............................. 

Adrena l  Tumor 
Mammary Tumor 
S a c r i f i c e d  
S a c r i f i c e d  
S a c r i f i c e d  
Hemangiosarcoma 
S a c r i f i c e d  
M a l i g n a n t  Lymphoma 
S a c r i f i c e d  
Pneumon i a 
Nephropathy  
S a c r i f i c e d  
T h y r o i d  Tumor, Lung Tumor 
Hemangiosarcoma, Lung Tumor 
S a c r i f i c e d  
Lung tumor  
S a c r i f i c e d  
S a c r i f i c e d ,  Lung Tumor 
S a c r i f i c e d  
S a c r i f i c e d  
P r o c e s s i n g  
S a c r i f i c e d  
S a c r i f i c e d  
P r o c e s s i n g  
M a l i g n a n t  Lymphoma 

S a c r i f i c e d  
Pneumonia 
S a c r i f i c e d  
Lung tumor  
S a c r i f i c e d  
Mammary Tumor ,L i ve r  Tumor 
S a c r i f i c e d  
P r o c e s s i n g  
S a c r i f i c e d  
Pneumonia, A d r e n a l / L i v e r  Tmrs 
P r o c e s s i n g  
Bone Tumor, Lung Tumor 
Pneumonia 
S a c r i f i c e d  
P r o c e s s i n g  
Lung Tumor 

+ I n d i c a t e s  age i n  months s i n c e  b i r t h ,  a l l  o t h e r  ages a r e  i n  months s i n c e  e 



INHALED PLUTONIUM NITRATE I N  DOGS 

I N I T I A L  ALVEOLAR DEPOSITION ........................... 
DOG NCI/G NCI /  

DOSE GROUP IDENT NCI  LUNG KG 
--------------- ------ ---- ----- ---- 

D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
0-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
0-4 MEDIUM 
0-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
0-4  MEDIUM 
D-4 MEDIUM 
0-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 

0 0-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
0-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-5 MED-HIGH 
D-6 HIGH 

INHALATION EXPOSURE 
.................... DATE 
WEIGHT AGE* OF 

(KG) (MO) DATE DEATH 
----- ---- -------- -------- 

MONTHS SINCE 
INHALATION ------------- 

9/30/90 DEATH 
------- ----- COMMENTS ON DEAD DOGS .............................. 

P l e u r i t i s  
Bone Tumor, Lung Tumor 

L i v e r ,  Lung, & Bone Tumors 
Bone, L i v e r ,  & Lung Tumors 
Rad. Pneumon i t i s ,  Lung Tumor 
Lung Tumor, L i v e r  Tumor 
Lung Tumor 
Lung Tumor 
C o n g e s t i v e  H e a r t  F a i l u r e  
Bone, Lung, and L i v e r  t umors  
Bone Tumor 
Bone Tumor, Lung Tumor 
Bone Tumor 
Bone Tumor, Lung Tumor 
Bone and l u n g  tumors  
Pyometra,  L i v e r  tumor  
Lung Tumor 
Bone Tumor 
S a c r i f i c e d  
S a c r i f i c e d  
Bone Tumor, Lung Tumor 
S a c r i f i c e d  
Bone Tumor 
Bone Tumor 
Bone Tumor, Lung Tumor 
Bone Tumor 
Bone Tumor, Lung Tumor 
Lung Tumor 
Bone Tumor, Lung Tumor 
Bone Tumor 
Bone Tumor, Lung Tumor 
Bone Tumor, Lung Tumor 
Bone Tumor 
Bone Tumor 
Bone Tumor, Lung Tumor 
Bone Tumor, Lung Tumor 
Bone Tumor, Lung Tumor 
Bone Tumor 
R a d i a t i o n  Pneu rnon i t i s  
Bone Tumor 
Rad. P n e u m o n i t i s ,  Lung Tumor 
Rad. P n e u m o n i t i s ,  Lung Tumor 

* I n d i c a t e s  age i n  months  s i n c e  b i r t h ,  a l l  o t h e r  ages a r e  i n  months s i n c e  exposu re .  



INHALED PLUTONIUM NITRATE IN DOGS 

INITIAL ALVEOLAR DEPOSITION INHALATION EXPOSURE 
........................... .................... DATE 

DOG NCI/G NCI/ WEIGHT AGE* OF 
DOSE GROUP IDENT NCI LUNG KG (KG) (MO) DATE DEATH 

--------------- ------ ---- ----- ---- ----- ---- -------- -------- 

D-6 HIGH 
D-6 HIGH 
D-6 HIGH 
D-6 HIGH 

MONTHS SINCE 
INHALATION 

------------- 
9/30/90 DEATH COMMENTS ON DEAD DOGS 

24.6 Radiation Pneumonitis 
16.3 Radiation Pneumonitis 
16.6 Radiation Pneumonitis 
14.3 Radiation Pneumonitis 

* Indicates age in months since birth, all other ages are in months since exposure 
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