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INTRODUCTION

The Institute

The Inhalation Toxicology Research Institute (ITRI) is a Federally Funded Research and Development Center
operated for the U. S. Department of Energy (DOE) by the Lovelace Biomedical and Environmental Research
Institute, a nonprofit subsidiary of the Lovelace Medical Foundation. ITRI is designated as a "Special Purpose
Laboratory" within the DOE Office of Health and Environmental Research, Office of Energy Research.
Approximately 80% of the Institute's resecarch is funded by DOE; the remainder is funded by a variety of
governmental, trade association, and industry sources.

The mission of ITRI is to conduct basic and applied rescarch to improve our understanding of the nature and
magnitude of the human health impacts of inhaling airbormne materials in the home, workplace, and general
environment. Institute research programs have a strong basic science orientation with emphasis on the nature and
behavior of airborne materials, the fundamental biology of the respiratory tract, the fate of inhaled materials and the
mechanisms by which they cause disease, and the means by which data produced in the laboratory can be used to
estimate risks to human heaith. Disorders of the respiratory tract continue to be a major health concern, and inhaled
toxicants are thought to contribute substantially to respiratory morbidity. As the largest laboratory dedicated to the
study of basic inbalation toxicology, ITRI provides a national resource of specialized facilities, personnel, and
educational activities serving the needs of government, academia, and industry.

The Institute's multidisciplinary staff works in specialized facilities and takes a collaborative research approach
to resolving scientific issues. ITRI is located on Kirtland Air Force Base East, approximately 10 miles southeast
of Albuquerque, New Mexico. The more than 290,000 square feet of laboratory and suppornt facilities include unique
facilities and equipment for basic biological research and exposures of animals to all types of airborne toxicants.
The staff of approximately 200 includes doctoral-level scientists in physical, chemical, biological, medical, and
mathematical disciplines. Working with the scientists are highly trained scientific technicians, laboratory animal
technicians, and a full range of support staff. The entire range of biological systems is employed, including
macromolecules, cells, tissues, laboratory animals, and humans. The research includes both field and laboratory
studies. Strong emphasis is placed on the quality of research and resulting data; the Institute has a Quality Assurance
Unit and is fully capable of research in adherence to Good Laboratory Practices guidelines.

The Institute's scientific and support staffs are organized into disciplinary and functional scientific groups and
support units (see Appendix B). The research is organized into programs which are administered by the Assistant
Directors (see Appendix C). The programs are composed of projects having common research themes, but which
typically cut across research disciplines. For example, the Pathogenesis Program contains projects oriented largely
toward the development of non-cancerous respiratory tract disease, but the projects involve molecular biology,
biochemistry, pathology, physiology, and inhalation exposure technology.

The Report

The papers in this report are organized along topical lines, rather than by research program, so that resecarch
within specific disciplines is more readily identified. The papers include summaries of research funded by both DOE
and non-DOE sources, to represent the full scope of Institute activities. The source of funding is acknowledged for
each paper. The appendices summarize the organization of the Institute’s staff and research programs, publications
and presentations by ITRI Scientists, seminars by visiting scientists, collaborations with scientists in other institutions,
and a description of ITRI's educational activities.
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A separate series of reports entitled, ual Report on Long-Term Dose-Response Studies of Inhaled or Injecte
Radionuclides, summarize the design and status of the long-term studies of the health effects of radionuclides in
dogs, conducted at ITRI and the University of Utab. This separate report also contains the status of each dog, the
detailed tables which were previously included as appendices in the ITRI Annual Report. Thbe dog report can be
obtained from NTIS, and by request from the Institute.

oL

Joe L. Mauderly, D.V.M.
Director

An aerial view of the Inhalation Toxicology Research Institute which was constructed in several increments,
starting in June 1962. The Institute’s facilities consist of (1) an administrative area, including housing for the
directorate, personnel, business and purchasing offices, editorial offices, a cafeteria, conference rooms, and health
protection operations; (2) a central laboratory and office area, including aerosol science, radiobiology, pathology,
chemistry and toxicology laboratories; (3) cell toxicology laboratories; (4) pathophysiology laboratories; (5) a
specially designed and equipped chronic inhalation exposure complex with some laboratories suitable for use with
carcinogenic materials; (6) an exposure facility for acute inhalation exposures to chemical toxicants and beta- and
gamma-radionuclides; (7) exposure facilities for acute inbalation exposures to alpha-emitting radionuclides; (8) a
veterinary bospital and facilities for detailed clinical observations; (9) small-animal barrier-type housing facilities;
(10) a modern library and quality assurance facilities; (11) 13 kennel buildings, nine capable of housing 100 dogs
each and four for housing 120 dogs each; (12) an analytical chemistry building; (13) an engineering and shop support
building; (14) a receiving, property management, and storage building; (15) a bealth protection building; (16) several
temporary laboratories; (17) a hazardous waste storage and treatment facility; (18) standby power facility; and
(19) animal guarantine facility.
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MEASUREMENT OF THORON AND THORON/RADON MIXTURES

Y. S. Cheng and H. C. Yeh

Thoron and radon mixtures are found in many environments. Although there are techniques to measure
radon, techniques for simultaneous measurement of both substances are needed. A team from ITRI participated
in the First International Intercomparison and Intercalibration Meeting on Thoron and its Progeny, and
Thoron/Radon Mixtures at Elliot Lake, Canada, November 2-6, 1992. The meeting was organized by Dr. J.
Bigu, Canada Centre for Mineral and Energy Technology (CANMET). The ITRI team participated in all phases
of the intercomparison studies. The methods, procedures, and resulls are summarized here.

Thoron or thoron/radon mixtures have been maintained in the Radon/Thoron Test Facility at CANMET.
During the meeting the ITRI team used several instruments to measure thoron and its progeny, and thoron/radon
mixtures. A calibrated Lucas cell was used to determine the concentrations of thoron gas and thoron/radon
mixtures during the day when the thoron concentrations were higher. Electret ion chambers were used to
determine the gas and gas mixtures at night when gas concentrations were lower. The thoron and thoron/radon
progeny and their size distributions were determined using an ITRI graded diffusion battery (GDB) (Cheng, Y. S.
et al. J. Aerosol Sci. 23: 361, 1992).

A cylindrical Lucite® cell (10.16 cm ID, 17.3 cm long) coated with ZnS on the inner wall was used to
collect the thoron gas and the thoron/radon mixture. A filter was placed in front of the cell inlet to remove
progeny particles. Samples were taken from a port located outside the thoron/radon test chamber. After
sampling, the cell was placed inside a Radon Flask Counter (Mode] 218, Ludlum Measurements, Sweet Water,
TX) with a Smart Radiation Monitor (Mode! SRM-200, Eberline Inc., Santa Fe, NM). The counting efficiency
of the Lucas cell in the counter was 15.4% based on a calibration by the Environmental Measurement Laboratory
(New York, NY). The continuous counting of a decay started 1 min after filling the cell with gas. For thoron
gas, the counting stopped after 8 to 10 min, when the a counts approximated the background value. For an
experiment done on November 5, the thoron/radon mixture was counted initially in Elliot Lake for 1580 min,
and the counting continued up to 7154 min after the ITRI team returned to Albuquerque. The data (count rate
as a function of time) were analyzed to obtain an estimate of thoron or thoron/radon air concentrations, using
equations derived from a series of radioactive decays for both 220Rp and 2%2Rn. The data were analyzed using
the non-linear fit procedure of SigmaPlot (Jandel Sciemific, San Rafael, CA) on an IBM-compatible PC.

Four Standard E-PERM chambers and four Thoron E-PERM chambers (Rad Elec Inc., Frederick, MD) were
used to measure thoron and radon concentrations overnight. Voltage readings on standard electret substrates were
measured using an Electret Voltage Reader (Rad Elec Inc., Frederick, MD) before and afier sampling. The
samplers were placed inside the test chamber on the third rack. The sampling time ranged from 13.6 to 18.4 h.
The Standard chamber has a 100% response for radon and a 15% response to thoron, whereas the Thoron
chamber has a 100% response for thoron and radon. A simultaneous measurement made at the same location
at the same time using both chambers led to an estimation of time-averaged radon and thoron concentration.

The ITRI GDB was used to determine the activity size distribution, the progeny concentration, and the
unattached fraction. The design, calibration, and performance of this device have been described (Cheng et al,,
1992; Cheng, Y. S. et al. Health Phys., in press). For this study, five stainless steel screens with 24, 50, 145,
200, and 635 mesh numbers (Tetko Inc., Briacliff, NY) were used. A 47-mm type A/E glass fiber filter
(Gelman Co., Ann Arbor, MI) was used to collect all particles that penetrated the screens. The flow diameter
of the GDB was 38.1 mm. The flow rate was controlled by a calibrated rotameter. A 6 L/min flow rate was
used. After a 10-min sampling period for thoron gas and a 5-min sampling period for the gas mixtures, screens
and filters were placed into individual gross alpba counters (Model TM-372A2, Tri-Mets Instruments) with
calibrated efficiency between 0.447 to 0.463. Only the front side of the screen was counted. Two counting
intervals (2-17 and 92-107 min) were used for thoron-only experiments, and five counting intervals (2-5, 6-20,
21-30, 245-305, 401-446 min) for the thoron/radon mixture.

Activity concentrations of thoron progeny (212Pb and 212Bi) were calculated from the two counts by solving
simultaneous equations (Raabe, O. G. and M. E. Wrenn. Health Phys. 17: 593, 1969). For mixtures, the thoron




and radon progeny (zlsPo. 214py, and Zl“Bi) concentrations were calculated from five counts using a non-lincar
least square method (Raabe and Wrenn, 1969). Data were analyzed using both Quattro Pro (Borland
International, Scotts Valley, CA) and SigmaPlot (Jandel Scientific, San Rafael, CA) sofiwares. Afier progeny
concentrations collected at each screen and filter were estimated, the activity size distribution was calculated from
the collection data using the expectation-maximization method (Maher, E. F. and N. M. Laird. J. Aerosol Sci.
16: 557, 1985) as described previously (Cheng er al., 1992). Because only the front side of the screen was
counted, front-to-total correction on the screens and interstage screen loss were accounted for using equations
derived by Soloman, S.G. and T. Ren (Aerosol Sci. Technol. 17: 69, 1992). The computer code was written
in Fortran 77 Code and run on a PC. Forty size intervals between 0.5 to 50 um were used in the data analysis.

Figure 1 shows the experimental data and curve fit for the case of the thoron/radon gas mixture. Thoron
(Cry) and radon (Cp,) concentrations were calculated from the best fit to the data. The average thoron
concentrations measured during the day were between 70,000 to 100,000 Bq/m3.
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Figure 1. Measurement of thoron/radon mixture concentrations in a Lucas cell. The data points are counts/min,
and the solid curve is the combined thoron/radon counts from the fitted equation. The dashed curve
is the contribution from the thoron gas; the dotted curve is the contribution from the radon gas.

Four pairs of electret ion chambers were used to measure the thoron concentration and thoron/radon gas
mixture during overnight sampling. The relative standard deviations of four measurements at the same location
ranged from 15 to 35% for the thoron concentration and 2.2 to 30% for the radon concentration. In the first
two samples, pure thoron gas was introduced; therefore, only low levels of background radon concentrations
would be expected. However, measurements of between 200 to 250 Bq/m3 of radon gas showed a high level
of background concentration when this method was used to determine both radon and thoron concentrations.
This result suggested that the current electret method is not suitable for determining thoron/radon gas mixture.

Of seven GDB samples, two samples of thoron/radon mixtures were taken. The experimental conditions and
the resultant potential alpha energy concentration (PAEC) for each run are listed in Table 1. The working level
of thoron progeny increased as the aerosol concentration in the chamber increased from 300 to 16,300
pamcles/cm cven lhough the thoron gas concentration remained relatively stable between November 3-4. For
thoron progeny (' 2Py and PAEC), bimodal size distributions with modes at 0.75 and 47.2 nm were found,
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except for cases with extremely high aerosol concentrations (> 16,300 paniclcs/cm}). At very high aerosol
concentrations, almost all thoron progeny particles were attached to the aerosol; therefore, a single modal size
distribution was found. The unattached fractions for thoron progeny, as calculated from the working level in
the smaller size mode, decreased from 61 to 0 % when the aerosol concentration increased from 310 to 16,300
panicles/cms. In the case of the gas mixture, the radon progeny also showed a bimodal distribution with size
modes at 0.53 and 47.2 nm. The unattached fractions of both thoron and radon progeny almost disappeared at
an aerosol concentration of 22,000 panicles/cm3.

Our measurements of the thoron and thoron/radon mixtures agreed well with data obtained from other
laboratories (data not shown). These methods will be useful in measuring thoron/radon mixtures indoors.

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy under
Contract No. DE-AC04-76EV01013.)




USE OF A TWO-STAGE VIRTUAL IMPACTOR AND
AN ELECTRICAL CLASSIFIER FOR GENERATION OF
TEST FIBER AEROSOLS WITH A NARROW SIZE DISTRIBUTION

B. T. Chen and H. C. Yeh

Fiber particles with well-defined diameters and lengths are important in studying the physical behavior, lung
deposition and clearance, and toxicity of fibrous acrosols. This report describes the use of a two-stage virtual
impactor and an clectrical classifier to produce fibrous scrosols that have a narrow distribution of fiber diameter
and length. A two-stage virtual impactor was used to classify fibers based on diameter. An electrical classifier,
conlaining a unipolar-ion charger and a differential mobility analyzer, was used to segregate fibers based on
length (Chen, B. T. et al. Aerosol Sci. Technol. 19: 109, 1993).

Four different manmade fibers, including carbon fibers (Test Article 31, Hercules, Inc., Wilmington, DE),
glass fibers (X7484 and X7999, Owens Coming, Inc., Granville, OH), and MMVF10 glass fibers (Manville, Inc.,
Littleton, CO), were used in this study. The first three types of fibers were monodisperse in diameter and
polydisperse in length; the MMVF10 glass fibers were polydisperse in diameter and length (Table 1).

Table 1

Size Distributions of Fiber Aerosols Before and After Classification
by a Two-Stage Virtual Impactor and an Electrical Classifier

Size Distribution Impactor Size Distribution
£ i f the Classi terial
of the Bulk Materials Cutoff Classifier of the Classified Materials
CMD/GSD CML/GSD Size Total Flow CMD/GSD  CML/GSD
Types of Fibers (um) (um) (um) (L/min) (um) (um)
16-200/
20 - 1.17-1.28
Carbon Fiber 28-190/
(Test Anicle 31) 3.74/1.06 35.8/2.08 30 30 - L31-1.30
30-170/
40 - 1.18-1.25
13-34/
20 -
. 1.22-1.29
Glass 42:’“ 2.83/1.13 18.5/1.63 20
(X7484) 30 _ 15-35/
1.26-1.29
12-37/
20 -
i 1.19-1.29
Glass Fiber 183118 16.5/1.71 2.0
(X7779) 30 19-43/
- 1.22-1.26
Glass Fiber . 0.72-1.29/ 6.6-29/
(MMVF10) 1.06/1.80 16.12.35 47, 33 20 118.1.37 159-1.44

A two-stage virtual impactor with two different cutoff sizes was used.




The experimental setup for this study is schematically shown in Figure 1. Each fiber material was
acrosolized using a small-scale powder disperser (Model 3433, TSI, Inc.). The aerosol was passed through a
85Kr bipolar ion source to reach a state of Boltizmann charge equilibrium. Because the aerodynamic diameter
of a fiber-like particle depends primarily on the fiber diameter, a one- or two-stage virtual impactor was used
to classify fibrous aerosols according to their diameters. For carbon and glass fibers with monodisperse
diameters, a one-stage virtual impactor was used to reduce the numbers of fine nonfibrous particles, which exist
in the bulk fibrous material and in the aerosol, and to concentrate the fiber-particle fraction. For polydisperse
MMVFI10 fibers, a two-stage virtual impactor was used to classify fibers with a narrow range of diameters. The
count median diameter (CMD) and geometric standard deviation (GSD) of this distribution depend on the
selection of the cutoff sizes and can be adjusted by varying the flow rate and nozzle diameter in the impactor.
The fibers classified by the vinual impactor were introduced into an electrical classifier (Fig. 1) which was
designed based on results from a previous study (Chen et al., 1993).
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Figure 1. Schematic diagram of the experimental setup for fiber classification studies. The two-stage virtual
impactor was used in classifying bulk fibers with polydisperse diameters and lengths. For classifying
bulk fibers with monodisperse diameters, only one-stage virtual impactor was used.

This electrical classifier was fabricated by modifying the mobility analyzer section in the electrical aerosol
analyzer (Model 3030, TSI, Inc.). This modified section consisted of two concentric stainless steel cylinders:
a central rod and an outer cylinder. The aerosol stream was introduced into the analyzer near the outer cylinder,
while a laminar flow of clean sheath air was delivered through the inner tube of the central rod and introduced
around the rod. The outer cylinder was grounded, while a negative high voltage was applied to the central rod
to form a cylindrical condenser with concentric cylindrical electrodes. Under a given set of operating conditions,
charged fibers in the aerosol stream flow along the outer cylinder and are deflected through the clean air core.
If these particles have the appropriate electrical mobility, they will be drawn into a slit (slit width = 1.6 mm)
in the central rod, through the outer tube of the central rod, and extracted at the exit slit with a classification
flow rate of 2 L/min. Due to the finite width of the aerosol stream entering and leaving the mobility analyzer,
the mobility of the particles classified by the device is spread over a finite range of values, which, in turn,
classifies fibers with a finite range of length (count median length, CML). The classified fibrous aerosol samples
were collected on membrane filters (SSWP25, Millipore Corp., Bedford, MA) for size analysis. The particle size
distributions were determined by tracing the digitized images of fibers using a semi-automatic image analysis
system.




Table 1 shows the size distributions of these four types of fibrous aerosols. The classified acrosols show
a narrow size distribution in fiber diameter and length. As an example, the GSDs of the classified MMVF10
glass fibers were 1.18-1.37 in diameter and 1.29-1.44 in length, compared 1o the corresponding values of 1.80
and 2.35 in the bulk fibrous aerosols. The results showed that this device, which combines a virtual impactor
with an electrical classifier, can successfully classify fibers based on both dimensions and, consequently, produce
fibers with a narrow size distribution. This device bas the potential to classify other micrometer-sized, irregularly
shaped particles and will be used to produce aerosols with narrow size distribution.

(Research sponsored by the Office of Health and Environmental Research, U. S. Department of Energy,
under Contract No. DE-AC04-76EV01013.)




PERFORMANCE OF RESPIRATOR FILTERS FOR AEROSOL PARTICLES

Y. 5. Cheng, H. C. Yeh, and E. E. Martinez*

The goal of this research was to quantify the performance of respirator filters used to protect workers in
environmenis where they may be at risk of exposure to asbestos and manmade fibers. Current OSHA guidelines
require the use of respirators that are fitted with bigh-efficiency filters. These filters must be approved under
NIOSH certification criteria based on penetration tests in which spherical aerosols are used. Fiber aerosols are
known to have different acrodynamic bebaviors than spherical particles and usually carry higher electrostatic
charges. Because the carcinogenicities of asbestos and other fibers are known to be due, in pan, to fiber
dimensions, it is very important to know the efficiency of a respirator filter in relation to fiber dimension. It
is also difficult to predict how fiber acrosols will penetrate respirator filters as compared to the NIOSH testing
results using spherical particles.

As a pant of the evaluation of the respirator, we quantified performance of respirator filters and determined
the effects of charge on the filter performance using spherical Di-Octyl Sebacate (DOS) aerosols. Four types
of respirator fillers were used in the study: (1) a HEPA filter AOR5S7A (American Optical Corp., Southbridge,
MA), (2) a high-efficiency filter cartridge (Type S, MSA, Pittsburgh, PA), (3) a filter for powered respirators
(Type A, MSA, Pitsburgh, PA), and (4) a disposable, low-efficiency filter (3M8710, 3M, St. Paul, MN).
Following the current NIOSH test procedures, the HEPA and high-efficiency filters, which are used in dual
cartridges, were tested at 16 and 42.5 Lpm, and the disposable-type filters were tested at 32 and 85 Lpm, as
was the filter for powered respirators.

The experimental setup is shown schematically in Figure 1. A TSI condensation aerosol generator (model
3076 and 3072) was used at a flow rate of 2 Lpm. The panticles then flowed through a Kr-85 discharger, which
lowered their charge to the Boltzmann equilibrium charge level. The flow rate was increased prior to the
panticles reaching the test chamber in order to meet the test requirements. A mixing fan was placed inside the
cone located before the chamber to increase aerosol uniformity. A honeycomb flow straightener was placed
between the fan and the chamber to reduce the turbulence created. The test chamber was a cylinder (12 in 1.D.
x 17 in long ); flow in the test chamber was laminar, and aerosol concentration was uniform. Pre-filter and
post-filter probes were located in the test chamber to sample the aerosols. A magnebelic pressure sensor
measured the pressure differential across the test filter. A change in pressure indicated that aerosol particles had
built up on the filter. The RAM-1 (MIE, Bedford, CT) was connected to the sample probes and measured the
mass concentrations before and after the filter. A QCM particle impactor determined the aerosol size to be about
0.25 pm.

The bypothesis postulated was that an increased electrical charge on the filter cartridge would increase the
efficiency of the filter. To test this hypothesis, filter cartridges were used botb untreated from the box and after
treatment in isopropyl alcobol, which discharges the filters. The surface charge on the filters before and after
the treatment was measured with an electrostatic fieldmeter (Model 245, Monroe Electronics, Lyndonville, NY).
Only the low-efficiency filter had an initial charge.

Figure 2 shows the results obtained for the disposable, low-efficiency filter (3M8710). As can be noted
from the differences in percent deposition, charge played an important role in increasing the efficiency of the
filter, while flow rate had little effect on the efficiency of the filter.

Results were also obtained for the high-efficiency filter cartridge, which bad no initial charge. As expected,
it was considerably more efficient than the disposable filter. The differences between the discharged and
untreated filter cartridges were negligible. The differences due to flow rate were also negligible. The results
obtained from the other test filters with no charge were similar. The only differences were in the level of
efficiency due to the rating of the filters.

*Department of Energy/Associated Western Universities Summer Student Research Participant
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Figure 1. The experimental setup.
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Figure 2. Aerosol deposition in a disposable filter (3M8710).

Ovenall, the electrostatic charges on the respirator filters did affect the filter efficiency; flow rates had
negligible effect on the efficiencies of filters. Filters treated with anti-electrostatic spray and under high-
temperature and high-humidity conditions (data not shown) had a reduced charge. A penetration test using
asbestos fiber is in progress.

(Research sponsored by the PHS/CDC under Grant R01-OH02922-01A1 from the National Inmstitute of
Occupational Safety and Healtb in facilities provided by the U.S. Department of Energy under Contract No.
DE-AC04-76EV01013.)




CHARACTERIZATION OF AEROSOLS PRODUCED DURING TOTAL HIP
REPLACEMENT SURGERY IN BEAGLE DOGS WITH 5!Cr-LABELED BLOOD

H. C. Yeh, B. A. Muggenburg, R. A. Guilmette,
M. B. Snipes, R. S. Turner®, and R. K. Jones

The potential for transmitting blood-associated pathogens from infected patients to health care workers via
inhalation of blood-containing aerosols, particularly during orthopedic surgery, bhas added to concerns about the
hazards of working with these patients (Day, L. Can. Med. Assoc. J. 139: 1935, 1988; Goldman, B. Can. Med.
Assoc. J. 138: 736, 1988). Previous studies have demonstrated that respirable, blood-associated aerosols are
produced during orthopedic surgery (Heinsohn, P. and Jewett, D. L. Am. Ind. Hyg. Assoc. J. 54: 446, 1993;
1991-92 Annual Report, p. 48). In those studies, the identification and estimation of blood-associated acrosols
were based upon Hemastix or Chemstrip 9 analysis of samples. These indicating strips will respond to cither
hemoglobin or myoglobin, but will not differentiate between the two. Furthermore, the results from the Hemastix
and Chemstrip 9 analyses are only qualitative, because the responses arc classified into four discrete categories,
based on changes in color. This study was designed to quantify the blood-containing acrosols that might be
gmduced during orthopedic surgical procedures using five Beagle dogs whose blood was labeled with radioactive
1oy immediately before the surgery.

The primary surgical procedure chosen for the study was total hip replacement, similar to those described
previously in humans (1991-92 Annual Report, p. 48). The dog was chosen as the experimental model because
its size permitted the use of the same surgical procedure and equipment as used in humans. The surgical tools
used included an electrocautery, bone drill, saw, reamer, bammer, and water pulse irrigation/suction. The blood
was labeled by incubating 19 GBq (500 mCi) of 51Ci-(Vl) with fresh or refrigerated whole blood from a donor
dog and by washing and centrifuging the blood to remove the reduced Cr(IIl). The labeling was about 90%
efficient.  Following radiolabeling and purification, the blood was transported to the surgical suite and
intravenously infused into an anesthetized dog.

The relatively large amount of radioactivity used in this study and the considerations of potential
contamination and decontamination of equipment limited the types and numbers of acrosol sampling instruments
used. They were as follows: (1) a Marple personal cascade (MPC) impactor (to be worn by the chief surgeon),
(2) wo Lovelace Muli-Jet (LMJ) cascade impactors, and (3) filter samplers. These instruments were cleaned
and decontaminated for each of the five experimental runs.

A lead shield covered the torso of the dog to reduce the potential radiation dose to personnel performing
the experiment. The aerosol sampling probe was attached to the top of the lead shield that covered the torso
of the dog. The distance of the probe from the surgical site was about 15-25 cm. One LMJ cascade impactor
was also placed next to the probe on top of the lead shield. This approximated the configuration used in
previous studies with humans at a local hospital. After radiolabeled blood was injected into the dogs, aerosol
measurements were taken during the total hip replacement procedures in the surgical suite at ITRI. Aerosol
samples were obtained using one MPC impactor, two LMJ cascade impactors (one placed near the surgical site,
and the other that sampled through an aerosol chamber), and two consecutive filters taken from the aerosol
chamber during each experiment.

At the conclusion of each surgical procedure, the MPC impactor, the LMJ cascade impactors, and the filters
were disassembled, the impactor substrates and filters were removed, and the samples were weighed using a Cahn
balance. After weighing, each sample was assayed for S1Cr using an automated gamma counter (Beckman,
Model 8000, Fullerton, CA). More than 30 samples (including background and standard samples) were counted
per experiment. These counting data represented aerosolized red blood cell (RBC) samples. An intravenous
blood sample was obtained from the dog prior to and post surgery, and was used as the counting standard and
to establish counts per RBC for samples for that dog. This conversion factor could be used to estimate the

*Lovelace Medical Center, Albuquerque, New Mexico
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number of RBCs collected on each impactor substrate from the counting data of the labeled e aclivity. After
counting, these filter and impactor substrate samples were washed with 20 uL of distilled water, and the
hemoglobin content was quantified by using Chemstrip 9.

Similar to previous results from humans (1991-92 Annual Repont, p. 48), the aerosol size distributions varied
from experiment to experiment, apparently due to the dynamic nature of the surgical procedures. However, the
shapes of the size distribution were similar among the five dogs. Figure 1 shows a typical result obtained from
the MPC impactor wom by the chief surgeon. Also included are the results analyzed by Chemstrip 9 on each
impactor stage for quantifying blood content. The estimated number of RBCs was obtained from the amount
of 3ICr in the sample, assuming that all of the 51Cr was in the RBCs. Even though the Chemstrip 9 readings
were qualitative and somewhat subjective, they correlated fairly well with the radioactivity (and thus o the
estimated number of RBCs). In general, all of the size distributions obtained by weight and by radioactivity

also correlated very well.
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Figure 1. Histogram of the mass and estimated number of RBCs observed in each size interval of a MPC
impactor. (51Cr-labeled dog: Run #1) (The amount of hemoglobin detected on each stage by
Chemstrip 9: negative = O erythrocytes/uL, trace = 5 ery/uL, 1+ = 10 ery/ul, 2+ = 50 ery/uL, 3+
= 250 ery/ul.. Sample size = 20 uL.)

Table 1 summarizes data obtained from all five dogs. The aerosol mass concentration and estimated RBC
(or activity) concentration were obtained from the MPC impactor, two LMJ cascade impactors, and the filter
samples. A relatively large standard deviation indicates large variability between the surgeries. The total average
sample weight collected by the MPC impactors was 0.038 = 0.021 mg (mean = S.D.; n = 5); the total cstimated
number of RBCs was 2.9 x 10* + 1.5 x 104; and the sampled volume was 0.134 = 0.020 m3. Table 1 shows
that data obtained through the probe (LMJ8106 and filters) were lower than those obtained by cither the personal
impactor or LMJ8380. This may suggest some losses in the sampling line for the LMJ8106 (and filters that
sampled through the aerosol chamber via a sampling probe). [t may also suggest spatial nonuniformity of the
aerosol concentration around the surgical area and within the surgical room.
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Table 1

Acrosol Mass and RBC Concentrations (from Radiation) Measured by Different Instruments
(Mean = S.D.; Number of Samples or Experiments)

Mass Concentration RBC Concentration RBC Concentration
Instrument (mg/ms) (#/m3) (ug/m>)
Personal Impactor 0.368 = 0.203 (5) 2.18 x 10° = 1.40 x 10° (5) 6.54 = 4.20 (5)
LMJ8380 0.382 = 0.059 (5) 1.72 x 10° = 0.97 x 10° (4) 5.16 ¢ 2.91 (4)
LMI8106 0.122 £ 0.055 (5) 7.53 x 10* = 2.07 x 10* (5) 2.26 = 0.62 (5)
Filters 0.134 + 0.045 (5) 6.34 x 10 = 2.63 x 10* (5) 190 = 0.79 (5)

The good correlation between the Chemstrip 9 response and the estimated number of RBCs (or radioactivity
of 51Cr) indicated that the Chemstrip 9 response was obtained primarily from blood-associated (hemoglobin)
aerosols rather than from myoglobin, because only hemoglobin was labeled with S1Cr.  Examination of
hemoglobin responses observed on Chemstrip 9 revealed that the MPC impactor data were similar to those
derived from previous orthopedic surgeries at a local hospital (1991-92 Annual Repont, p. 48). Thus, this study
confirmed that blood-associated, respirable acrosols werc produced during orthopedic surgical procedures.

(Research sponsored by the National Institute for Occupational Safety and Health under Interagency
Agreement No. 92-05 with the U.S. Department of Energy under Contract No. De-AC04-76EV01013.)
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DESIGN AND EVALUATION OF AN ANNULAR SLIT-JET VIRTUAL IMPACTOR

B. T. Chen, M. D. Hoover, G. J. Newton, and H. C. Yeh

Continuous air monitors (CAMs) bave been developed to detect airborne plutonium or other actinide alpba
emitters. Recently, DOE Order 5480.11 has specified that alpha CAMs for plutonium must meet an 8 derived
air concentration-hour (DAC-h) sensitivity requirement. It is unclear whether alpha CAMs that have been
installed with the existing technology in nuclear weapon fabrication facilities can meet these stringent air
monitoring requirements. Furthermore, in many future DOE operations involving decontamination,
decommissioning, and environmental restoration activities, this requirement will be impossible 10 meet with
existing technology. Eight DAC-h represents about 35.5 dpm/m3 that must be detected in a background of
naturally occurring, alpha-emitting radon progeny ranging from 400 to 40,000 dpm/m".

A virtual impactor that would reduce interferences from radon progeny could be a solution to the problem.
A virual impactor (Marple, V. A. and C. M. Chien. Environ. Sci. Technol. 14: 976, 1980; Chen, B. T. and
H. C. Yeh. J. Aerosol Sci. 18: 203, 1987) is similar to a conventional impactor that collects particles by inertial
impaction onto a solid substrate placed under a high velocity jet of sampled air. A virtual impactor classifies
particles larger than the desired cutoff acrodynamic diameter into a column of relatively stagnant air (minor flow)
and diverts particles smaller than the desired diameter into the major flow. This study involved the design and
evaluation an annular-jet virtual impactor (Fig. 1) that could be adapted as a sampling inlet to a standard alpha
CAM. The impactor would allow high-volume sampling (300 L/min) of ambient air to reduce the response time
of an alpha CAM. In addition, it would have a cutoff diameter of 0.5 um to aerodynamically separate panticles
containing alpha-emitting radon progeny (mainly attached to submicrometer-sized particles) from micrometer-sized
actinide panticles (e.g., plutonium) and to reduce background interferences from naturally occurring radon progeny
to an alpha CAM and, consequently, increase the sensitivity of the CAM.
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Figure 1. Schematic diagram of the prototype annular-jet virtual impactor. Larger particles are concentrated
in the minor flow. Smaller particles, including radon progeny, are removed in the major flow.




Monodisperse, fluorescence-tagged oleic acid (OA) liquid particles with a count median geometric diameter
between 0.5 and 10 um were generated using a vibrating-orifice generator (Model 3053, TSI, Inc., St. Paul, MN).
Clean, dry air was used to suspend the droplets and completely evaporate the solvent in the dropiets. The dned
acrosols were exposed to a 85Kr bipolar ion source to bring the particles to a state of charge equilibrium. An
aerodynamic particle sizer was used periodically to monitor the size distribution of the OA aerosols before they
entered the virtual impactor. The monodispersity of the aerosols was controlled by adjusting the feeding
pressure, vibrating frequency, and flow rate in the aerosol generator. Aerosols were introduced into the
prototype, high-volume, annular-jet virtual impactor (Fig. 1), and the particles were separated into two fractions
based on the separation efficiency of the impactor. Glass fiber filters (Gelman A/E) in the minor flow and
major flow of the acrosol were used to collect the coarse and fine panticle fractions of the aerosol, respectively.
After each run (30-50 iin), the filter samples were washed separately and subjected to ultrasonic agitation in
a solution (50 mL) containing 50% isopropyl alcobol and 50% pH 10 Tris buffer. The impactor was
disassembled, and the parts were separately rinsed with SO0 mL of the same solution. Two aliquots of each
washing from the filters and the parts were quantitated for fluorescence content with a Hitachi spectrofluorometer
(Model F-1200).

Table 1 shows the percentage of fluorescence content found on the impactor walls and the exhaust filters
of the major and minor flows. The impactor walls represent the section between the flow separation point and
the exhaust filters. Separation efficiency was determined by taking the ratio of fluorescence content in the minor
flow to the total fluorescence content on the impactor walls and the exhaust filters. Results indicated that the
particle separation efficiency increased with particle size, and the 50% cutoff size was approximately 1.2 um.
Wall losses appeared to be bigh in both major and minor flow sections. Although wall losses in the major flow
section will mainly contain radon progeny and will not affect the performance of the CAM, wall losses in the
minor flow section are significant (8-38%) and could reduce the concentration of alpha-emitting actinide aerosols
to be detected by the alpha detector. In future studies, the modification of this prototype impactor to minimize
wall losses in the minor flow section will be emphasized. Several operating and design parameters such as the
jet flow Reynolds number, the ratio of jet size to collector size, the separation between jet and collector, and
the flow rate will be investigated to optimize the particle separation efficiency and to minimize the wall losses.

Table 1

Percentage of Fluorescence Content in the Prototype Annual-Jet Virual Impactor”

Major Flow Minor Flow
Separation
Particle Size Impactor Walls  Exhaust Filter Impactor Walls  Exhaust Filter Efficiency
(um) (%) (%) (%) (%) (%)
0.5 46 25 8 21 29
1.0 33 27 13 27 40
1.9 7 11 32 50 82
30 1 6 38 55 93
4.1 0.8 22 23 74 97

4The values of scparation efficiency were determined by dividing the fluorescence content in the
minor flow by the total fluorescence content.

(Research sponsored by the Assistant Sccretary for Defense Programs, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)
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PARTICLE COLLECTION EFFICIENCY OF A
HIGH-VOLUME ANNULAR KINETIC IMPACTOR FOR
CONTINUOUS MONITORING OF ALPHA-EMITTING RADIONUCLIDES

B. T. Chen, S. J. Montaio®, M. D. Hoover, G. J. Newton, and D. S. Gregory**

Continuous air monitors (CAMs) are used to detect airborne radioactive plutonium or other actinide aerosols
in nuclear facilities. Generally, a CAM requires a filter or an impaclor stage to collect actinide particles for
alpha detection, and uses either spectroscopic techniques or an inertia)l mechanism to minimize background
detection of naturally occurring, alpha-emitting radon progeny. The purpose of this study was to evaluate the
particle collection efficiency and internal losses of a high-volume, impactor-type CAM used at the Savannah
River Site (SRS). This study is part of a comprebensive evaluation of the technical basis for use of this CAM
in order to determine its ability 10 meet the requirements of the U.S. Department of Energy RADCON Manual
(DOE/EH-0256T) and DOE Order 5480.11.

The impactor-type CAM is an innovative, high-volume, real-time alpha air monitoring system which was
developed at SRS (Collins, D. C. U.S. AEC Report DP-188, Savannah River Plant, 1956; Tait, G. W. C.
Nucleonics 14: 53, 1956) and has been used reliably for many years.

Available results indicate that it has a nominal flow rate of 40 cubic feet per minute (cfm) and a collection
efficiency of approximately 90% for particles greater than 0.5 um in geometric diameter (Alexander, J. M. Health
Phys. 12: 553, 1966). Tait (1956) reported that, when the device is operated at 25 cfm, it has a 50% collection
efficiency of 0.5 um (in diameter) dust particles with a 2.3 g/cm3 density. In addition, results from
environmental samplings indicate that the collection efficiency is 95% for plutonium and 5% for radon progeny
(Hoy, J. E. DPSPU 56-11-30, Savannah River Plant, 1956). However, results from these studies do not provide
adequate data to determine the ability of the SRS CAM to meet the current DOE regulations and, therefore, a
thorough evaluation of the impactor-type CAM is being performed.

To evaluate this instrument (Fig. 1), monodisperse, {luorescence-tagged, polystyrene latex (PSL) aerosol
particles with a count median aerodynamic diameter of between 0.5 and 10 um were produced and introduced
through the CAM with a 90-mm diameter backup filter (Fluoropore, Millipore Corp., Bedford, MA) The
sampling flow rate of the instrument was 30 cfm without the filter and 20 cfm with the filter using a Meriam
flow element (Model SOMC2-2). This test flow rate of 20 cfm was selected in part to evaluate the ability of
the CAM to function at a lower-than-normal flow rate which might occur during an actual operation in the
workplace. Afier each experiment, the CAM (Fig. 1) was dismantled, and various internal pans, including the
aluminum delivery tube, bottom surface, impactor cone, impaction plate (planchet), brass tube, and fluoropore
backup filter, were rinsed with ethyl acetate to dissolve the PSL particles. Samples were then analyzed using
a fluorescence spectrophotometer.

Table 1 shows the percentage of fluorescent PSL deposits at four different sections. The inlet section
includes the internal surfaces of the delivery tube, the bottom surface, and the impactor cone upstream of the
planchet, where particles are normally collected for alpha radioactivity counting; the outlet section represents the
internal surfaces between the planchet and the backup filter; and the backup filter collects any particles exiting
the impactor.

Results indicated that the particle collection efficiency (%) on the planchet increases with particle size with
a 50% cutoff diameter of 3.1 um (Fig. 2). Similarly, the percentage of fluorescent PSL particles on the inlet
section increases with particle size, indicating that larger particles had more difficulty in negotiating the deflection
of flow stream lines and, as a result, were more susceptible to impaction and collection on the bottom surface
of the CAM. However, internal losses in the CAM were < 5% for particles smaller than 6 um in diameter.

*Department of Energy/Associated Western Universities Summer Student Research Participant
**Health Protection Department, Westinghouse Savannah River Company, Aiken, South Carolina
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Figure 1. Schematic of the SRS CAM test apparatus.

Table 1

Percentage of Fluorescent Content on the Inlet Section, Planchet,
Qutlet Section, and Backup Filter of the Impactor-Type, SRS CAM

Aerodynamic Diameter of PSL Panticles (um)

0.5 1 2 3 6? 10?
Inlet 0 1 2 1 5 8
Section
Planchet 1 10 34 48 88 88
Outlet 0 1 4 1 0 i
Section
Filter 99 88 60 50 7 3

3These aerosols were generated from dry powders; others were generated from liquid
suspensions.
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Figure 2. Particle separation efficiency curve and wall losses of the SRS impactor.

Because the data presented are based on a sampling flow rate of 20 cfm rather than 30 cfm when no backup
filter was used (during field operation), the 50% cutoff diameter of the impactor during field operation must be
calculated using the conversion of dimensionless Stokes number. With this approach, the 50% cutoff diameter
is approximately 2.5 um if the CAM is operated at 30 cfm, a value slightly greater than those reported by
others. The cutoff diameter is calculated to be 2.1 um if the CAM is operated at 40 cfm.

Overall, results obtained from this study indicate that the SRS CAM performs well with small wall losses
using the solid, spherical particles. Future studies will include radon and actinide aerosols to provide additional
information on the technical basis for use of the SRS impactor CAM.

(Independent Testing and Evaluation of SRS-Provided Impactor-Type Continuous Air Monitor and Lapel Air

Samplers for the Westinghouse Savannah River Company under Purchase Order No. AA-71928 with the U.S.
Department of Energy under Contract No. DE-AC04-76EV01013.)
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EFFECTS OF SIMULTANEOUS COLLECTION OF SALT,
RADON PROGENY, AND PLUTONIUM ON ALPHA CAM PERFORMANCE

M. D. Hoover and G. J. Newton

Tests have been conducted at the ITRI to evaluate the ability of the Eberline Alpha-6 continuous air monitor
(CAM) to correctly measure plutonium aerosol concentrations in the presence of airbomne salt and radon progeny
concentrations that might be encountered at the U.S. Department of Energy Waste Isolation Pilot Plant (WIPP).
This is a continuation of work reported in previous annual reports (1987-88, p. 29; 1988-89, p. 3; 1990-91, p. 4,
20; and 1991-92, p. 11) in which plutonium alone, radon progeny alone, plutonium and radon progeny, and
plutonium and salt were tested.

Tests with plutonium alone showed that the CAM correctly reports collected plutonium with a predictable
efficiency which depends on the detector and filter geometry, and an uncertainty which is consistent with Poisson
statistics for radioactivity counting. Tests with radon progeny alone and with plutonium and radon progeny have
shown that the background subtraction algorithm correctly subtracts alpha radioactivity of radon progeny from
the plutonium-alpha-energy region of interest. The uncertainty in the correction is also based on Poisson statistics
for radioactivity counting, and increases with the concentration of radon progeny (1991-92 Annual Report, p. 1).
Tests with plutonium and salt have shown that accumulation of salt on the collection filter of the CAM reduces
the energy of alpha radiation reaching the detector and may result in underestimation of the amount of plutonium
on the filter. This interference is not a concern for detection of sudden, large releases of plutonium because
an alarm will occur before burial becomes significant. Concern is for the slow release of plutonium over a long
period of time in a dusty environment. In our 1991-92 Annual Report (p. 11) we demonstrated that expansion
of the plutonium region of interest to channels 50 to 126 results in the proper report of plutonium concentration
at dust concentrations up to 0.6 mg/ms. This is a substantial improvement over the 60% error associated with
the previous plutonium region of interest covering channels 92 to 126.

In the current tests, the CAM was cballenged with plutonium, radon progeny, and salt to confirm proper
performance under conditions relevant to WIPP. Aerosols were formed by nebulization of suspensions of
plutonium and montmorillonite clay, with varying amounts of salt, to provide plutonium concentrations on the
order of 1 disintegration per minute (dpm) to the CAM. The accumulation of 60 dpm on the CAM filter is
equivalent to 8 DAC-h (derived air concentration hour); based on use of a 25-mm detector, with a 25-mm
diameter collection filter, operating at 28.8 L/min sampling rate. Radon progeny aerosols were sampled from
ambient air or from a specially designed radon progeny generation system (1991-92 Annual Repon, p. 14).
Approximately 50 tests were done. Tests involved three time sequences for sampling of radon progeny,
plutonium, and salt: (1) collection of all three acrosols onto a fresh filter; (2) collection of radon progeny alone
for 2 h, followed by collection of plutonium and salt; and (3) collection of radon progeny alone for 3 or more
days (to simulate weekend conditions at WIPP), followed by collection of plutonium and salt.

Table 1 shows a typical set of test conditions used in the evaluation program. Figure 1A sbows the minute-
by-minute reports of the plutonium counts per minute (cpm) before and after collection of salt and plutonium.
The radon progeny concentration in this test was approximately more than twice the concentration normally
encountered at WIPP. Note that collection of about 14 DAC-h of plutonium was easily detected by the CAM.
Figure 1B shows the alpha energy spectrum at the conclusion of the test. Although the plutonium counts are
a negligible addition to the total spectrum, the CAM provided a proper report of Pu cpm. Note that the
recommended expansion of the plutonium region of interest to channels 50 to 126 results in the proper report
of plutonium concentration, despite interference from salt aerosol. Results show that the ambient concentrations
of salt and radon progeny found at WIPP do not alter the basic ability of the CAM to provide a proper alarm
at the 8-DAC-h level.
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Table 1

Example of Experimental Conditions and Results for a Test of Simultaneous
Collection of Plutonium, Salt, and Radon Progeny in the Eberline Alpha 6A

Parameter

Value

ITRI Test Number

CAM Identification

Detector Diameter

Collection Filter Diameter
Collection Filter Area
Collection Filter Type

Average 218p, Concentration
Estimated Radon Concentration

Duration of Radon Progeny Sampling before
Start of Plutonium and Salt Generation

Duration of Plutonium and Salt Generation
Time to 8-DAC-h Alarm
Effective Salt Concentration
Total Mass of Salt Collected
Mass of Salt Collected per cm®

Final Alpha 6A Pu DAC-h (for Pu ROI 92-126)
Final Alpha 6A Pu DAC-h (for Pu ROI 50-126)

Final Pu DAC-b from ZnS(Ag) Method

29

Eberline Alpha 6A, SNR 254
25 cm

2.5 cm

5.07 cm?

Versapor 3000

0.2 pCi/L

0.4 pCi/L

90 b

60 min

38 min

0.2 mg/m?
2.78 mg
0.5 mg/cm?
10 DAC-b
15 DAC-h
14 DAC-h
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Results for simultaneous collection of plutonium, salt, and radon progeny in the Eberline Alpha 6A
showing (A) minute by minute reports of plutonium cpm observed and (B) the alpha energy spectrum
at the conclusion of the test. Radon progeny were sampled for 90 h prior to start of plutonium and
salt generation. The slow, continuous release of plutonium and salt began at the 30-min time point
in panel (A) and continued for 60 min. The plutonium accumulation is barely visible near channel
110 on the spectrum, but the CAM easily detected the collected plutonium. See Table 1 for
additional details of the test conditions.

(Research sponsored by the Albuquerque Operations Office, U.S. Department of Energy, under Contract No.
DE-AC04-76EV01013.)




CHARACTERIZATION OF ENRICHED URANIUM DIOXIDE PARTICLES
FROM A URANIUM-HANDLING FACILITY:
PRELIMINARY EVALUATION OF IN VITRO SOLUBILITY

M. D. Hoover, R. A. Guilmette, G. J. Newton, R. J. Howard®, and S. M. Trotter*

Information about the amount and characteristics of radioactive particles that might be released in the
workplace is needed 1o set appropriate aerosol control levels and to assess the effective dose to workers from
inhalation exposures. A cooperative ITRI/Y-12 Plant study is underway to characterize the concentration,
aerodynamic size, and biological solubility of uranium aecrosols to which Y-12 workers might be exposed.

The ICRP-30 method (Limits for Intakes of Radionuclides by Workers, Report of Committee 2 of the
International Commission on Radiological Protection, Pergamon Press, Oxford, 1979) for dctermining an annual
limit on intake (ALI) and the derived air concentration (DAC) for radioactive acrosols involves three variables:
the type of radionuclide, its particle size distribution, and its solubility. In our 1991-1992 Annual Report (p. 37),
we reported on the characterization of the particle size distribution and composition of uranium oxide from
cleanup of the uranium melting and casting process at the Y-12 Plant. Urnium-234 is the major radionuclide
of concern for inhalation exposures to enriched uranium. It comprises less than 1% of the mass of the uranium,
but contributes 96% of the radioactivity. The default assumption in ICRP-30 is a particle size of 1 um
aerodynamic diameter. We found the particle size distribution of the uranium oxide powder to be substantially
larger than 1 um aerodynamic diameter. This results in an increased ALI, with the magnitude of the increase
depending on the solubility class of the material. The solubility classes assumed by ICRP-30 are class D
(dissolution half time of 0.5 days), W (half time of 50 days), and Y (half time of 500 days). For the less
soluble forms of 234U (dissolution half times on the order of weeks or years), the pulmonary region of the lung
is the target organ because particles deposited in the naso-pharyngeal and tracheobronchial region are quickly
cleared to the gastrointestinal tract by mucociliary action or swallowing. Pulmonary deposition for the particle
size distribution of the collected material was only 41% of the pulmonary deposition for 1-um diameter particles,
resulting in an ALI and DAC which are 2.4 times higher than the default values for both the class W and class
Y forms of uranium. For the more soluble forms of 234U (dissolution half time on the order of days), material
deposited in all three regions of the respiratory tract can dissolve and be translocated to the bone surface,
kidneys, and red bone marrow. Some radiation dose to the pulmonary region of the lung can also occur. For
the soluble material, radiation doses for the larger particle size distribution are only 81% of the doses from 1-um
particles, and the ALI and DAC are therefore 1.24 times higher than the default values.

Barber, J. M. and R. Forest have proposed a class Q clearance model for uranium oxides at the Y-12 Plant
(Class Q: A Modification of the ICRP Lung Model for Uranium Oxides, Y/DQ-39, Oak Ridge Y-12 Plant, Oak
Ridge, TN, March 1992). Their model, based on exposures of workers at the Y-12 Plant, estimates that 90%
of the material dissolves with a modified class W balf time of 120 days, and that 10% of the material dissolves
with a class Y half time of 500 days.

The current phase of our evaluation involves determination of the solubility class of the uranium oxide
powders for comparison with the model of Barber and Forest and determination of an appropriate site-specific
ALl and DAC for the Y-12 Plant. Samples of the size-separated materials were shipped from the Y-12 Plant
to ITRI, and preliminary in vitro dissolution tests were conducted on uranium oxide particles from the 2.9 um
to 4.3 um aerodynamic diameter size fraction. We used two solvents alone: serum ultrafiltrate or SUF
(Kanapilly, G. M. er al. Health Phys. 24: 497, 1973), and HC] at pH 5.0, the pH that has been measured in
phagolysosomes of alveolar macrophages. In a third system, we used SUF for 1 day, followed by HCI for the
remainder of the study, to simulate the realistic biological situation in which particles are deposited on the lung
epithelium, then engulfed by macrophages within about 1 day (1989-90 Annual Report, p. 68).

*Martin Marietta Energy Systems Y-12 Plant, Oak Ridge, Tennessee
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Figure 1 shows the amount dissolved as a function of time for the three test conditions. The particles were
more soluble in the SUF solvent than in the HCl. In tests using SUF followed by HCI, the initial dissolution
matched that of SUF alone, and the later dissolution was similar to the rate observed for HC] alone. Solubility
in both solvents appeared to be biphasic, with approximately 2% and 6% of the material dissolving with a half
time of approximately 0.5 days in the HCl and SUF, respectively. The balance of the material appeared to
dissolve with a half time greater than 500 days in HCI and with a half time of about 120 days in SUF.
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Figure 1. Amount of uranium oxide dissolved as a function of time for these three test conditions: serum
ultrafiltrate (SUF) alone, HC] at a pH typical of lysosomes in macrophages, and SUF for 1 day,
followed by HCI, to simulate the realistic situation in which particles are deposited on the lung
epithelium, then engulfed by macrophages. Error bars are standard deviation.

The greater dissolution of uranium in pH 7 SUF, as compared to pH 5 HCI, was not expected because U;Og
is increasingly soluble in solutions of increasing acidity (decreasing pH). The studies of Ansoborlo, E. P. et al.
(Radiat. Prot. Dosim. 26: 101, 1989) have shown that the in vitro dissolution rates for uranium oxides are
significantly affected by the presence of redox and complexing agents such as phosphate, bicarbonate, peroxide,
and pyrogallol. Such agents may be required both at pH 7 and pH 5, and may in fact control U oxide
dissolution in vivo. Future studies will involve longer dissolution times to provide improved estimates of the
half times, tests of additional size fractions, work with other solvents or combinations of solvents, and
comparison of our results with the model of Barber and Forest. Completion of the work will provide a technical
basis for selection of an appropriate ALI and DAC for uranium at the Y-12 Plant.

(Research sponsored by the Assistant Secretary for Defense Programs, U.S. Department of Energy under
DOE Contract No. DE-AC04-76EV01013.)
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USE OF LANTHANIDE OXIDES AS SURROGATES
FOR PLUTONIUM IN SIMULATED WASTE RETRIEVAL

G.J. Newton, M. D. Hoover, A. W. Cronenberg®, G. G. Loomis**, and S. H. Landsberger***

Between 1952 and 1970 large amounts of liquid and solid waste contaminated with transuranic radionuclides
were emplaced at the Idaho National Engineering Laboratory (INEL) in shallow land-filled pits. In 1987, organic
solvents (e.g., trichloroethylene and carbon tetrachloride) containing trace amounts of plutonium were claimed
to be found in an aquifer, 112 ft below the buried waste at INEL. Because of these findings, the wasie may
be retrieved for processing and final disposal.

The INEL project demonstration plans call for retrieval of simulated buried waste from a cold test pit
containing waste forms labeled with nonradioactive, stable lanthanide oxides that will serve as nonradioactive
surrogates for 239P002. In support of this effort, INEL contracted with ITRI to conduct a series of smaller-scale
tests, in a well-controlled environment, using the lanthanide oxide surrogates in INEL soil, to determine the
acrosol particle size distributions and the concentration of the various lanthanides within these distributions. This
study determined aerosol characteristics of (1) dispersed soils and (2) dispersed soils containing trace amounts
of lanthbanide oxides. Results of these aerosol experiments have been compared to assess and rank the adequacy
of lanthanide oxides as surrogates for 239Pqu', and to guide interpretation of the full-scale INEL tests of buried
waste retrieval operations.

At INEL, four different lanthanide oxides were placed in four different zones of the cold test pit.
Concentrations of lanthanide labels were 50 g/fton for dysprosium oxide (Dy,03), ytterbium oxide (Yb,0,), and
terbium oxide (TbyO5); and 455 gfton for neodymium oxide (Nd,0;). The soil used for the ITRI tests was
never contaminated and was supplied by the INEL in a 55 gal drum. Soil for the experiments was taken from
the drum in separate containers of about 5 kg each. The soil was homogenized by placing it in a drum roller
for about 1 h. Next, the soil was desiccated with gentle heat (50°C) for about 2 h. Lanthanide oxides including
Dy203, Yb,05, Tb, 04, and Nd203 were obtained from the same commercial source (Unocal, Division of
Molycorp, Los Angeles, CA) as was used in preparation of the cold test pit. Lanthanides were mixed with the
soil using a V-mixer. Samples of 300 g of INEL soil were labeled with 16.5 mg each of the Dy,0,, Yb,0;,
and TbyO,, and 150 mg of Nd;O;. The soil mass and mass of the label were weighed and placed in the V-
mixer for 30 min. A Venturi dust blower and screw feeder system developed at ITRI was used to disperse the
aerosol (1988-89 Annual Report, p. 365). The first set of aerosol runs was delivered directly to a five-stage
cyclone sampler for aerodynamic size distribution determinations of gram-sized samples. The second set of runs
delivered aerosol to a cylindrical sample chamber. Filter samples for mass concentration, cascade impactor
samples for aerodynamic size distribution determinations, and a point-to-plane electrostatic precipitator for
electronmicroscopic size analysis were taken, in parallel, from the chamber.

The entire output from the Venturi dust blower entered the five-stage cyclone sampler. Extrapolating the
fitted line of the plot of effective cutoff diameter (ECD) versus probability provided an estimation of the MMAD
of the soil. The aerodynamic size of the aerosolized INEL soil was, MMAD = 446 um + 113, 0, = 63 ¢
1.2. Lovelace multi-jet cascade impactors were used to collect airborne samples for aerodynamic size distribution
measurements of the aerosolized soil. A pre-cutter prior to the cascade impactor consisted of the first stage of
the five-stage cyclone train to remove larger particles (ECD > 6.0 um). Disks of stainless steel shimstock (37
mm diameter) were coated with Apiezon L grease dissolved in toluene to reduce bounce. After the toluene
evaporated from the 37 mm diameter shimstock disks, cascade impactor substrates and filters were stored in a
desiccator and the tare weights determined with a Cahn microbalance before use. After aerosol collection, ali
sample substrates were again placed in a desiccator for 3 h before weighing. The aerosol sampling flow rate
was 12 L/min to minimize particle bounce. Results for eight different cascade impacior runs sampling the raw
INEL soil, after the 6.0 um pre-cutter, were MMAD = 2.2 + 0.3 um, O, = 1.7 £ 0.2. For the lanthanide-labeled

*Private Consultant, Albuquerque, New Mexico
**Idaho National Engineering Laboratory, Idaho Falis, Idaho
***Department of Nuclear Engineering, University of Illinois, Champaign, Illinois
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studies, cascade impactor samples from three separate runs were pooled and the amount of the lantbanide content
determined by instrumental neutron activation analysis (INAA) at the Department of Nuclear Engincering at the
University of Illinois.

Figure 1 illustrates the size distribution parameters obtained for the total mass of collected dust and for one
lanthanide oxide, Yb203. Data for each of the four lanthanide oxides used in this evaluation are listed in
Table 1. Based on the data in Table 1, all size distribution determinations appear to be similar.

10 1 INEL Soll Labeled with Yb,0,

E
3
o
w 1.0 1 Cascade Impactor
Results
~O—Gravimetric
-B-INAA ~

LI UL I i \l
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Figure 1. Mass median acrodynamic diameter (MMAD) of Y,Oj;-labeled INEL soil as determined using a
Lovelace multi-jet cascade impactor. Data for the total mass are denoted by the circles (MMAD =
1.95 pum, o, = 1.53), whereas the squares indicate the MMAD as determined by INAA of cascade
impactor samples (MMAD = 1.63 um, 0, = 1.56). Lines are fitted values using a nonlinear least
squares fitting technique.

Table 1

Size Distribution Parameters for INEL Soil
Labeled with Various Lanthanide Oxides

Aerodynamic Size Distribution Parameters Determined
from Cascade Impactor Samples Preceded by a 6.0 um ECD Cyclone Pre-Cutter
by Total Airborne Mass and INAA?
Mass Median Aerodynamic Diameter (MMAD) (um),
Geometric Standard Deviation (GSD) (ag)

Gravimetric INAA
MMAD GSD MMAD GSD
(um) (©p (um) (@)
Yb,04 1.95 1.53 1.63 1.56
Tv,0, 1.93 1.53 2.20 1.45
Dy,0, 1.84 1.84 253 1.38
Nd,0, 2.01 1.61 1.86 1.54

Mean = S.D. 1.93 = 0.07 1.63 = 0.15 2.06 = 0.39 1.48 = 0.08

2INAA is instrumental neutron activation analysis.
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If the lanthanide-labeled soil in the cold test pit was as thoroughly mixed as were the samples for ihese
tests, acrosol data derived from lantbanide quantification will be a useful surrogate for 23‘)Puoz. This will enable
INEL to evaluate various dust suppression techniques and operational procedures without the added expense of
working with 23"PnOz-contamimm:d soils during the demonstration phase of buried wasie retrieval.

From a qualitative assessment, the Nd,O; bad the best match with the size distributions determined from
the gravimetric analyses of cascade impactor samples, although all four lanthanide oxides can be used as
surrogates for PuO, for the purposes of evaluating buried waste retrieval operations.

(Research sponsored by the Assistant Secretary for Environmental Restoration/Waste Management, U.S.
Department of Energy, under Contract No. DE-AC04-76EV01013.)
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A CASE STUDY ON A NESHAP EVALUATION FOR A
RADIOACTIVE MATERIALS HANDLING AREA

G. J. Newton, M. D. Hoover, and H.-S. Hwang*

The National Emission Standards for Hazardous Air Pollutants (NESHAP) 40 CFR Part 61, Subpant H refers
to Department of Energy-owned facilities. The requirement is that no facility operated by DOE can release
radionuclides that will expose a member of the general public to 10 mrem/yr which is defined as the national
standard. Furthermore, a facility that could expose the reference individual to 1% of the standard, 0.1 mrem/yr
or more, requires continuous monitoring of effluent stacks. Otherwise, only periodic confirmatory measurements
are required to demonstrate compliance.

Several methods are available to estimate source terms for the purpose of dose assessment. If a facility
handles or generates radionuclides, then it falls under the NESHAP standard and its attendant monitoring and
reporting requirements. The 40 CFR 61, Appendix D methodology is given below:

(1)  Determine the amount (in Curies) used at facilities for the period under consideration. Radioactive
materials in sealed packages that remain unopened and bhave not leaked during the assessment period
should not be included in the calculation.

) Multiply the amount used by the following factors, which depend on the physical state of the
radionuclide. They are: (a) 1 for gases; (b) 103 for liquids or particulate solids; and (c) 10° for
solids. If any nuclide is heated to a temperatuse of 100°C or more, boils at a temperature of 100°C
or less, or is intentionally dispersed into the environment, it must be considered to be a gas.

(3)  If a control device is installed between the place of use and the point of release, multiply emissions
from (2) by an adjustment factor. These are presented in 40 CFR 61, Appendix D, Table 1.
However, if the dose assessment is to determine the monitoring criteria of the source, no credits of
any control efficiencies should be used in the calculation.

At Sandia National Laboratories, Albuquerque (SNL, NM) Technical Area V, the Hot Cell Facility (HCF),
which includes the Hot Cell with Steel Containment Boxes (SCB), the Glove Box Laboratory (GBL), and
ancillary equipment and instrumentation in the support area have been designed and developed to support SNL,
NM experimental programs in which Special Nuclear Material (SNM) or other radioactive materials are used.
The underground facility includes four radiation control zones with zone 1 handling the most radioactive
materials. Zone 1 is within SCBs and is accessed with remote manipulators.

Release parameters for the HCF for NESHAP calculations are: stack height = 38.1 m, diameter at the top =
1.8 m, flow velocity = 8.7 m/sec, and exit temperature = 21°C. Volumetric flow rate = 22.14 m3/sec.

Operations include the preparation of materials for test, experiment assembly, post-test disassembly,
preparation of samples for post-test examination, and post-test microscopy and wet chemical analyses. In
addition, the HCF and GBL are used for preparation and packaging of SNM for reprocessing of radioactive and
contaminated waste for final disposition. Disassembly and sample preparation are conducted in zone 1 or within
a shielded glovebox in zone 2, depending on the hazard level. Materials requiring polishing prior to microscopic
examination are vacuum encapsulated in a selected resin. The choice of encapsulating materials is dictated by
the characteristics of the sample. After the mount has cured, the sample (mount and sample) is ground and
polished.

We have performed calculations using the NESHAP methods given above to determine an appropriate
scenario for the SNL, NM HCF. Figure 1 shows the decision tree we developed for this effort. We based the
reference scenario on the experiment bandling the largest inventory of radionuclides conducted in the HCF.

*

*Sandia National Laboratories, Albuquerque, New Mexico
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Historically, the HCF handled irradiated fuel with radioactivities of about 6000 Ci or less. During 1990, the
HCF conducted experiments on a Mark 22 fuel element from the Savannah River Site's Tritium Production
Facility. The SNL, NM used a typical value of 5.0 x 10* Ci in a 150-in long Al-U fuel element, with 1868 g
of uranium per Al-U fuel element. The specific activity of the fuel was, therefore, 26.8 Ci/g.

No
Do You Process or Generate
Radionuclide-Containing Materials? | No Furtftxr£céi:g a‘q“" ed

l

Determine Annual Inventory of Each
Radionuclide Handled or Generated

1

Select Appropriate Release Fractions
for Each Radionuclide Based on its
Physical Form:

(a) gaseous, (b) liquid or particle,
and (c) solid*

l

Use CAP88-PC to Calculate Doses to
Maximally Exposed Individual from [———»{  DoSe> 10 mremyr
Airborne Dispersion of the Source Term P

Dose < 0.1 mrem/yr 1 Dose > 0.1 mrem/yr
4
Minor Source Major Source
No Continuous Continuous Monitoring
Monitoring Required, Required to Demonstrate
but Periodic Confirmatory That Doses < 10 mrem/yr
Measurements are Required

*Note that any material heated over 100° C must be
assumed to be gaseous (release fraction = 1.0)

Figure 1. Decision tree to guide a facility in NESHAP compliance. For a calculated dose < 0.1 mrem/yr, no
continuous monitoring required. For a calculated dose > 0.1 mrem/yr, continuous monitoring is
required to verify that the dose is < 10 mrem/yr. For a calculated dose > 10 mrem/yr, operations
not permitted.

The first scenario used an assumed release fraction (see methodology in step 3 above) from solids of 10°6,
or a calculated release of 5.0 x 102 Ci. A second scenario involves assumptions about the fines created during
material science preparations. Dusts were collected and weighed during mounting, grinding, and polishing of
samples for metallurgical studies. Records show that a total of 30 g of fines werc actually created during the
preparation (Don Bragg, 1993, personal communication). The total radioactivity of the fines was 30 g * 26.7
Ci/g = 803 Ci. The Clean Air Act Assessment Package of 1988 for a Personal Computer (CAP88-PC) specifies
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an assumption that 1073 of the available fines is released, along with all gaseous fission products in the disrupted
fuel. Therefore, the total release estimate is (10'3)‘(803 Ci) = 0.8 (total max. relzase) Ci plus a small number
of Ci for 3H and ¥Kr. The calculated release in Ci from the 30 g of fines, 0.86 Ci, is larger than the
calculated release from the solids. This suggests that the creation of 30 g of fines from the historical preparation
of sawing and polishing is the reference operation for NESHAP calculations rather than the total inventory of
radionuclides in the fuel element. The assignment of the fuel element to the category of solids is valid because
the fuel element is an alloy of aluminum and enriched uranium and as such does not have the structure of oxide
fuels with grain boundaries and headspace between the oxide fuel and the cladding.

A total of 44 radionuclides that comprised the inventory of the Mark 22 fuel element was actually used for
the material science studies. The Ci quantities for each radionuclide in the 30 g of fines are multiplied by a
103 release fraction except for the gaseous fission products, 3H and 85Kr, which are assumed 1o be released with
a release fraction of 1.

The next step was to program the calculated maximum releases into the EPA-mandated program, CAP88-PC,
to calculate the dose to the closest NESHAP receptor. The significant dose estimate from these exercises is the
cumulative dose to the maximally exposed NESHAP individual. All of the radioactivities in this HCF scenario
have a cumulative dose to this reference individual of 0.032 mrem/yr, less than 0.1 mrem/yr; therefore, the HCF
qualifies as a niinor source and does not require continuous monitoring.

In estimating doses to the NESHAP reference individual, we became aware of a series of errors that are
incorporated into CAP88-PC. These errors result in an underestimate of the dose to the reference individual for
certain two-member chains of beta-gamma-emitting radionuclides. The CAP88-PC can bandle two complex,
naturally occurring chains of radionuclides (233U and 232’1‘!1) and four simple chains (137Cs-l37Ba, 140B,.190 5,
Mo-"Tc, and 10Pb—ZloBi). CAP88-PC does not calculate the dose correctly from at least five other
biologically important, simple, two-member chains (*°St-20Y, 93Zr-%Nb, 1B3Ru-1Rp, 1%Ru-1%Rh, and 1*4Ce-
144Pr). The underestimate of dose caused by these errors in CAP88-PC is not significant when the code is used
to broadly classify poteutial emission sources (for example, less than 20% in the SNL, NM HCF example given
above). Care should be used in utilizing this program for other purposes.

(Research supported by Sandia National Laboratories for National Emissions Standard for Hazardous Air
Pollutants under Purchase Order No. AB-5225 through U.S. Department of Energy Contract No. DE-AC04-
76EV01013).
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NASAL DEPOSITION OF ULTRAFINE AEROSOLS IN HUMANS

Y. S. Cheng, H. C. Yeh, S. Q. Simpson*, and D. L. Swift**

Particles that deposit in the nasal airways are usually very large or very small (Cheng, Y. S. et al. Radiat.
Prot. Dosim. 38: 41, 1991). Human volunteers bave most often been used in studies of particles larger than
0.5 um, whereas recent data on ultrafine particle deposition came from physical airway models (Cheng, Y. S.
et al. J. Aerosol Sci. 19: 741, 1988; Yamada, Y. et al. Inhal. Toxicol. Premier Issue 1: 1, 1988). Studies in
airway models provide large data sets with which to evaluate the deposition mechanism. However, data obtained
in human subjects are needed to validate the results obtained with these models because of possible artifacts in
the models. The only published study of in vivo deposition of ultrafine particles (George, A. and A J. Breslin.
Health Phys. 17: 115, 1969) examined both total respiratory deposition of radon-progeny-bearing particles in
mining and laboratory environments, and nasal deposition in laboratory experiments on three subjects. The nasal
deposition for "unattached 218p, » was found to range from 80% for a 3 L min! flow rate 10 60% for flow
rates in excess of 30 L min'. Unfortunately, the particle size of the radon progeny was not determined;
therefore, it was not possible to relate the deposition to the particle size and flow rate without making certain
assumptions for the particle size. Thus, human studies are needed for nasal deposition of ultrafine particles in
the size range of 1 to 500 nm.

Four adult male, nonsmoking, healthy human volunteers (ages 40 to 57 yr) participated in this study. Each
person underwent nasal deposition experiments at the constant flow rates of 4, 10, and 20 L/min. The exposure
was conducted in the Human Exposure Laboratory at ITRI, and the exposure system has been described (1991-92
Annual Report, p. 28). The system included the aerosol generator, charge neutralizer, diluting air, nasal mask,
mouth tube, and two condensation particle counters (CPC). Monodisperse aerosols of silver particles (5, 8, and
20 nm) and polystyrene latex particles (50 and 100 nm) were used.

For this study, a buman subject sat comfortably in a chair in front of the exposure apparatus. He was fitted
with a nasal mask (Silicon Contour Mask, Respironic, Inc., Murrysville, PA) and mouth tube (Small Rubber
Mouth Tube, Warren E. Collins, Braintree, MA). He breathed filtered air normally through the nasal mask and
mouth tube for several minutes to ensure that he was comfortable in wearing the mask and tube, and in holding
his breath. He continued to breathe the filtered air normally for a few more minutes, then the aerosol flow was
switched on by pushing a buiton. Two-way and three-way solenoid ball valves (Quality Control, Inc., Tilton,
NH) were used to control the flow direction. The subject then held his breath for at least 30 sec but not over
1 min. During that time, an aerosol was drawn through the nasal airway and exhausted throughb the moutb tube.
Aerosol concentrations in the supply and exhaust air were measured. The same maneuver was repeated eight
times for each experimental condition.

Acrosol number concentrations (particles/cc) were determined by one TSI CPC (Model 3025, St. Paul, MN).
The inlet and outlet concentrations were determined by sampling the aerosol through a three-way Delta solenoid
valve (Fluorocarbon, Anakeim, CA). The signals from the CPC, the temperature probe, and the flow sensors
were electronically connected to a data acquisition and control system (Analogue Connection, Strawberry Tree,
Inc., Sunnyvale, CA) and an IBM 386-based PC. Labtech Note software (Wilmington, MA) was used to control
and manage the system.

The deposition efficiency in the nasal airway was calculated as follows:

D =1 - _meswed 1)

*Depantment of Medicine, University of New Mexico, Albuquerque, New Mexico
**School of Hygiene and Public Health, Johns Hopkins University, Baltimore, Maryland
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where P ... eq iS the measured penctration estimated from the acrosol concentrations of inhaled and exbaled
air (Ppeasured = Cex/Cin)s and l’sywm is the acrosol penetration in the sampling system including tubes, mask,
and mouth tube. P, .., was determined for cach experimental condition with all components intact, but without
the subject.

Figure 1, which shows the inspiratory deposition efficiency of the four subjects at 4 L min"!, indicates
considerable variability in the deposition among subjects. Figure 2 shows the mean inspiratory depositing
efficiency at 4, 10, and 20 L min™". The curves in the figures are the predicted deposition at the comesponding
flow rate based on the turbulent diffusion theory and data obtaincd from a deposition study using nasal airway
casts (Cheng, Y. S. et al. Aerosol Sci. Technol. 18: 359, 1993). In general, the in vivo data agree with the
turbulent diffusion theory. The differences in deposition between those obtained at 4 L min'! and 20 L min’!
are more than those predicted by the theory. We are looking into the reasons for that, and aic comparing the
results obtained by using a MRI nasal cast. We are also examining the reasons for the inter-subject variations.
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Figure 1. Inspiratory nasal deposition for four human volunteers at 4 L min’\.
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Figure 2. Mean nasal deposition for inspiratory flows in four human subjects are indicated by the symbols.
The curves are predicted depositions (Cheng et al., 1993). Error bars are standard deviations.

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy under
Contract No. DE-AC04-76EV(01013).
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TRANSPORT OF INHALED METALS AND SOLVENTS THROUGH THE
OLFACTORY EPITHELIUM INTO THE OLFACTORY BULBS

J. L. Lewis, J. R. Harkema, A. R. Dahl, and Y. S. Cheng

Transport of inhaled toxicants directly into the central nervous system (CNS) through the olfactory epithelium
has been proposed to play a role in the development of neurodegenerative discases. This transport is suggested
primarily because of the anatomy of the olfactory epithelium where dendrites of olfactory receptor neurons
contact the nasal lumen and axons of these same cells and project through the cribriform plate before synapsing
within the olfactory bulb (Fig. 1). The need for systematic study of toxicant transport of inhaled materials from
the olfactory epithelium to the brain is indicated by the following: (1) Theories implicating aluminum and other
airborne, inhaled environmental toxicants as causal in Alzheimer's and related diseases have been debated, with
no clear resolution, since 1973 (Roberts, E. Neurobiol. Aging 7: 561, 1986). (2) Several materials including
metals and solvents (the toxic effects of which including learning and memory deficits) translocate to the
olfactory bulb following nasal instillation and can show anterograde and retrograde transport within the brain
(Lewis, J. L. and A. R. Dahl. In The Vuinerable Brain and Environmental Risks, Vol. 3 [R. L. Isaacson and
K. F. Jensen, eds.], Plenum, New York, 1993, in press). (3) The hippocampus, the brain region most often
implicated in learning and memory, is only two synapses removed from the olfactory epithelium (Schwerdtfeger,
W. K. et al. Neurology 292: 163, 1990). (4) To date, no experimental test of the central hypothesis of these
theories of neurotoxicity has used inhalation as a route of exposure or attempted to assess what characteristics
of either the epithelium or inhalants govern what materials enter the CNS (Lewis and Dahl, 1993).
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Figure 1. Anatomy of the olfactory mucosa, bulbs, and efferent projections. Diagram not to scale. All
structures are bilaterally represented. (NA = nasal airway; S = sustentacular cells which suppon
receptor neurons; R = bi-polar olfactory receptor neurons with cilia projecting into the nasal cavity
and a single axon projecting through the lamina propria, torming nerve fascicles which penetrate the
skull at the cribriform plate to synapse in the olfactory bulb; B = basal cells, progenitor cells for
replacement of lost receptors; BG = Bowman's glands, primary secretory cells in this epithelium;
CP = cribriform plate - perforated portion of skull through which olfactory nerves enter CNS; OB =
olfactory bulb.)
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In many of the studies mentioned above, either material in solution was instilled or malerial impregnated
with the substance of interest was surgically packed in the nasal cavity. In addition, high concentrations of test
substances were used. In humans, inhalation is the route of exposure most likely to result in olfactory transpon,
and environmental concentrations of materials are likely to be limited by industrial exposure standards well below
the concentrations tested. Because airflow characteristics in the nasal cavity result in only 15% of inhaled air
reaching the olfactory epithelium during normal breathing (Kimbell, J. S. et al. Toxicol. Appl. Pharmacol. 121:
253, 1993), actual concentrations of toxicants reaching this tissue are likely to be very low.

The CNS is protected from materials in the systemic circulation by a blood-brain barrier composed of tight
junctions between endothelial cells lining the blood vessel, and high enzymatic capacity in those cells. The
olfactory epithelium also has tight junctions between cells lining the nasal lumen and high xenobiotic-
metabolizing capacity within these cells (Lewis and Dahl, 1993). Therefore, the blood-brain barrier may provide
a useful model to begin examining what characteristics of the olfactory epithelium provide a barrier to inhaled
toxicants (a nose-brain barrier) and under what conditions this barrier may be penetrated. It is likely that a nose-
brain barrier will also include a role for the mucous secretions lining the tissue and the high
immune/inflammatory capacity of the nasal epithelium (Lewis and Dahl, 1993). However, the model of the
blood-brain barrier provides a conceptual framework to begin unraveling protective mechanisms in the olfactory
system.

Using the F344/N Hsd rat as a model, a four-tiered approach is being followed in our laboratory to examine
the nose-brain barrier and its role in the etiology of CNS disease:

¢)) The role of toxicant solubility on transport to the CNS is being examined by using histopathological
and quantitative tissue analytical techniques to compare the localization within the CNS of inhaled
soluble and insoluble compounds of the metals aluminum and nickel, as well as the solvenis xylene,
amyl acetate, and ethanol that vary 60-fold in blood-air partition coefficients. All exposures will
consist of inhalation of toxicants at the threshold limit values used for industrial exposures.
Collaboration with Drs. Quintas Fernando and Dean Carter at the University of Arizona will allow
cellular localization of the metals using micro-proton-induced X-ray-emission (micro-PIXE).
Subcellular localization will be accomplished through collaboration with Dr. Terry Mitchell at Los
Alamos National Laboratories using electron energy loss or X-ray energy dispersive spectroscopy.
Solvents will be examined by quantitative autoradiography.

2) The role of the physical structure of the olfactory mucosa on transport will be examined by causing
lesions in the olfactory epithelium by pre-exposure to methyl bromide. This exposure will produce
loss of sustentacular cells and mature receptor cells (Hurtt, M. E. et al. Toxicol. Appl. Pharmacol.
94: 311, 1988). The epithelium will regenerate, but whether the epithelium is more penetrable during
the period of disruption can be examined using this technique. The question of transport in the
presence of epithelial lesions is important because this is a common response of the epithelium to
toxicant exposure.

3) Inhibition of xenobiotic metabolism could allow substrates normally metabolized and cleared in the
nasal mucosa to be transported to the olfactory bulb. In some cases, metabolism in the bulb could
increase clearance of materials at that level, but if bulb clearance is compromised, transport to other
CNS regions in the olfactory system may occur. The solvents used in this study vary not only in
solubility, but in the nasal enzymes that metabolize them. Prior administration of enzyme inhibitors
will allow assessment of the effect of xenobiotic metabolism on CNS distribution. This should allow
assessment of the interactions between solubility and metabolism as well.

4) Because both aluminum and nickel have been reported to accumulate in olfactory pathways following
nasal instillation, but only aluminum is considered a neurotoxicant, the neurotoxicity of transported
materials may be a function of distribution and rate of clearance as well as initial transport.
Providing details of the differences in sites of accumulation and rate of clearance within the CNS
for these two metals may increase our understanding of aluminum neurotoxicity.
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To date, we have replicated and characterized the methbyl-bromide-induced lesions of the olfactory epithelium
in rats and bave begun subsequent exposures to nickel sulfste. In conjunction with Dr. Fernando at the
University of Arizona, methodology is being developed for quantitation of nickel in tissues using the micro-PIXE
system. Radiolabeled solvents for localization of inhaled solvents following enzyme inhibition have beem
synthesized, and procedures for enzyme inhibition are being validated.

By incorporating environmentally relevant concentrations of toxicants and route of exposure (inhalation) into
the experimental design, the above body of work should allow us to determine (1) if oifactory transport of
toxicants is an important factor to be considered in determining human risk in industrial settings; (2) whether
transport through the olfactory epithelium plays a role in the etiology of late-developing neurodegencrative
discases; and (3) the importance of olfactory mucosal lesions on this process. Demonstration of the occurrence
of toxicant transport via the olfactory epithelium with inkalation of concentrations of materials which mimic
environmental exposures is critical in resolving the debate on the etiology of memory-related disorders and in
assessing the potential health risk of airbome toxicants.

(Research sponsored by PHS/NIH under Grant R01-DC01714 from the National Institute on Deafness and

Other Communication Disorders in facilities provided by the U.S. Department of Energy under Coniract No.
DE-AC04-76EV01013.)
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PROGRESS TOWARD AN EXPERIMENTALLY VALIDATED MODEL FOR
CALCULATING TISSUE DOSAGE OF INHALED VAPORS

A. R. Dahl and P. Gerde*

Tissue dosage of inhaled gas molecules is dependent on two linked pbenomena: resistance to transfer of
the molecules from the air to the airway surfaces, and events that occur in the liquid phase of the mucosa.
Because of the rapid diffusion of gases, as well as the convective forces in inhaled air, air phase resistance in
the narrow passages of the nasal cavity and smaller airways of the lung will be important only when there is
a steep gradient in vapor concentration between the inhaled air and the surface of the mucosa. Such a gradient
is set up for rapidly reactive gases, such as formaldehyde, that essentially "disappear” on first contact with the
moist nasal mucosa. In the larger airways of the lung, where gas molecules may traverse relatively long
distances from the air to the mucosa, airway resistance may be important even for relatively nonreactive and
insoluble vapors. In the liquid pbase of the mucosa, transport of gas molecules from the mucosal surface to
the capillaries is effected by diffusion, by chemical reaction with components of the mucosa, or by both of these
phenomena.

Diftferent types of models are useful for predicting uptake of gases having different chemical reactivities or
solubilities. For rapidly reactive gases, dosage to tissue is a function of flow patterns (Kimbell J. S. et al
Toxicol. Appl. Pharmacol. 121: 253, 1993): The higher the proportion of air flow over a particular portion of
the mucosa, the larger the dose that tissue receives. So-called super computer models are used to calculate flow
patterns and dose rates in the torturous chambers of the nasal cavity. At the other extreme of reactivity, gases
that are unreactive and poorly soluble (having water/air partition coefficients of less than approximately 50)
interact minimally with the respiratory tract, and uptake of such gases occurs mostly in the gas exchange region
of the lung.

Vapors with properties between the two extremes of solubility and reactivity include important toxicants for
which modeling efforts require sophisticated analysis of subtle and complex phenomena. For example, tissue
dosage of ozone (which is not so rapidly reactive that it cannot reach sufficient backpressure in the nasal mucosa
to reach the deep lung) and common air pollutants such as alcohols and ketones are difficult to model because
the air/mucosa boundary condition (the concentration of the vapor at the boundary between the mucosa and the
air) cannot be set to zero - as is the case for formaldehyde and other rapidly reactive gases - nor can it be
assumed to be approximately given by the inbaled gas concentration and the partition coefficient - as is the case
for common anesthetics and other unreactive, relatively insoluble gases. The most difficult modeling case is that
where chemical reaction occurs at a moderate rate in the mucosa, ozone being an example. Methods to address
such cases a priori involve all the complexities of chemical reaction kinetics of a gas in a complex mixture -
in this case the mucosa - and satisfactory methods are still not at hand. On the other hand, for gases that are
relatively soluble but unreactive in the mucosa - in which case uptake is effected solely by ventilation patterns,
diffusion into the capillary blood, and the rate of perfusion - we have methods to calculate dosage to the tissues
of the respiratory tract (Gerde, P. and A. R. Dahl. Toxicol. Appl. Pharmacol. 109: 276, 1991).

We are currently extending an experimentally validated mathematical model developed for uptake of vapors
in the canine nose to include both uptake of vapors in discrete sections of the canine lower respiratory tract and
uptake in the rat upper and lower respiratory tract. The method for carrying out the experimental validation in
the rat has been reported (1991-92 Annual Report, p. 69), and the mathematical model developed for uptake in
the canine nose has been adapted to accept appropriate physiological parameters to determine the dosage to tissue
in the rat respiratory tract (Fig. 1). For the development of a model of uptake in the lower respiratory tract,
we will use a mathematical model similar to that published previously (Gerde and Dahl, 1991) with
modifications, taking into account air phase resistance to uptake in the larger lung airways. To validate the lung
model, we have developed techniques by which we can place dual catheter tubes down as far as the eighth
generation of the dog bronchial tree, using a bronchoscope as a guide for placement. We will use the dual
catheters to determine uptake in discrete portions of the dog lower respiratory tract. The data will then be used
to validate 2 mathematical model describing uptake in the entire respiratory tract for unreactive but soluble gases.

*Pant-time employee of ITRI and of the National Institute of Occupational Health, Solna, Sweden
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Rat

Respiratory Rate (breaths/min):

Tidal Volume (mL):

Number of Breaths Simulated:

Number of Timesteps Per Breath:
Thickness Air/Blood Bamier (um):
Nasal Mucosa Blood Flow (m3/m2/scc):

Solvent Vapor

Blood/Air Partition Coefficient:

Effective Diffusivity in Tissues (mzlscc):
Vapor Concentration Exiting Lung:
Sampling Flow Rate to GC (mL/min):

Output Data

Nasal Uptake (fraction of inhaled):
Sampled Nasal Uptake:
Nasal Desorption:
Sampled Nasal Desorption:
Blood Absorption:
Mass Balance:
Stability Criteria (less than 0.5):
Dispersion Criteria (less than 1.0):

Figure 1. Input parameters and output data.
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Figure 1 (continued). Computer simulation showing (A) concentration of vapor in air as a function of breathing
cycle and the distance into the nasal airway from the tip of the nose, and (B)

concentration of vapor in the mucosa at a cross-section perpendicular to the air space,
taken at 10% of the distance from the tip of nose to the nasopharynx.

(Research sponsored by the PHS/NIH under Grant R01-ES04422 from the National Institute for
Environmental Health Sciences in facilities provided by the U.S. Department of Energy under Contract No. DE-

AQD4-76EV01013.)
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PARTICLE-ASSOCIATED HYDROCARBONS AND LUNG CANCER:
THE CORRELATION BETWEEN CELLULAR DOSIMETRY
AND TUMOR DISTRIBUTION

P. Gerde®*, B. A. Muggenburg, R. F. Henderson, and A. R. Dahl

The well-known correlation between patterns of particle deposition in the human bronchial tree and the
apparent sites of origin of primary bronchial tumors (Schlesinger R. B. and M. Lippmann. Environ. Res. 15: 424,
1978) is paradoxical because clearance of inhaled particles from the bronchi is comparatively rapid, leading to
short exposure time. However, there may be a dosimetric link between deposition of highly lipophilic
carcinogens such as polycyclic aromatic hydrocarbons (PAHs), reversibly adsorbed on inbaled particles, and the
distinctive distribution of preneoplastic and neoplastic lesions in the lungs. This study was based on the
assumption that the dosimetry of PAHs is determined primarily by the behavior of the dissolved hydrocarbons
in the tissues after release from their carrier particles.

We measured clearance of PAHs from the respiratory tract of the Beagle dog via three different routes:
alveolar clearance, mucociliary clearance, and penetration of the tracheobronchial epithelium. Alveolar clearance
was measured by exposing the dogs to an aerosol bolus of PAHs in a single breath, then monitoring the
appearance of the PAHs in the blood entering and leaving the lungs (Gerde, P. er al. Toxicol. Appl. Pharmacol.
121: 313, 1993a). Mucociliary clearance of dissolved PAHs was measured by instilling onto the mucous blanket
in the trachea small volumes of PAHs dissolved in saline, followed by lavage of the mucous-retained materials
(Gerde, P. et al. Toxicol. Appl. Pharmacol. 121: 319, 1993b). Retention of BaP in the bronchi was determined
by instilling the hydrocarbons onto the airway walls followed by measuring the tissue concentration at different
times after instillation (Gerde, P. et al. Toxicol. Appl. Pharmacol. 121: 328, 1993c).

Results show that clearance of the highly lipophilic carcinogen benzo(a)pyrene (BaP) to the blood takes only
minutes in the alveoli, while in the thicker epithelium of the bronchi, clearance may take hours. The data were
sufficient to demonstrate that once desorbed from the particles, highly lipophilic PAHs are diffusion-limited
during clearance through the airway epithelium to the capillary blood (Gerde et al.,, 1993c). A direct result of
slowed clearance is a high concentration of the PAH in the bronchial epithelium and an increased opportunity
for metabolism to reactive forms on first-pass penetration to the capillary blood. Figure 1 shows the calculated
tissue concentration of BaP in three iraportant tissue compartments following exposure to BaP at an even density
of deposition over the entire surface of the lungs. A prolonged clevation of the concentration of BaP-equivalent
activity in the thicker bronchial epithelium is the most important consequence of diffusion-limited clearance of
BaP in the lungs. In contrast, less lipophilic substances are perfusion-limited during clearance, and are likely
to clear within minutes from all regions of the lungs to the circulating blood. Perfusion-limited toxicants are
more likely to induce toxicity in richly perfused tissues such as the alveoli.

For organic compounds, both lipophilicity and the tendency of gaseous organics to adsorb onto airborne
particles increase with increasing molecular weight. As a consequence, the greater likelihood of highly lipophilic
toxicants to induce first-pass toxicity during diffusion-limited clearance links the seemingly independent
parameters of lipophilicity and particle-association: highly lipophilic organic toxicants will be carried into the
lungs adsorbed on particles, and not as gases. Highly lipophilic toxicants desorbed from particles are more likely
to induce first-pass toxicity near the location of their deposition than less lipophilic compounds. This coincidence
of physicochemical properties may provide a plausible explanation for the correlation between particle deposition
patterns and the distribution of tumors in the bronchial tree. This new information on the microdosimetry of
PAHs in the lungs should improve risk assessments of exposure to inhaled particle-associated hydrocarbons.

*Part-time employee of ITRI and of the National Institute of Occupational Health, Solna, Sweden
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Figure 1. Calculated tissue concentrations of BaP-eq in the Beagle dog following an even deposition of 0.5
;cg/m2 of BaP over the entire surface of lungs and airways. The thicknesses of the alveolar air/blood
barrier and the bronchial epithelium have been assumed to be 1.6 and 30 um, respectively. Note
the prolonged elevation of the concentration in the bronchial epithclium caused by the diffusion-

limited absorption of the highly lipophilic carcinogen BaP. Based on data from Gerde e al.
(1993a,b).

(Research sponsored by the PHS/NIH under Grant R01-ES05910 from the National Institute of Environmental

Health Sciences in facilities provided by the U.S. Depantment of Energy under Contract No. DE-AC04-
76EV01013.)
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RETENTION SITES FOR PARTICLES DEPOSITED
IN LUNG CONDUCTING AIRWAYS OF BEAGLE DOGS

M. B. Snipes, B. A. Muggenburg, K. J. Nikula, and R. A. Guilmette

The International Commission on Radiological Protection (ICRP) bas incorporated long-term retention of
radioactive particles in conducting airways into its newly approved respiratory tract dosimetry model (ICRP
Report No. 66, 1993, in press). This model is purported to provide a better basis for assessing risk associated
with human inhalation exposures to radioactive particles. However, applying the new model requires an
understanding of particle retention patterns in conducting airways of the lung. Beagle dogs and a unique airway
dosing procedure were used to quantify long-term retention patterns for panticles deposited at specific sites in
conducting airways. The dog was selected as a model because long-term retention and clearance patterns for
particles deposited in the lungs of dogs and humans are similar (Snipes, M. B. CRC Crit. Rev. Toxicol. 20: 175,
1989). Male and female Beagle dogs, 2 to 4 yr old, were obtained from the Institute's closed colony. A
fiberoptic bronchoscope was used to position the dosing device, a microspray nozzle (Hoover, M. D. er al
J. Aerosol Med. 6: 67, 1993), in specific airway sites in dog lungs. The sites selected for dosing had 15-mm,
8-mm, or 4-mm diameters. A suspension of test particles in 20 uL. or 6 ul of saline solution was expelled
through the microspray nozzle using 1 mL of air.

Three kinds of test particles were used: (1) monodisperse 3-4 um diameter polystyrene latex (PSL)
microspheres, radiolabeled with either 85Sr, 5‘)Fe, or %sc (3M Company, Minneapolis, MN), were suspended in
0.9% saline containing 0.05% Tween-80 surfactant (3M Company); (2) polydisperse fused aluminisilicate particles
(FAP) radiolabeled with 4%6sc or 169Yb, with an activity median aerodynamic diameter of 1.6 um, and a
geometric standard deviation of 1.8; and (3) monodisperse yellow-green fluorescent PSL microspheres (1.1 or
3.2 um; Polysciences, Inc., Warrington, PA), used in combination with radiolabeled PSL. microspheres or alone
to allow visual localization of retained particles in histological slides.

Details about the procedures used to spray particles onto airways of dogs, as well as results relevant to
clearance determined by in vivo whole-body counting, have been previously described (1989-90 Annual Repornt,
p- 49; 1990-91 Annual Report, p. 59; 1991-92 Annual Report, p. 77). This report emphasizes the results
obtaincd from examination of histological sections of airways and parenchyma obtained from dosing sites and
attempts to determine the extent to which the spraying procedure influenced the results. In some cases, the dogs
were alive at the time of dosing. However, to eliminate Jung movement resulting from breathing or heart beat
as factors that could influence particle locations immediately after dosing, lungs of dead dogs were also dosed.
After dosing, lungs were removed from the thoracic cavity, inflated with air, and either fixed with 10% neutral
buffered formalin by vascular perfusion or inflation-dried. The drying procedure became the method of choice
because the potential for dislocation or movement of particles in the lung during the drying procedure is minimal.
Lungs were dried while inflated at 30-cm H,O pressure in a microwave oven using a procedure similar to one
previously described (Valberg, P. A. et al. J. Appl. Physiol. 53: 824, 1982).

The volumes of lung tissue of interest at and near the dosing sites were mapped and carefully dissected free
of the surrounding lung tissue. The total volume of lung tissue removed was about 2-3 cm” for each site.
These specimens of lung tissue were cut into about 20 pieces and embedded in glycol methacrylate (Polysciences,
Inc., Warrington, PA). Plastic embedding was necessary to maintain the integrity of the PSL microspheres.
Embedded tissues were sectioned at 3 to 5 um and mounted on glass slides for light and epifluorescent
microscopy to determine the locations of retained microspheres. We anticipated finding the microspheres
associated with airway epithelium near the dosing site. Unexpectedly, most of the instilled microspheres
remaining in the Jung longer than 6 days after dosing were in parenchyma distal to the dosing sites.

These direct observations of lung tissue examined 6 days or longer after dosing consistently demonstrated
long-term retention of test particles in lung parenchyma, but not in conducting airways. This result may have
been the consequence of retrograde movement of particles from airways into the lung parenchyma, as
hypothesized in a series of studies with dogs during the late 1960s and early 1970s which evaluated powdered
tantalum metal as a radiographic contrast medium (Morrow, P. E. et al. Radiology 121: 415, 1976). Large




amounts of tantalum were insufflated into the conducting airways of the dogs, and significant alveolar burdens
of tantalum were present in essentially all of the dogs after about 1 day. Wolff, R. K. er al. (J. Aerosol Med.
2: 261, 1989) used a fiberoptic bronchoscope and dry powder dispersion technique to disperse 3 um and 9 um
monodisperse radiolabeled or fluorescent PSL microspheres to a depth of about the sixth generation of lung
airways in dogs. The microspheres were forced through the dosing apparatus using air, and the dogs were
sacrificed immediately after dosing. Most of the fluorescent microspheres found after dissection of the lung were
in the fifth 1o tenth generation airways, but some were as far into the lung as the terminal bronchioles and
alveoli.

After concluding that the dosing procedure might have influenced our results, a study was conducted to
determine the locations of particles immediately after dosing. Dogs were available {rom another study at the
Institute, not involving the lung, and bad been cxsangumaled about 0.5 h prior to the time that particles were
sprayed into their lung airways. A mixture of 3-4 um %Sc-labeled PSL and 3.2 um fluorescent microspheres
was used in one study. The dosing volume was 20 uL (1.5 x 10’ microspheres) for four dogs and & ul. (5 x
10° microspheres) for one dog; three, 4-mm diameter airway sites were dosed in each dog. 7Tke lungs were
removed about 30 min after dosing, inflated, and dried in a microwave oven. After the lungs were dried,
locations of the microspheres were |demlﬁed using a radiation detector. The volumes of lung tissue containing
all detectable radioactivity, about 1-3 cm? for each dosing site, were dissected from the Jungs and cut into pieces
small enough to rehydrate and embed in plastic. Most of the microspheres seen in tissue sections were on
bronchial surfaces proximal to the deposition sites. This indicates mucociliary clearance was still occurnng even
though the dogs were dead at the time of dosing. However, when either the 20 uL (1.5 x 107 microspheres)
or 6 ul. (5 x 10° microspheres) dose was used for microspheres were invariably found in alveoli distal to the
dosing site.

To evaluate the effect of particle number on subsequent distribution in lung, five dogs were exposed that
were dead about 30 min before they were dosed. A dosing volume of 6 ul. was used that contained about 3 x
10° 1.1 um fluorescent microspheres, and two, 4-mm diameter airway sites were dosed in the lungs of each dog.
Onc day prior to dosing, the deposition sites to be used were marked by positioning the tip of the bronchoscope
about 1 cm from the designated site, inserting a hypodermic needle, on the end of a polyethylene tube, about
0.5 mm into the airway mucosa, and injecting a small amount of India ink. This effectively marked a spot
about 1 cm from the location at which the microspheres would be sprayed the following day. The microsphere
dosing procedure and lung drying were the same as for the first part of this study, except that two dogs were
suspended vertically with their beads pointed down during the dosing procedure. This modification of the dosing
procedure was included to test the possible effects of gravity on rctrograde movement of the microspheres after
spraying them into the airway. After drying the tungs in a microwave oven, the dosing sites were found by
locating the ink marks. The lung tissue occupying a volume of about 1.2 cm diameter by about 3 cm long and
distal to the ink tattoo was carefully dissected from the lung and cut into pieces small enough to embed in
plastic. The pieces of lung tissue were mapped relative to the ink tattoo and each other and labeled for later
refecrence.  The pieces of lung were hydrated, embedded in plastic, and representative 3 um sections were
mounted on glass slides for light and epifluorescent microscopy to determine the locations of retained
microspheres. Twe-hundred-and-one fluorescent microspheres were located in tissue sections prepared from
picces of lung near five of the airway locations. The microspheres were all observed on airway surfaces; none
of the observed microspheres were within or under the airway epnhcllum or in alveoli. No fluorescent
microspheres were found at or near the other five locations dosed with 3 x 10° microspheres/6 uL. Additionally,
results were not influenced by the orientation of the lung relative to gravity when the 6 ul. doses were used.

Even though the 20 uL dosing volume was relatively small, large numbers of 3-4 um PSL microspheres
were deposited per unit area of airway epithelium. The 1.5 x 10’ nn(rosphcres were dchvcrcd to an cstimated
50 mm* of airway surface at the 4-mm diameter sites (6 ug/mm- ) and to 500 mm> at the 15-mm diameter
airway sites (0.6 yg/mm"'). The volume of dosing suspension for the FAP was also 20 uL, but the numbers and
mass of patticles deposited per unit area of airway epithelium were both subsiantially less than for the PSL
microspheres. These results suggest that using small volumes of particle suspensions may be necessary to avoid
alveolarization of a portion of the dose.

An important point to make is that in many cases the entire dose of particles, within the ability to measure
them with the counting system used, cleared from the dosing site within 3 days (1989-90 Annual Repon, p. 49;

41




1990-91 Annual Repont, p. 59; 1991-92 Annual Report, p. 77). Therefore, these results suggest that the dosing
procedure may result in alvecizrization of a portion of the particles sprayed onlo airways,; if the particles do not
become alveolarized, they are effectively removed from the airways via the mucociliary escalator.

In summary, the microspray dosing procedure is adequate for depositing particles in a liquid vehicle on
predefined segments of conducting airways as small as 4 mm diameter. No evidence for long-term retention
of particles in conducting airways was observed, but some particles were retained in alveoli. This was apparently
due to retrograde movement of particles subsequent to deposition, particularly when a dosing volume of 20 uL
was used. This phenomenon may have been due to effects of surface tension, gravity, or the physicochemical
composition of the suspension vehicle.

(Research sponsored by the Office of Health and Environmental Research, U. S. Department of Energy,
under Contract No. DE-AC04-76EV01013.)




THE FATE OF INHALED NICKEL COMPOUNDS IN CYNOMOLGUS MONKEYS

J. M. Benson, Y. S. Cheng, B. A. Muggenburg, and F. F. Hahn

We evaluated the fate of nickel oxide (green oxide; NiO), nickel sulfatc hexahydrate (NiSO,-6H,0), and
nickel subsulfide (Ni;S,) administered by nose-only inhalation to cynomolgus monkeys in order to provide
information that will aid in extrapolating toxicity and toxicokinetic data obtained in rodent inhalation studies to
humans. Specific endpoints evaluated included retention of inhaled Ni in lung, extent of distribution of Ni to
extrarespiratory tract tissue, pathways of Ni cxcretion, and histopathological changes in lung resulting from the
acute Ni compound exposures.

A total of 34 monkeys were exposed individually to the nickel compounds. Before the exposure, the
monkeys were anesthetized using ketamine and xylazine. For the exposures, each monkey was fit with a
fiberglass face mask that allowed nose-breathing only. The mask covering the monkey's face was connected to
the main aerosol exposure line through a secondary line fitted with a non-rebreathing valve. After the monkey
was made apneic by hyperventilation for approximately 5 min, he was sealed in a ventilator box where his rate
and depth of breathing were controlled using a Harvard respiratory pump.

Test compounds were synthesized with a ©3Ni label to facilitate detection and quantitation of Ni in the
monkey tissue samples. Briefly, 63NiO was prepared by reacting 63NiCl2 with ammonium carbonate to form
63NiCO3 which was subsequently calcined at 1200°C to form the 63Nio. 6?'NiSO‘,-6H20 was formed by
recrystallizing NiSO,-6H,0 from an aqueous solution containing 63NiClz. 63Ni352 was prepared by reducing
63‘NiSO‘, with H32 at 500°C. Each monkeg was exposed for approximately 45 min to mean concentrations of
29.5 mg NiO/m”, 12.5 mg NiSO4-6H,0/m’, or 16.4 mg Ni3SZ/m3. The mass median aerodynamic diameters of
the NiO, NiSO46H,0, and Ni;S, aerosols were 2.2, 1.2, and 1.6 um, respectively. Ten to 12 monkeys were
exposed to each compound and groups of two monkeys were sacrificed at five or six time points after exposure.

NiO-exposed monkeys were sacrificed at 0, 1, 8, 30, 100, and 200 days post exposure. On day O, Ni was
present in the nasal turbinates, larynx, trachea, and lungs. Ni was cleared rapidly from the upper respiratory
tract, but little clearance occurred from lung. No Ni was detected in extrarespiratory tract tissues except for the
lung-associated lymph nodes. The retention half-time for inhaled NiO in monkeys was estimated at > 200 days.
NiSO,6H,0-exposed monkeys were sacrificed at 0, 2, 8, 16, and 32 days post exposure. As expected, the
NiSO46H,0 cleared rapidly from lung and upper respiratory tract distributed to the liver, kidney, and carcass.
The pattem of Ni clearance from lung was fit with a two-component, negative exponential equation.
Approximately 96% of the initial Ni body burden cleared with a balf-time (t,,) of S h. The remaining 4% of
material cleared with a t,,, of approximately 10 days. Ni;S,-exposed monkeys were sacrificed at 0, 2, 4, 8, and
16 days post exposure. As with NiSO,-6H,0, the deposited Ni3S, cleared rapidly from the lung and upper
respiratory tract and distributed to extrarespiratory tract tissues. The clearance pattern of Ni from lung was fit
using a single-component, negative exponential equation. The half-time for clearance was approximately 4 days.

Ni was excreted in both urine and feces of the monkeys exposed to each form of Ni compound. No
histopathological changes attributable to Ni exposure were present in the lung.

The prolonged retention of NiO in monkey lung and general lack of distribution of Ni to extrarespiratory
tract tissues were not unexpected, based in its high calcination temperature (1200°C) and retention pattern in rats
(1991-92 Annual Report, p. 83). By comparison, pulmonary retention half-times of S00 - 900 days have been
reported for another highly insoluble particle, PuO in monkeys (Nolibe, D. et al. In Inhaled Particles IV, Part
2 {Walton, W. H. and B. McGovern, eds.), Pergamon Press, Oxford, UK, p. 597, 1977, LeBauve, R. J. et al.
Radiat. Res. 82: 310, 1980). The mean (sem) Ni lung burden for 12 NiO-exposed monkeys was 2.2 ug =+ 0.32
Ni/g lung. This concentration of Ni, presumably in the form of undissolved NiO, was not sufficient to produce
histopathological changes in lung even at 200 days post exposure. By comparison, only macropbage hyperplasia
was observed histopathologically in lungs of rats exposed to NiO for 13 wk and possessing accumulated burdens
of 80 ug Ni/g lung (Dunnick, J. K. et al. Fundam. Appl. Toxicol. 12: 584, 1989).
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Patterns of Ni retention in lungs of NiSO,6H,0 and Ni;S,-exposed monkeys were consistent with those
expected for soluble particles. Due to the solubility of the particles, lung retention and tissue distribution patterns
observed in monkeys were similar to those we have observed for these compounds in rats (Benson, J. M. et al.
Inhal. Toxicol. in press; 1990-91 Annual Report, p. 42). Estimated initial Ni lung burdens in the NiSO,-6H,0
and Ni;S,-exposed monkeys were < 3 ug Ni/g lung. These initial Ni burdens did not produce a toxic response
in lung observed histologically. By comparison, similar initial lung burdens of Ni administered as NiSO4-6H,0
and Ni;S, to rats by a single intratracheal instillation produced mild to moderate inflammatory responses in lung
observed 7 days after dosing (Benson, J. M. et al. Fundam. Appl. Toxicol. 7: 340, 1986).

Results of this study, in combination with rodent inhalation studies on these nickel compounds indicate that
high temperature nickel oxides inbaled by humans will be retained in the lung for hundreds of days, but small
lung burdens may not produce an inflammatory response. Soluble nickel compounds inhaled by humans are
expected to clear rapidly from the respiratory tract and distribute to other tissues, especially kidney, and are more
likely to produce an inflammatory response in lung than the nickel oxides.

(Research sponsored by the Nickel Producers Environmental Research Association, under Funds in Agreement
No. DE-FI04-87A1 44742 with the U.S. Department of Energy under Contract No. DE-AC04-76EV01013.)
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METHODS FOR LABELING F344 RAT ALVEOLAR MACROPHAGES
TO INVESTIGATE PARTICLE TRANSPORT AND CLEARANCE IN LUNG

J. M. Benson, D. L. Cassie®, N. F. Johnson, and R. A. Guilmetie

{nhaled particles deposited in the lung are generally phagocytized by alveolar macrophages (AM) and either
transported out of the lung via the mucociliary escalator or transported into the interstitium and to the lung-
associated lymph nodes. Species differences exist in the prevalence of these two pathways. In rodents, clearance
via the mucociliary escalator is the predominant pathway, while in larger species, such as dog, transport of
particles into the lung interstitium and lymph nodes predominates. Macrophage-mediated particle transport in
lung has been investigated (Harmsen A. R. et al. Science 230: 1277, 1985; Corry, D. et al. Am. J. Pathol. 115:
321, 1984); however, in these studies, AM were labeled with fluorescent particles or radiolabeled materials that
were rapidly lost from the cells. In order to more accurately define mechanisms of macrophage-mediated particle
transport in the lung, an improved method is needed to label AM. Ideally, the label should be easy to detect,
stable, and should not affect cell viability and function.

The usefulness of the nuclear stain Hoechst 33342 for labeling rat AM was investigated. The toxicity of
the dye to AM was evaluated in vitro, then celis were labeled with nontoxic concentrations of dye to evaluate
the usefulness of the labeled cells in following particle transport in vive. AM were obtained from F344/NHsd
rats by bronchoalveolar lavage (Benson, J. M. J. Toxicol. Environ. Health 19: 105, 1986). The cells were
washed once in RPMI culture medium containing 10% fetal bovine serum and 0.1% gentamicin and centrifuged
to sediment the cell suspension. The cell pellet was resuspended in saline containing 0.1% gentamicin. Aliquots
of cells were dosed with 0, 2.5, 5.0, 10, or 15 ug Hoechst/mL and incubated for 30 min at 37°C. At the end
of the incubation period, the cells were recovered by centrifugation and resuspended in RPMIL.  Cell viability
and phagocytic and migratory abilities were determined on the day cells were dosed and after 1, 2, and 4 days
in culture. Based on the results of these studies, the 2.5 ug/mL concentration was chosen for use in the in vivo
studies.

For the in vivo studies, AM were obtained and dosed with 2.5 ug Hoechst/mL saline for 30 min as described
above. Half of the Hoechst-stained population was incubated in petri dishes at 37°C in a 5% CO, atmosphere
with red-fluorescing polystyrene latex microspheres (1.7 um), while the other half was incubated with green-
fluorescing spheres for 18 h. Cells were recovered, combined to form a single population of celis containing
either red or green fluorescent beads and concentrated to a density of approximately 6 million cells/mL
incubation. medium. Approximately 3 million cells were administered to nine recipient rats by intratracheal
instillation. Groups of three recipient rats were sacrificed 1, 3, and 6 days later. The lungs of two rats per
group were lavaged, and cytospin preparations of the recovered cells were evaluated for the distribution of red
and green particles among the donor (Hoechst-stained) and resident (nonstained) cells. The presence of
fluorescent beads of one color in Hoechst-stained cells over time would indicate the stability of the stain and
provide indication that the Hoechst-stained cells remained viable over the time period investigated. The presence
of beads of one color in unstained AM would suggest that the dye was unstable over the time period evaluated.
Finally, the presence of both color beads in Hoechst stained or unstained AM would indicate the donor Hoechst-
stained cells were dying and particles they once contained were being phagocytized by viable AM. The lungs
of the third rat per group were inflated with air and "fixed” by slow drying in a microwave oven. The fixed
lungs were subsequently formalin fixed, embedded in methacrylate, and sectioned at 3 um for examination by
light microscopy. The distribution of free particles and particles contained in Hoechst-stained or unstained cells
was examined in the tissue samples.

Hoechst-labeled AM containing red or green fluorescent particles were recovered from lung by lavage up
to 6 days after instillation into recipient rats (Table 1). Only a few of the cells recovered by lavage contained
both red and green beads, indicating that the donor cells remained viable over the 6-day period. The percentage
of donor cells among the AM recovered from lung diminished from approximately 34% to about 4% over the

*Department of Energy/Associated Western Universities Teacher Research Associates Program (TRAC)
Participant
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6-day period. It is expected that many of them were removed by mucociliary clearance. However, labeled cells
were also identified in lung tissue of recipient rats up to 6 days post exposure. The fact that Hoechst-stained
AM are present in lungs up to 6 days after instillation coupled with low percentages of AM comtaining both
colored beads suggest that Hoechst 33342 may be useful for cvaluating mechanisms of particle transport in the
rat.

Table 1

Characteristics of Cells Recovered From Recipient Rats
by Bronchoalveolar Lavage
(Percents; Mean + Standard Deviation)

Days After Donor Cell Instillation

1 3 6
Cells With Hoechst
Hoechst Alone 86 =13 70 = 35 0.7 £ 0.3
Hoechst + Red Beads 100 = 23 13 = 0.7 06 = 03
Hoechst + Green Beads 132 + 1.0 58 = 3.7 1.2 05
Hoechst + Both Colors 21205 40 £ 2.6 1.2 £ 0.7
Total 339 £ 29 18.1 £ 58 3.7 = 0.69
Cells_Without Hoechst
No Label 625 = 0.3 83.7 + 46 91.8 = 3.7
Red Beads 13 201 1.1 = 05 15 =07
Green Beads 21+04 20 =10 30213
Both Colors 0.1 +0.1 02 £ 01 05 =03
Total 660 = 0.52 87.0 £ 4.7 96.8 = 40

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)




HIGH BUTADIENE MONOEPOXIDE LEVELS IN
BONE MARROW OF B6C3F; MICE INHALING BUTADIENE

K. R. Maples®, W. E. Bechtold, A. R. Dahl, and R. F. Henderson

1,3-Butadiene is a major industrial chemical used primarily in the manufacture of styrenc-butadiene and
polybutadicne rubbers. Recently, chronic toxicity tests in B6C3F; mice exposed to either 625 or 1250 ppm
butadiene had to be ended after 60 wk of exposure due to high monality from lymphocytic lympbomas (Huff,
J. E. et al. Science 277 548, 1985). These tests were subsequently repeated at exposure levels ranging from
6.25 to 625 ppm (Melnick, R. L. er al. Environ. Health Perspect. 86: 27, 1990), and an increased incidence of
lung tumors was observed in B6C3F, mice at levels of butadiene exposure equivalent to or greater than 6.25
ppm or 62.5 ppm for females and males, respectively. Hemangiosarcomas of the heart were obtained at
concentrations as low as 20 ppm in males and 62.5 ppm in females. Increased incidences of neoplasms in the
Harderian gland, liver, mammary gland, and ovary were also observed. As seen in the first study, lymphocytic
lymphomas were the primary cause of death for mice of both sexes exposed to 625 ppm butadienc and were
increased in females exposed to 200 ppm. In addition to causing lymphocytic lymphoma in mice, chronic
exposures to 650 ppm cause bone marrow toxicity. In contrast, inhalation exposure of Sprague-Dawley rats to
cither 1,000 or 8,000 ppm butadiene yielded no hematopoietic tumors (Owen, P. E. et al. Am. Ind. Hyg. Assoc.
J. 48: 407, 1987). Instead, increased incidences of pancreatic exocrine adenoma, uterine sarcoma, Zymbal gland
sarcoma, mammary tumors, thyroid follicular cell tumors, and testis Leydig-cell tumors were found. Because
of the species differences in response to butadiene exposure, an expanding scientific controversy has arisen as
to the appropriate rodent species to use for assessing human health risks from butadiene exposure.

Evidence from studies conducted in vivo and in vitro indicates that, while metabolism of butadiene is
qualitatively similar among species, there are major species differences in the quantitative rates of metabolism
of butadiene and its metabolites. The two major oxidative metabolites of butadiene are the mono- and diepoxide;
both have been shown to be mutagenic and are the putative ultimate carcinogens. Mice are much more efficient
at forming the monoepoxide, the most abundant metabolite, than are rats or primates; in contrast, mice are much
less efficient at hydrolyzing the monoepoxide, a detoxication process, than are rats and primates. This suggests
that the toxic monoepoxide might accumulate to a greater level in mouse tissues than in those of other species.

In the present study, we determined the levels of butadiene monoepoxide in probable target tissues, bone
marrow, blood, heart, lung, and liver, of B6C3F, mice exposed to 1,3-butadienc. We analyzed the samples using
a GC/MS isotope dilution assay with a cryogenic distillation technique.

Twelve, 11-wk-old male B6C3F, mice (Charles River Laboratories, Kingston, NY) were exposed nose-only
to either filtered air (n = 4) or 1,3-butadiene gas at 100 ppm (n = 8) for 4 h. Butadiene concentration was
monitored by infrared spectroscopy (Wilks Miran 1A-OVF) and quantitated using a GOW-MAC gas
chromatograph (series 750) equipped with a flame ionization detector.

After exposure, the mice were sacrificed (thiamylal sodium, 5%, 0.5 mL intraperitoneal). Within 4 min of
the cessation of respiration, we obtained blood from the heart and removed the femurs, lungs, liver, and heart.
The bone marrow was obtained by removing the fur and muscle surrounding the femur, clipping the ends of the
femur, attaching a syringe to the bone via plastic tubing, and forcing the bone marrow out using pH 7.2 water
into a round-bottom flask that was cooled to liquid nitrogen temperature. Marrow from both femurs was pooled.
The blood samples were collected in round-bottom flasks precooled to liguid nitrogen temperature. These flasks
had been prespiked with 100 nmoles of [dg]-butadiene monoepoxide. Three water blanks were also prepared
and spiked with equivalent amounts of the internal standard on the day of exposure. Due to difficulties in
spiking whole tissues with the standards, the lung, liver, and heart samples were handled in a different manner
than the more fluid blood and bone marrow. The heart, lung, and liver samples were frozen immediately in
liquid nitrogen and placed in precooled, labeled vials. These tissue samples were spiked with the internal
standards on the day of distillation. All samples were stored in a liquid nitrogen freezer (-120°C) until analyzed.

*Currently at Centaur Pharmaceuticals, Sunnyvale, California
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At least one control tissue (tissue from an air-exposed mouse) and one water blank were analyzed for every
10 samples. The weights of the blood and bone marrow samples were adjusted prior to distillation by the
addition of water to yield 1 g weights for all samples. In the case of the lung, liver, and hean tissue, samples
were pulverized at liquid nitrogen temperature 1o yield a fine powder. A 0.2 g aliquot of the powder was
transferred to a precooled flask (-120°C), spiked with 25 nmoles of [d¢]-butadiene monoepoxide, and was
cryogenically distilled into septa-port U-tubes immersed in liquid nitrogen. The same stock of standard was used
for the water blanks as for the tissue samples.

Following distillation, the septa-port U-tubes were brought to room temperature, the vacuum was released,
and a 1-uL aqueous sample was removed from the trap and injected onto 3 GC/MS (Hewlett-Packard, GC model
5890, 5970B series mass selective detector), equipped with a DB-Wax capillary column (40 m column length,
0.18 mm id., and 0.3 um film thickness; J&W Scientific, Folsom, CA). The concentrations of butadiene
monoepoxide in the distilled samples were calculated by comparing their GC/MS peak areas to those of the
internal standards. The identity of each peak was confirmed by comparison of the intensities of the three ions
scanned for each compound with those obtained using pure standards.

Following distillation of the bone marrow samples, we dissolved the lyophilized tissue remaining in the
round-bottom flasks using sodium hydroxide, adjusted the solutions to pH 10, and assayed the samples for protein
content using the Lowry protein assay, with bovine serum albumin as the standard. In order to convert the bone
marrow data into units comparable to those used for the other tissue data (nmoles metabolite/g tissue), we
determined the amount of protein per milligram wet tissue weight by examining bone marrow samples obtained
from naive mice using pressurized air to extrude the tissue samples.

Based on the standard deviation of the water blanks, the limit of detection was 0.79 nmoles/g tissue for
butadiene monoepoxide. The GC/MS results for tissues from air-exposed mice were not statistically different
from those for water blanks. The butadiene monoepoxide levels in tissues from exposed mice are shown in
Table 1. The data shown in Table 1 represent the results of one exposure; this exposure was repeated with
similar results.

Table 1

Tissue Levels of Butadiene Monoepoxide Following
Inhalation Exposure for 4 Hours to 100 ppm 1,3-Butadiene
(Mean + SE, nmoles/g tissue)

Butadiene-Exposed

Tissue (n=38)
Bone Marrow 3160 = 860*
Blood 3.59 + 0.70°
Lung 1.45 = 0.29°
Liver 10.7 = 4.2°
Heart 229 = 0.67°

3Significantly different from the mean value for an air-
exposed sample based on Student's ¢ test using a Bonferroni
correction for multiple comparisons with the criterion for
significance set at p < 0.05.

The blood results fit well with previous data obtained in our laboratories using cryogenic distillation and
radioanalysis. Our current blood butadiene monoepoxide value, when normalized to the exposure butadiene




concentration, is 36 pmoles/g tissue/ppm, quite close to the previously reported value of 26 pmoles/g tissue/ppm
(Dahl, A. R. et al. Environ. Health Perspect. 86: 65, 1990).

Based on the results reported here, we suggest that the toxicity to the bone marrow in mice exposed to
1,3-butadiene is probably related to high levels of butadienc monoepoxide. Colagiovanni, D. B. e al. (Proc.
Natl. Acad. Sci. USA 90: 2803, 1993) demonstrated that in vitro pretreatment of hematopoietic progenitor cells
from C57BL/6 mice with butadiene monoepoxide resulted in the same hematopoietic defects seen in butadiene-
exposed mice. Inhibition of stimulated colony formation was achieved using only pmolar amounts of butadiene
monoepoxide. The levels of butadiene monoepoxide we found in the bone marrow following butadiene exposure,
3.16 umoles/g tissue, were well above this threshold level for hematopoietic progenitor cell effects.

The high butadiene monoepoxide levels in bone marrow relative to those in blood may indicate any or all
of the following: (1) bone marrow cells may produce butadiene monoepoxide in situ, (2) bone marrow may
preferentially absorb butadiene monoepoxide from the blood, or (3) bone marrow cells may have only a limited
capacity to further metabolize or otherwise clear butadiene monoepoxide. Metabolism of butadiene to butadiene
monoepoxide could be carried out in bone marrow by either cytochrome P-450 or by myeloperoxidase. Our
results support earlier findings (Tice, R. R. et al. Environ. Mutagen. 9: 235, 1987) that one possible reason for
the exquisite sensitivity of the mouse to the carcinogenic effects of butadiene exposure may be the high rate of
synthesis of butadiene monoepoxide and the slow rate of hydrolysis of this toxic metabolite in the mouse.

The results reported here, together with previously published results from a number of laboratories, suggest
that before carcinogenicity data obtained in mice are used for risk assessment of butadiene toxicity in humans,

further studies of the causes of mouse sensitivity to butadiene are in order.

(Research supported by the Chemical Manufacturers' Association under Funds-In-Agrcement No. DE-FI04-
91AL66351 with the U.S. Department of Energy under Contract No. DE-AC04-76EV01013.)
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URINARY EXCRETION OF HYDROQUINONE AND CATECHOL
BY WORKERS OCCUPATIONALLY EXPOSED TO BENZENE

W. E. Bechtold and N. Rothman*

Although benzene is a known buman carcinogen, the dose-response curve is poorly defined at low exposure
levels. To better understand the toxicity of benzene at low doses, the National Cancer Institute will follow a
cohort of 74,000 benzene-exposed Chinese workers for occurrences of leukemia. A sub-population was identified
for a more thorough study of benzene biomarkers. The goal of the study will be to evaluate a variety of biood
and urine biomarkers related to benzene exposure, metabolism, and biologic effects. These markers include
benzene metabolites, blood protein adducts, P4502E1 metabolic activity, chromosomal abnormalities, lymphocyte
micronuclei, glycopborin A red blood cell mutation frequency, ras mutations, and peripheral blood counts. Our
role at ITRI will be to determine benzene metabolites and biood protein adducts; this report describes results
of urinary metabolite analyses. All currently exposed subjects have been monitored during their full workshifts
for air exposure to benzene using organic vapor monitoring badges. Readings from the badges were obtained
on S consecutive days prior to biologic sampling. Industrial hygiene data and questionnaires are being processed.

For determination of internal dose, the benzene metabolites muconic acid (MUC), phenol (PHE), catechol
(CAT), and hydroquinone (HQ) are of interest. Analysis of metabolites will provide a critical link between
exposure concentration, uptake and metabolism, and short-term endpoints of toxicity. Furber, measurement of
metabolites will allow assignment of worker exposures when the industrial hygiene data are in doubt. For
example, numerous workers performed in areas in which respirator use was mandated. However, these same
workers were observed using the respirators only occasionally. The exposures of these individuals can be
inferred by comparing their excretions of PHE and MUC with those of workers performing in well-defined
exposure atmospheres.

Benzene metabolism to HQ is of particular interest, due to a postulated link between formation of this
metabolite and bone marrow toxicity. Inoue, O. et al. (Br. J. Ind. Med. 45: 487, 1988) have been the only
investigators who have explored the excretion of HQ by workers after benzene exposure. They concluded that
workers exposed to less than 10 ppm benzene could not be distinguished from controls based on measurement
of urinary HQ. These results suggest that bumans are constantly exposed to this apparently toxic benzene
metabolite at levels that would occur from a 10 ppm exposure. However, the method used by Inoue er al.
(1988) was a highly nonspecific HPLC method. Backgrounds actually may be considerably lower. We will test
for this by measuring HQ (excreted in the urine as a conjugate) by a selective and sensitive gas chromatography/
mass spectroscopy (GC/MS) method.

Benzene urinary metabolites were measured using an alteration of our previously described isotope dilution
GC/MS assay (Bechtold, W. E. et al. Am. Ind. Hyg. J. 52: 473, 1991). 13C-labeled analogues of the metabolites
MUC, and PHE, CAT, and HQ as conjugates (sulfate and glucuronide) were available for use as internal
standards. Concentrations were determined by calibrating against a primary standard solution. Urine samples
or solutions of benzene metabolite standards were placed in a 15 mL centrifuge tube, with 100 uL of 88%
formic acid and 50 uL of internal standard solution. The aqueous samples were extracted twice with 3 mL of
ethyl acetate. The extraction step removed MUC. Since the PHE, CAT, and HQ exist as conjugates, they had
to be hydrolyzed prior to analysis. To do so, 0.6 mL of concentrated HCl was added to the aqueous layer, and
the mixture was incubated for 1 h at 100°C. After cooling, the urine was neutralized to pH 7 with 10 N NaOH,
and 2 mL of ethyl acetate was added. The mixture was shaken and centrifuged until the layers separated. The
ethyl acetate was removed and added to the previous extract. The combined extracts were evaporated to dryness
in a cool nitrogen stream.

Benzene metabolites were analyzed by GC/MS. Prior to analysis, the analytes were chemically converted
to volatile trimethylsilyl (TMS) derivatives, using bistrimethylsilyltrifiuoracetamide. TMS derivatives were
injected directly onto the GC/MS using the following conditions. The GC was equipped with an HP Ultra-1

*National Cancer Institute, Bethesda, Maryland
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fused silica capillary column, 25 m x 0.25 mm with a 0.5-um film thickness. The initial column temperature
was 80°C for 1 min, followed by a temperature gradient at 10°C/min to 340°C. The ions monitored were 166,
254, 254, and 271 for PHE, CAT, HQ, and MUC, and 172, 260, 260, and 277 for the Be analogues,
respectively. Standard curves were created by plotting the amount of added metabolite standard vs. the ratios
of the integrated peaks for analyte and internal standards, and by fitting the data points by linear regression.

Initially 106 urine samples were analyzed in duplicate. Of these, 62 were unigue urine samples; the
remainder were blind duplicates, blanks, and spiked urine samples. The precision was greater than + 5%. All
measured values were well above the limits of sensitivity for the assay (about 10 ng/mg creatinine for all
analytes).

No industrial hygiene data are currently available for comparisons of exposures with excreted metabolites.
However, some conclusions can be made from the data. Of particular interest are shifts in the major metabolic
pathways as a function of increased exposures. Concentrations of the toxic metabolites HQ and MUC were
calculated relative to the inverse of PHE, and plotted against PHE (Figs. 1 and 2). Results indicate that as dose
is decreased (as indicated by a decrease in concentration of PHE), the relative amounts of MUC and HQ
increase. These results are consistent with previous animal studies. For example, a physiological model has
been developed to describe the uptake and metabolism of benzene in rats and mice (Medinsky, M. A. e al.
Toxicol. Appl. Pharmacol. 99: 193, 1989). Model simulations explored the effect of dose on the excretion of
detoxication metabolites PHE and phenylmercapturic acid, and toxication metabolites MUC and HQ
(experimentally, CAT could not be distinguished from PHE). Mode! simulations suggested that for both rats and
mice at lower exposure concentrations HQ and MUC represented a larger fraction of the total benzene
metabolized than at higher exposure concentrations where detoxication metabolites were predominant. The results
presented here suggest that humans metabolize benzene similarly to the way rodents do.
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Figure 1. Concentrations of urinary phenol vs. phenol/muconic acid in urine samples of Chinese workers
exposed to benzene.

In summary, benzene metabolites have been measured in urine samples from a group of Chinese workers
occupationally exposed to benzene. Full interpretation of these data must wait until industrial hygiene data
become available.
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Figure 2. Concentrations of urinary phenol vs. phenol/hydroquinone in urine samples of Chinese workers
exposed to benzene.

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)
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III. CARCINOGENIC RESPONSES TO TOXICANTS




EXPOSURE OF F344 RATS TO AEROSOLS OF
2'39Pu02 AND CHRONICALLY INHALED CIGARETTE SMOKE

G. L. Finch, E. B. Barr, W. E. Bechtold, B. T. Chen, W. C. Griffith,
M. D. Hoover, J. L. Mauderly, C. E. Mitchell, and K. J. Nikula

Workers in the nuclear industries may be exposed t~ radioactive materials such as 239?\102, and thus be at
risk for the induction of lung cancer. Of additional concern is the possibility that interactions between 23°Pu02
and other carcinogens may increase the risks of cancer induction. An important and common lung carcinogen
is cigarette smoke; however, the effect of cigarette smoking on lung cancer risk in individuals who also inhale
23%y0, is unknown. To bester understand this relationship, we are studying the combined effects of inhaled
23S’Pqu and cigarette smoke on the induction of lung cancer in rats.

Three individual exposure blocks (Blocks A, B, and C) of from 690 to 790 male and female
CDFQ(F344)/CrlBR rats (purchased from Charles River Laboratories, Raleigh, NC) were placed on study during
September 1991, February 1992, and May 1992 (Table 1). Rats were received at 4 =+ 1 wk of age, beld in
Hazelton H2000 chambers (Lab Products Inc., Maywood, NJ) for 2 wk, and assigned to one of six experimental
groups (Table 1). Beginning at 6 wk of age, groups of rats were exposed by the whole-body mode to cither
filtered air or to mainstream cigarette smoke (generated from 1R3 research cigarettes, Tobacco Health Research
Inst., Lexington, KY; as described by Chen, B. T. ef al. J. Aerosol Med. 5(1): 19, 1992) for 6 h/day, 5 days/wk,
for 6 wk. Target cigarette smoke exposure concentrations were either 100 or 250 mg total particulate matter
(TPM)/m>, except during the first week when the rats were exposed to 50% of the target concentrations.

Table 1

Experimental Design for the Chronic Study of the Combined Effects of
Exposure to Cigarette Smoke and 23"!’\102 on Lung Cancer in Rats

Approximate 23°Pu0O, ILB?

0 Bq 400 Bq Total:

0 mg/m Life: 232° Life: 232 Life: 464

Cigarette Sac: 130 Sac: 100 Sac: 230
Smok

TOM. 100 mg/m? Life: 348 Life: 348 Life: 696

Sac: 130 Sac: 100 Sac: 230

250 mg/m’ Life: 174 Life: 174 Life: 348

Sac: 130 Sac: 100 Sac: 230

Total: Life: 754 Life: 754 Life: 1508

Sac: 390 Sac: 300 Sac: 690

Experiment Total: 2198

2[L.B = Initial lung burden,
PNumber of rais included for either life-span exposure and observation (Life) or for assignment
to serial sacrifice (Sac) groups.

At 12 wk of age, the rats were removed from the chambers and exposed nose-only to either filtered air or
to aerosols of 23"’Pqu for 25 min (nominal mean values of 1.0 um AMAD, g, = 16, 960 Bq/L air
concentration) to achieve mean initial lung burdens (ILBs) of approximately 400 Bq. One week after the
23"Pu02 exposure, the rats were returned to the H2000 chambers, and cigarette smoke exposures were resumed.
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To estimate the ILB and earl¥ clearance half-time for ‘3°Pu0-,, the rats were whole-body counted weekly for
6 wk for the gamma emitter %Yb which was fused as a radiolabel into the "”PuO, panticles.

The rats will be exposed to cigarette smoke for 30 mo, or until survival falls to 10% of the total number
of rats in any one experimental group and gender within the three exposure blocks. At monthly intervals, the
rats are weighed and observed for clinical abnormalities. Moribund rats are euthanized, and a full necropsy is
performed on all dead rats. As shown in Table 1, approximately two-thirds of the rats are being observed for
life; the remaining one-third of the rats are designated for interim sacrifices. Rats from each exposure group
from each block are included in the sacrifice schedule. The purposes of the interim sacrifices include (1) the
collection of lung and lesion tissue for histopathological and morphometric analysis, (2) the quantitation of
epithelial ccll roliferation in selected rats using a S-bromodeoxyuridine labeling technique, (3) the radiochemical
analysis of Py for dosimetric evaluations, (4) the retention of frozen lung and blood samples for future
molecular biological and biomarker studies, (5) the measurement of bone mass, and calcium and cadmium
concentrations in lumbar vertebrae and femurs, and (6) the assessment of immunocompetence of lymphocytes
obtained from spleens.

Additional in-life endpoints are being examined in selected groups of rats. These endpomts mclude (1) the
periodic assessment of respiratory function, (2) the quantitation of clearance of inert radiolabeled 83Sr-FAP tracer
particles administered after 3 and 18 mo of smoke exposure, and (3) the measurement of nicotine and cotinine
in urine at various times after initiation of exposure.

As of September 30, 1993, rats from Blocks A, B, and C had been exposed to cigaretie smoke for 24, 20,
and 17 mo, respectively. Mean cigarette smoke concentrations were within 5% of the targeted levels for all
chambers. The chemical compositions of the smoke exposure atmospheres were consistent with our previous
observations (Chen, B. T. er al. Inhal. Toxicol. 1: 331, 1989).

To date, survival has not been markedly affected by cigarette smoke exposure. Through 24 mo of exposure
(25% mo of age) of Block A, the cumulative surviving fractions of rats in the dii..rent exposure groups ranged
from 45 to 73% for the six groups of males, and from 62 to 80% for the groups of females. Cigarctte smoke-
exposed rats gained lcss weight than chamber control rats. After 24 mo of exposing rats in Block A to 100
and 250 mg TPM/m3, the male rats weighed 88 and 75% as much as controls, and the female rats weighed 80
and 78% as much as controls, respectively.

No other clinical manifestations have been associated with cigarette smoke and/or 23""PuO exposure levels
to date. [Initial 23""PuO ILBs and clearance rates, and clearance of the 85St-FAP tracer particles, were
significantly lower in smokc-cxposed rats than in controls, as determined by an analysis of variance.

Gray mottling of the lungs and hypertrophy of bronchial lymph nodes have been observed at necropsy in
rats exposed to cigarette smoke. Histopathological examination of a small number of rats exposed to cigarette
smoke revealed alveolar macrophage pigmentation and hyperplasia. chronic-active inflammation, alveolar epithelial
hyperplasia, interstitial fibrosis, and bronchial mucous cell hyperplasia in the lungs. The severity of these lesions
appeared to increase with exposure time and concentration.

Through 24 mo of exposure, 35 rats had lung masses or nodules observed during necropsy that were
histologically examined and confirmed as being neoplasms. Of these 35, 21 rats were from Block A, 8 were
from Block B, and 6 were from Block C. The tumor phenotypes have included adenomas, adenocarcinomas,
squamous cell carcinomas (all common types of radiation- or chemical-induced lung tumors in rats), a bronchial
papilloma, and a carcinosarcoma (both rare lung tumors in rats).

Most of the tumors have been in rats exposed to both cigarette smoke and 23‘}l"‘uoz. Figure 1 illustrates
the prevalence (number of rats with tumors over the total number of rats examined at necropsy) of lung tumors
observed in rats exposed to smoke for at Icast 12 mo, the approximate nme at which the first tumor was
observed. In the experimental group exposed to °Pu0, and 250 mg TPM/m?, the distribution of the prevalence
of the 16 rats with tumors of the 36 rats examined is 10 of 22 for Block A, 3 of 7 for Block B, and 3 of 7
for Block C. Thus, although most of the rats in the study are still alive, indications are that cigarette smoke
and 2%° PuQO, are interacting synergistically.
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Figure 1. Prevalence by exposure group of lung tumors in rats on study for at least 12 mo. The number of
rals with primary lung tumors over the total number of rats examined is indicated for each group.

This study is still in progress. At its conclusion, we anticipate that significant new information will be
generated regarding the induction of cigarette smoke-induced lung cancer in rats, and the potential for interaction
between cigarette smoke and 39Pu0~, exposure in the induction of lung cancer.

(Research sponsored by the Assistant Secretary for Defense Programs, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)
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EFFECTS OF COMBINED EXPOSURE OF F344 RATS
TO INHALED #°Pu0, AND A CHEMICAL CARCINOGEN (NNK)

D. L. Lundgren, S. A. Belinsky, K. J. Nikula, W. C. Griffith, and M. D. Hoover

Workers in the nuclear weapons facilities have a significant potential for exposure to radiation from external
sources or from intermally deposited radionuclides such as 23py and to chemical carcinogens. Although the
carcinogenic effects of inhaled 23%py and many chemicals have been studied individually, very little information
is available on their combined effects (Fry, R. J. M. and R. L. Ullrich. In Radiation Carcinogenesis, Elsevier,
New York, p. 437, 1986). One chemical carcinogen that workers could be exposed to is the tobacco-specific
nitrosamine 4-(N-Metbyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone (NNK), a product of the curing and pyrolysis
of nicotine in tobacco smoke (Hoffman, D. and S. S. Hecht. Cancer Res. 45: 935, 1985). NNK is rather organ-
specific in that, regardless of the route of administration, tumors occur in the lungs of rats treated with the
carcinogen (Rivenson, D. et al. Cancer Res. 48: 6912, 1988). Tumors also occur to a lesser extent in the liver,
nasal passages, and pancreas.

The purpose of this study is to characterize the effects of combined exposure of rats to NNK and internally
deposited plutonium, as well as to these a%ents alone. The rats are being observed to determine whether specific
doses of NNK and internally deposited ~ 9Pu02 interact to increase cancer risk. Data are being coliected on
age-specific cancer incidence rates for cancers that occur spontaneously and as a result of exposure to alpha
radiation of the lung with or without exposure to NNK. This information will aid in determining the
appropriateness of different mathematical cancer risk models based upon observations of large populations of
laboratory animals. A model for the development of lung tumors, illustrating the various rates to be taken into
account in predicting the occurrence of lung umors, has been presented (1986-87 Annual Report, p. 318). Our
primary interest in this model is the rate at which the rats develop lung tumors and whether the combined
exposure to radiation and a chemical carcinogen alters this rate.

The experimental design for this study has becn previously summarized (1991-92 Annual Report, p. 118).
Briefly, a total of 740 male 4 = 1-wk-old CDF®(F344)/CriBR rats purchased from Charles River Laboratories
(Kingston, NY) are being used in the study. A block experimental design consisting of two blocks with 370
rats each was used to enter the rats into the study. The first block of rats was entered into this study in FY92.
The second block of rats was entered into this study this year. Rats were randomized by weight for assignment
to dose groups within each block. At death, all rats are necropsied, and major organs and all lesions for
histological examination are fixed in 4% buffered paraformaldehyde for histologic examination.

For this study, the alpha dose to lungs was expected to induce a 15% incidence of lung tumors (1987-88
Annual Report, p. 245; Lundgren, D. L. er al. Human Exp. Toxicol. 9: 295, 1990; Lundgren, D. L. et al. Health
Phys. 60: 353, 1991). The methods used for the inhalation exposures of rats to 169y b-labeled 239PuO2 have
been described (Lundgren et al, 1991). Doses of NNK, dissolved in physiological saline, sufficient to result
mn a 15%, 50%, or 90% incidence of lung tumors when given by subcutaneous injection three times per week
for 20 wk were used (Belinsky, S. A. et al. Cancer Res. 50: 3772, 1990). The high dose NNK group (50 mg
kg'l; 90% lung tumor incidence expected) was included in this study to provide tumors to be used in molecular
biological studies to aid in understanding the interactions of the combined exposure to NNK and 239?002. None
of the rats in the 50 mg kg'! group were exposed to 239Pu02. The NNK injections began when the rats were
6 wk of age, and 23‘)Pqu exposures occurred when the rats were 12 wk of age. Rats treated with 50 mg NNK
kgl body mass had a slower rate of body weight gain than the other groups of rats in this study. The
injections of the lower doses of NNK and exposure to 239Pu02 bave not affected body weight gain.

Because the exposure to the combination of 239PuO2 and NNK may alter the lung tumor incidences and/or
death rates, it is necessary to include interim sacrifices to determine the rate at which animals develop lung
tumors (1986-87 Annual Report, p. 318; McKnight, B. and J. Crowely. J. Am. Stat. Assoc. 79: 639, 1984). Four
rats at each interval per group exposed to 239y were sacrificed from 8 through 360 days after exposure to
obtain more detailed information on the clearance of >3°Pu for dosimetry purposes. Additional rats are scheduled
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for sacrifice at 450 days after exposure. Additional data on 339y clearance are being obtained from the
necropsies of rats that die spontaneously.

The initial lung burdens (ILBs) and clearance half times for ~ 3°Pu for rats in this study are summarized in
Table 1. Only the mean ILB of the rats treated with 10 mg kg'! NNK was significanily less than that in the
conlrols The early clearance half times of the inhaled 3%y, as determined from the whole- -body counting of

he 199Yb radiolabel, were significantly slower (two-tailed Student's ¢ test; p < 0.05) in the NNK-treated groups
than in the controls. Completion of the radiochemical analyses of lung tissue for 23°Pu will provide data on
the long-term relemlon m the various groups of rats. This should provide a clearer understanding of the effects
of NNK treatment on ~>°Pu clearance.

Table 1

Initial Lung Burden (ILB) and Clearance Half Times for 239y,
in Rats in Both Blocks Exposed by Inhalation to Aerosols of "3°Pu0
With and Without Receiving NNK by Injection

3%y ILB and Early Clearance Half Times

NNK Dose? ILB Clearance Half Times
Day! N (Bq + SD) (Days = SD)®
Sham 136 480 = 70 3:4

0.3 mg kg! 145 470 = 68 40 = 12°

1.0 mg kg'! 113 460 + 764 37 2 12°

aNone of the rats treated with S0 mg kg'l body mass group was exposed 10
PuO

bBased on the whole-body counting of the 169Yb radiolabel for the 2*°Pu

corrected for the physical decay of the 169y,

®Mean clearance half times significantly greater (two-tailed Student's ¢ test;

p < 0.05) from that in the sham-NNK-exposed rats.

9Mean ILB significantly less (two-tailed Student's ¢ test; p < 0.05) than that

in the sham-NNK-treated group.

As of September 30, 1993, 31 rats had died spontaneously or were euthanized when moribund, 84 had been
sacrificed, three had been removed from study for reasons unrelated to this study, and 622 remained alive.
Twenty-one of the rats that died or were euthanized were in the group treated with 50 mg NNK kg" body
weight. The deaths of the remaining seven rats did not appear to be related to cither the NNK treatment levels
or to the 239PuO7 exposure  This study will provide information on whether combined exposure to a chemical
carcinogen (NNK) and alpha radiation from inhaled '39PuO, acts in an additive, synergistic, or antagonistic
manner in inducing lung cancer in rats.

(Research sponsored by the Assistant Secretary for Defense Programs, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)
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COMBINED EXPOSURE OF F344 RATS TO
BERYLLIUM METAL AND 2°Pu0O, AEROSOLS

G. L. Finch, F. F. Hahn, W. W. Carlton*, A. H. Rebar*,
M. D. Hoover, W. C. Griffith, J. A. Mewhinney**, and R. G. Cuddihy

Many workers in nuclear weapons industries have the potential for inhalation exposures to plutonium (Pu)
and other agents, such as beryllium (Be) metal. Inbaled Pu deposited in the lung delivers high-LET alpha
particle radiation and is known to induce pulmonary cancer in laboratory animals (BEIR-1V, 1988). Although
the epidemiological evidence implicating Be in the induction of human lung cancer is weak and controversial,
various studies in laboratory animals have demonstrated the pulmonary carcinogenicity of Be, and it is currently
classified as a suspect buman carcinogen (U.S. EPA/600/8-84/026F, 1987). We are investigating the potential
interactions between Pu and Be in the production of lung tumors in rats exposed by inhalation to panticles of
plutonium dioxide (2391’\102), Be metal, or these agents in combination.

In our initial studies, a total of 2856 rats (F344/N; both male and female; 12 = 1 wk old at exposure) reared
at this Institute were exposed once pernasally in eight blocks of 354 or 360 animals. Blocks were entered into
the study over a 15-mo period (October 1987 to January 1989; see the 1991-92 Annual Report, p. 112 for the
experimental design matrix). Groups of 60 rats received 23"Pqu (0.7 um AMAD, 1.7 Oy 5-25 min exposure,
630 Bgq/L), followed immediately by exposure to Be metal (1.4 um MMAD, 1.9 O 8-50 min exposure,
200-1200 mg/m3), or the appropriate air control. Rats received one of two target initial lung burdens (ILBs)
of 239Pu02 (56 or 170 Bq), and/or one of three target ILBs of Be metal (50, 150, or 450 ug).

Rats were designated for either serial sacrifice or for life-span observation. At death, a complete necropsy
was performed, and lungs, other selected tissues, and all lesions were fixed in formalin for histological analysis.
All rats involved in this study were dead as of March 1991.

We found that Be exposure significantly retarded the clearance of py (1989-90 Annual Report, p. 125).
We also observed significant mortality from acute pnevmonitis of 33 and 64% of the male and female rats in
the 450 ug group of Be metal within 3 wk of exposure, and further noted that for a given 2:"‘)Puoz exposure
group, increased levels of Be metal increased the mortality rate (1990-91 Annual Report, p. 99).

Histological evaluation of the lungs of the rats is in progress. As of September 30, 1993, lung tissues from
all control rats and those exposed only to Be metal have been examined. The crude incidence of lung tumors
(combined benign and malignant) is shown in Table 1. The most prevalent malignant neoplasm observed thus
far is the bronchbiolar/alveolar adenocarcinoma baving alveolar, papillary, or tubular patterns. Other tumor types
observed include adenosquamous carcinomas and squamous cell carcinomas. These results demonstrate a
substantial incidence of Be metal-induced lung tumors in all exposure groups; in addition, a number of the Be-
metal-exposed rats have multiple tumors (data not shown). Approximately 25% of the lungs of rats in the
combined exposure groups have been histologically examined; crude incidences of malignant lung tumors in this
group were given in our 1991-92 Annual Report, p. 112.

Our results to date reveal significantly higher incidences of lung tumors than expected based on
extrapolations from a limited data base in the literature (Sanders, C. L. et al. Health Phys. 35: 193, 1978; Groth,
D. H. Environ. Res. 21: 84, 1980; Nolibe, D. et al. Commissariat A L'Energie Atomique 1984 Annual Report,
1984). Because interactions between two carcinogens are best analyzed when lung tumor incidences from the
individual agents are relatively low, a second phase of this study was initiated using lower ILBs of Be.

The experimental design for phase two of the combined effects study is shown in Table 2. This study is
using CDF " (F344)/CriBR rats purchased from Charles River Laboratories; significant design features include
(1) the use of relatively large numbers of rats exposed to Be metal only to define dose-response relationships

*Purdue University, Lafayette, Indiana
**Currently at Waste Isolation Pilot Plant, U.S. D.O.E., Carlsbad, New Mexico
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for Be metal-induced carcinogenicity, (2) the combined cxposuxc of two Be metal dose groups with 23"Pnoz
and (3) the addition of a group of rats exposed only to Pqu at a relatively higher initial dose rate, to mimic
the increased cumulative radiation dose caused by Be metal-induced lung clearance reductions that are likely to
occur in the combined exposure groups.

Table 1

Number of Rats Exposed to Be Metal or Controls
Having Lung Tumors - Phase 1*

Mean (¢ S.D.) Be Lung Burden® (ug)

Control 33 (2 14) 84 (= 30) 420 (= 230)

M F M F M F M F

Number of rats examined: 107 103 114 117 109 108 56 35

Number with benign and/or 2 0 71 97 97 104 50 35
malignant lung tumors:

Number with malignant lung 2 0 44 82 60 90 40 28
tumors:

2For rats living 1 yr or more after exposure.

bLung burdens estimated from measurement of Be burden for each rat at time of death and
extrapolation from days after exposure back to exposure date using the formula ILB =
A,;exp(0.0032t), where A, is the quantity of Be present in lung at death, and t is the
number of days from exposure to death. The exponential factor 0.0032 is a representative
slope of a single component negative exponential function describing clearance of Be from
rat lung (Finch, G. L. et al. In Proceedings of the 4th International Conference on the
Combined Effects of Environmental Factors [L. Fechter, ed.], Department of Environmental
Health Sciences, Johns Hopkins University, Baltimore, MD, p. 49, 1991).

Table 2

Experimental Design to Study the Combined Effects
of Pu0, and Be Metal in Rats - Phase 2

2¥py0, ILB*
Be Metal ILB 0 Bq 230 nCi 460 nCi TOTAL
0 ug 270° 288 156 714
0.3 ug 288 - - 288
1.0 ug 288 288 - 576
3.0 ug 288 - - 288
10 ug 288 288 - 576
50 ug 156 - - 156
TOTAL 1578 864 156 2598

%ILB = Initial lung burden.
bNumber of rats per group. Equal numbers of males and females.
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As of September 30, 1993, 50% of the rats comprising this phase of the study have been exposed.
Properties of the exposure atmospheres are similar to those in the first study, except that the Be metal exposure
occurs 1 day after the 2391’1102 exposure, and the cxposure mass concentrations of Be range from 0.8 10 140
mg/ms. As before, the 23"l’uoz particles arc labeled with 169yy (<3% bg' mass) to permit periodic extemal
radioactivity counting through 42 dag after exposure for determination of 3“"PuO:,' ILB. Early results indicate
that exposure to Be metal decreased °Pu02 clearance compared to controls over this 42-day period. Clearance
half-times for males and females combined were 39 = 7 (S.D.), 76 = 10, or 137 = 17 days for groups of rats
receiving 0, 1, or 10 ug target ILBs, respectively.

This study is continuing, with the exposure of the remaining animals planned in FY-1994. As the data are
obtained and analyzed, this work will serve to define the pulmonary carcinogenicity of Be metal in the rat, and

will provide information regarding the potential interaction between Be metal and 2 PuO, in causing lung cancer.

(Research sponsored by the Assistant Secretary for Defense Programs, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)
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EFFECTS OF COMBINED EXPOSURE OF F344 RATS
TO 2’Pu0, AND WHOLE-BODY X-RADIATION

D. L. Lundgren, F. F. Hahn, W. C. Griffith, W. W. Carlton*, M. D. Hoover, and B. B. Boecker

Many workers in the nuclear weapons industries have significant potential for exposure to both inhaled
plutonium and external whole-body radiation. Inhaled plutonium delivers high-LET (linear energy transfer) alpha
radiation, primarily to the pulmonary tissues, where it may add to, or multiply, the risk from low-LET external
irradiation. The individual effects of these different types of radiation exposures have been studied in laboratory
animals. These studies have included external exposure to high- and low-LET radiation or internal exposure to
a variety of radionuclides irradiating specific organ systems with high- or low-LET radiation.

The purpose of this research was to characterize the lifetime effects of combined exposure of rats to external
x-radiation and internally deposited plutonium, as well as to each agent 2lone. The animals were being observed
to determine how specific exposure levels and combinations of radiation may interact to modify cancer risk.
As part of the design of these studies, data based upon observations of large populations of laboratory animals
were collected on cancer incidences as a function of age for cancers that occur spontancously or from exposure
to radiation. This information will aid in determining the appropriateness of different mathematical cancer risk
models. A model for the development of lung tumors, illustrating the various rates to be taken into account in
predicting the occurrence of lung tumors, has been published (1986-87 Annual Report, p. 318). Our primary
interests in this model are the rates at which animals develop lung tumors and whether the combined radiations
alter these rates.

Details of the experimental design for this study have also been presented (1986-87 Annual Repon, p. 318).
Briefly, a total of 3199 (1592 male and 1607 female) 11-to 13-wk old F344/N rats reared at this Institute were
used. A block experimental design was used 10 enter rats into the study. Rats were randomized by litter for
assignment to dose groups within each block so that biological variability would be distributed throughout each
dose group. At death, all rats were necropsied, and major organs and all lesions were fixed in 10% neutral
buffered formalin for histologic examination.

For this study, radiation doses to the lungs from inhaled 23"Pqu and whole-body x-radiation that would
result in 5% and 15% incidences of lung tumors were estimated from results of other studies of 23°Pu02 in rats
and from previously published studies of the effects of whole-body x-radiation. The methods used for the
inhalation exposures of rats to 2?")Pqu and their subsequent whole-body x-radiation have been described (1987-88
Annual Repont, p. 251). Several interim sacrifices were conducted during the course of this study. Because the
combined radiation may alter both the lung tumor incidence and the death rates, it was necessary to include
interim sacrifices in order to determine the rates at which the animals developed lung tumors (McKnight, B. and
J. Crowely. J. Am. Stat. Assoc. 79: 639, 1984). Data to determine the clearance patterns of the inhaled 239y
are being obtained from tissues collected during necropsies of serially sacrificed animals and animals that die
spontaneously.

The mean initial lung burdens achieved in each experimental group and the corresponding potential average
alpha doses to lung have been summarized (1990-91 Annual Report, p. 94). The initial lung burdens and
radiation doses to the lungs, which were relatively consistent within each 3%y exposure level, were within the
desired ranges.

The last rats in this study died during the past year. A final summary of the survival of the rats in each
experimental group is presented in Table 1. No significant life shortening occurred among the rats exposed only
239 . . . . cor
to “""PuO, compared with the respective sham-inhalation-exposed rats. Within each X-ray exposure group, there
was also no life shortening related to the 239Pu02 exposures.

*Department of Veterinary Pathobiology, Purdue University, Lafayette, Indiana
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In contrast, a dose-response relationship for life shorntening occurred among the rats exposed to whole-body
x-radiation with shorter survival times of female rats than male rats. Among the groups of rats that received 3.84
Gy of X rays, the median survival times were decreased by an average of 10% in the males and 18% in the
females compared with the respective sham-X-ray- and BoPuoz-exposed groups. Among those exposed to 11.5
Gy of X rays, the median survival times were decreased by an average of 28% in the males and 34% in the
females compared with the respective sham X-ray and 239l“qu-exposed groups.

Table 1

Survival of Rats in the Study of Combined Exposure
to Inbaled Z°Pu0, and Whole-Body X-Radiation

Median Survival Time

(MST)
Experimental Exposure Number Exposed? (days = SE)

Group

Numbers 3%y ILB®  X-Ray™¢ Males Females Males Females

| Sham Sham 160 160 617 £ 12 719 = 13

1 56 Bq Sham 192 191 618 £ 9 750 £ 13

Il 170 Bq Sham 182 182 607 = 11 749 £ 14

1AY Sham 3.84 Gy 158 156 557 = 10 594 =+ 10

v 56 Bq 3.84 Gy 192 192 565 + 10 620 + 7

VI 170 Bq 3.84 Gy 188 191 549 7 593 = 13

Vil Sham 11.5 Gy 160 160 431 = 11 485 + 13

VIII 56 Bg 11.5 Gy 191 191 451 = 9 473 = 14

IX 170 Bq 115 Gy 172 183 449 = 10 492 = 12

Totals 1595 1606

Includes spontaneous deaths and rats sacrificed for dosimetry and for determining the rate of lung tumor
development.

bILB = Initial lung burden.

°)7(-ray exposure divided into two split doses, one at 30 and the other at 60 days after exposure to
d-3°Pu02.

Gy = 0.0096 x R.

The radiochemical analyses of lung samples from all rats exposed to 23"Pqu bave been completed. These
data were used in up dating (Table 2) our preliminary data (1991-92 Annual Report, p. 115) on the retention
of the initial lung burdens of 239y in the rats in this study. The percentage of the initial lung burden in the
long-term component of retention increased with increasing X-ray dose. However, the clearance balf time of
this component decreased with increasing X-ray dose. Further analyses is needed in order to better understand
the differences in these retention patterns.

Histological evaluations have been completed on 2125 (66%) of the 3199 rats entered into this study and
were reported last year (1991-92 Annual Report, p. 115). Histopathological evaluations of tissues from the
remaining rats are in progress. Completion of this study will provide information on whether ¢xposure to inhaled
23';Pqu and whole-body x-irradiation are additive or synergistic for the induction of lung tumors in rats.




Table 2

Pulmonary Retention of 2%py in Rats Exposed to Whole-Body X-Radiation
after Exposure by Inhalation to Aerosols of 23°Pu02

Retention Parameters (x SD)°

X-Ray
2%py ILB*  Exposure 100-A T, A T,
(Bq) (Gy)>* N (%) (days) (%) (days)
56 Sham 344 88°¢ 636 12 £2 680 = 160
170 Sham 330 89 5316 11 =1 800 = 160
56 3.84 356 84 5327 16 + 2 560 = 100
170 3.84 330 84 45 = 7 16 = 2 520 = 100
56 11.5 342 78 43 + 6 223 400 = 65
170 11.5 332 83 46 + 6 17 £ 2 490 = 86

®ILB = Initial lung burden.

bSee Table 1 for “**Pu ILBs.

‘Gy = 0.0096 x R.

dRetention described by: Y() = (100-A)e‘0'6°3'”1 + Ae‘o"”'?”rz,

where 100-A and A arc percentages of the initial lung burdens, and T; and T, are days after exposure
to 23‘)Pqu.

®No +SD was determined for 100-A because it was forced to equal 100%.

(Research sponsored by the Assistant Secretary for Defense Programs, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)
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EFFECTS OF THORACIC AND WHOLE-BODY EXPOSURE
OF F344 RATS TO X RAYS

F. F. Hahn, D. L. Lundgren, W. C. Griffith, and B. B. Boecker

The risk of radiation-induced lung cancer bas been determined from groups of people exposed 1o external
X rays, radiation from atomic weapons explosions, or radon and its progeny. Data from numerous studies of
laboratory animals have been reviewed for use in estimating lung cancer risk factors for people (Cuddihy, R. G.
In Proceedings of the 17th Annual Meeting of the National Council on Radiation Protection and Measurements,
Washington, DC, p. 133, 1982). However, some of the studies may have resulted in an underestimate of risk,
because the relatively high radiation doses used resulted in life shonening and, theoretically, a reduction in tumor
yield. Consequently, it has been concluded that only studies which include larger groups of animals (i.e., 500
per group) than previously used can address some of the questions on the dosc-response relationships of inhaled
radionuclides at relatively low doses (McClellan, R. O. Health Phys. 55: 279, 1988).

Based on previous results (1983-84 Annual Report, p. 251), we proposed to expose laboratory rats to
relatively low, non-life-shortening doses of X rays or inhaled beta-emitting radionuclides as an experimental
approach to estimating the risk of lung cancer in people. One study involved fractionated x-irradiation of the
thorax in one group and the single or fractionated exposure of the whole body of two other groups of rats. This
report summarizes the status of these studies. When completed, these results will be compared with those from
a study conducted at Battelle Pacific Northwest Laboratory (Sanders, C. L. er al. Health Phys. 55: 455, 1988),
of the effects of relatively low, alpha-radiation doses to lungs of rats exposed by inhalation to aerosols of
23°Pu02. The data will, in turn, be compared with other studies on the effects of radionuclides inhaled in
relatively insoluble forms, especially those involving relatively low doses to the lungs, and with data on the
effects of partial or whole-body x- or gamma-radiation.

The experimental design for this work has been reported (1986-87 Annual Repon, % 313). A iotal of 3871
{1933 malec and 1938 female), 12-wk old, laboralory-reared, speciflic pathogen-free CDF™(F344)/CriBR rats were
used. Briefly, groups of rats were exposed cither to fractionated doses of X rays 1o the thorax or to the whole
body, on 10 successive workdays (M-F), or to a single, whole-body exposure. The total absorbed radiation doses
were 3.5, 5.8, 11, and 38 Gy for the fractionated thoracic exposures, 3.5 and 5.8 Gy for the fractionated whole-
body cxposure, and 5.8 Gy for the single, whole-body exposure.

The rats were entered into thbis study in 12 blocks and randomly assigned to experimental groups by litter
to randomize charactenstics of a litter. At death, all rats were nccropsied, and major organs and all other tissues
with lesions were fixed in 10% neutral buffered formalin for histologic examination.

A Picker Vanguard X-ray therapy machine (Picker X-Ray Corp., Cleveland, OH) was used to irradiate the
rats. This unit was operated at 280 kVp at 18 mA, with 1 mm Al and 0.5 mm Cu filters, resulting in an
equivalent energy of 135 keV. The exposure rate was about 0.221 Gy (23 R) min! at 1 meter. The rats were
placed on a turntable that rotated at two revolutions per minute during the exposures. The X-ray exposures were
monitored with a Victoreen R-meter and LiF thermoluminescent dosimeters (Eberline, Albuquerque, NM). Plastic
boxes covered with 6.4 mm Pb were constructed so that the bodies of the rats, restrained in standard plastic
exposure tubes, were shiclded while the thorax was exposed through an opening in the Pb shield. The cxposure
times ranged from approximately 1.5 to 26 min per exposure, depending on the exposure required.

All rats in this study are now dead; the survival times and patterns remain similar to those previously
rcported (1991-92 Annual Repont, p. 121). As anticipated, the higher radiation doscs reduced survival time.
With fractionated thoracic irradiation, 38 Gy reduced survival about 10% in male and females, and 11 Gy
reduced survival about 5% in females. With whole-body exposures, 5.8 Gy reduced survival 15 to 20% in both
males and females, but 3.8 Gy did not affect survival.

Histopathology on the lungs has been completed on 70% of the animals. The primary lung tumors were
classificd as adenoma, adenocarcinoma, adenosquamous carcinoma, squamous cell carcinoma, and sarcomas. The
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percentage of squamous cell carcinomas was higher in the lower dose groups, comprising 40% of the lung
tumors observed after fractionated, whole-body exposure of 3.5 Gy. This increased percentage of squamous cell
carcinomas at lower doses is in contrast to the frequency scen with inbaled beta-emitting radionuclides. With
inhaled l“"CcOZ in rats, squamous cell carcinomas were more frequent and were a higher percentage of lung
tumors at the higher radiation doses (Hahn, F. F. and D. L. Lundgren. Toxicol. Pathol. 20: 169, 1992). The
reason for this difference in response to external x-irradiation and irradiation from an intemally deposited beta-
emitting radionuclide is unknown.

The lung tumor incidence shown in Table 1 is based on the histopathology completed to date. The results
show that x-irradiation induced a significant increase in lung tumors, even at 3.5 Gy. They also show that the
thoracic and whole-body exposure and single and fractionated exposures produced similar lung tumor incidences.
This table should be interpreted with caution, however, because the histopathology is incomplete and not random.
Further age-specific incidence analyse< will be conducted when the histopathology is complete. These results
will then be used to develop dose-response relationships for lung tumor induction in rats by x-irradiation.

Table 1

Lung Tumor Incidence Related to Dose

Crude Incidence (%) of Tumors®

Dose Total Number
(Gy) Exposure Type Exposed Examined? Benign Malignant Total
0 Sham 1008 588 0.0 0.0 0.0
35 Fractionated thoracic 1005 585 0.5 19 24
3.5 Fractionated whole-body 300 294 0.0 1.7 1.7
58 Fractionated thoracic 500 289 14 3.1 45
58 Fractionated whole-body 503 497 08 30 38
58 Single whole-body 500 500 0.8 44 52
11 Fractionated thoracic 238 158 0.7 6.3 70
38 Fractionated thoracic 120 120 0.9 6.6 75

*Number with histopathology examination as of September 30, 1993.

Because similar dose-response data for X-ray-induced lung tumors are available from exposed buman
populations, this information will provide a valuable link between rats and people for x-radiation-induced lung
cancers. When combined with results from studies of rats exposed to internally deposited alpha- or beta-emitting
radionuclides, these data will aid in determining risk factors for humans exposed to such radionuclides.

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)
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EFFECTS .OF INTRAPLEURAL INNOCULATION OF F344 RATS WITH
SILICON CARBIDE WHISKERS AND CONTINUOUS GLASS FILAMENTS

N. F. Johnson and F. F. Hahn

Silicon carbide whiskers (SiCW) and continuous glass filaments (CGF) are used in the acrospace, automotive,
and power generation industries as reinforcing materials in advanced ceramic composites. SiCW are single
crystal structures that can bave a fine fibrous morphology. The diameter of these fine fibers is typically 1 um
or less. CGF are coarse fibers with diameters of 10-30 um. The fibrous morphology of SiCW is similar to
that of asbestos. There is concern that exposure to SiCW may be associated with similar health risks known
to occur following exposure to asbestos (pulmonary fibrosis, lung cancer, and mesothelioma). Recent in vitro
studies in cultured lung epithelial cells and alveolar macrophages have shown that SiCW possess biological
activity which is similar to that seen with asbestos (Jobnson, N. F. et al. Am. J. Ind. Med. 21: 807, 1992). In
contrast, the CGF did not display any adverse biological activity toward cultured cells. The in vitro cytoloxicity
associated with SiCW indicates the necessity of undertaking in vivo studies with these materials.

A study was conducted to determine the in vivo mesothelioma-inducing potential of SiICW. In addition, in
vivo studies were also conducted with CGF. The in vivo assay chosen was the intrapleural injection approach.
This assay provides a useful screen to identify fibrous materials that do not produce a neoplastic response
(Johnson, N. F. In Fiber Toxicology, Academic Press, San Diego, p. 43, 1993), and is simpler to conduct than
inhalation exposures. However, fibers that produce a positive response in the intrapleural injection assay should
be further assessed by the inhalation route of exposure (Johnson, 1993).

Two-hundred-and-twenty female F344/N rats, 6-8 wk old, from the Institute's colony were used for this
study. The rats were randomly allocated to the experimental groups (Table 1). Each rat was injected
intrapleurally with either saline, silicon carbide samples #1, #2, or #3, UICC crocidolite, or PRD-166 (a CGF)
suspended in saline. These samples were identical to those used in previous cell culture studies (Johnson er al.,
1992). The rats were killed by intraperitoneal injection of sodium pentobarbital when moribund or when 20%
of the longest surviving group of rats (injected with PRD-166) remained alive.

Table 1

The Occurrence of Pleural Mesotheliomas in the Various Treatment Groups

Percent of Time of Mean Time to
Number of Animals with Animals with First Tumor/Days
Sample Animals Mesothelioma Mesothelioma Tumor  (x Standard Error)
Saline 50 0 0 - -
PRD-166 50 0 0 - -
SiCW #1 30 27 90 320 465 + 25
SiCW #2 30 26 87 273 499 £ 15
SiCW #3 30 7 23 349 651 = 30
Crocidolite 30 17 57 416 608 = 23

All rats were necropsied and examined for gross lesions. The spleen, kidneys, liver, heart, lungs, trachea,
and larynx were removed and fixed in 10% neutral buffered formalin (10% NBF). The lungs were inflated with
10% NBF to 30 cm HyO. The diaphragm and any identifiable lesion on the parietal chest wall and elsewhere
in the thoracic cavity were also removed and immersed in 10% NBF. Fixed tissue was prepared for
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conventional paraffin-embedding and examination by light microscopy using sections stained with hematoxylin
and eosin. Only lung and thoracic lesions were routinely examined. The tumor incidence was determined from
the number of rats that developed pleural mesotheliomas.

The animal survival data were analyzed by the Kaplan-Meier method. The Student's ¢ test was used to
determine whether the results from the exposed rats were significantly different (p = 0.05) from those of the
controls.

The first death occurred from respiratory distress at 166 days after inoculation with SiCW #2, and the first
tumor was found after 273 days with SICW #2. Rats inoculated with SiCW #1 or #2 had the shontest life spans
(Fig. 1). Rats treated with crocidolite, the positive control, had intermediate life spans compared to the rats
treated with the SiCW #1 or #2 and to rats treated with saline vehicle control (Fig. 1). Rats treated with PRD-
166 had life spans similar to the rats treated with saline. Rats treated with SiCW #3 had life spans between
the saline- and crocidolite-treated rats. The lifc spans of the rats treated with SiCW #1 or #2 and crocidolite
were significantly shorter than those of the saline-treated animals. The life spans of the rats treated with PRD-
166 or SiCW #3 were not significantly different to those of the saline-treated rats.

1.0 - —-~—
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0.4
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0 200 300 400 500 600 700 800 900

Days Post Injection

Figure 1. The fraction of rats surviving following intrapleural injection differs with the different inoculations.
Saline and PRD-166 show a similar response, which is different from crocidolite, the positive control.
SiCW #1 and #2 also show a similar response, which is also different from that of crocidolite.

Histopathological examination of the thoracic contents from all rats showed that the three samples of SiICW
displayed varied abilities to induce pleural mesotheliomas (Table 1). SiCW #1 and #2 resulted in 90% and 87%,
respectively, of the treated rats developing pleural mesothelioma. SiCW #3 resulted in 27% of the treated rats
developing pleural mesotheliomas. The positive control (crocidolite) resulted in 57% of the treated rats
devcloping pleural mesotheliomas. No tumors were identified in the saline or PRD-166-treated animals (Table 1).
The tumors, with one exception, were sarcomatous in appearance and in all but one case involved the visceral
pleura. Fibers were found in sections from all treatment groups with the exception of those animals treated with
saline or PRD-166.

These results demonstrate that SiICW can induce mesotheliomas when introduced into the pleural cavity, and
that two samples were as carcinogenic as asbestos. The marked responses with two of the three SiCW samples
indicate that SiCW should be handled with care and treated as a suspect carcinogen until the results of long-term
inhalation studies are available.
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The difference in the biological activity of the three SiCW samples cannot be explained by differences in
fiber morphology. The fiber length/diameter distributions were similar for all three. None of the sawples
contained a disproportionate number of long, thin fibers, which are thought to be important in fiber
carcinogenesis (Stanton, M. F. et al. J. Natl. Cancer Inst. 58: 587, 1977). The in vitro activity of the three
SiCW samples did not indicate the in vivo biological activity. These results showed that physico-chemical
characterization and in vitro cytotoxicity studies cannot accurately predict in vivo activity. In addition, studying
only one example of a class of fibrous materials may not reflect the biological activity of the individual members
of the class.

There is a limited amount of published information detailing the toxicological propenies of SiCW and CGF.
The results of this intrapleural study support results from previous animal studies. Two studies have been
reported involving SiCW implanted into the pleural cavity (Stanton et al., 1977) and injected into the peritoneal
cavity (Pott, F. et al. Exp. Pathol 32: 129, 1992). The study of Pott et al. (1992) gave an unequivocal positive
result although many of the animals died of an infectious lung disease. In addition, the intraperitoneal route of
administration may be overly sensitive to injected fibers and particles such as silica (Johnson, 1993). Stanton
et al. (1977) reported a high incidence of pleural tumors in rats implanted with SiCW. In a subchronic
inhalation study in rats, pleural thickening and increased cellularity of the lung parenchyma were observed at
26 wk after a 13-wk cxposure to a high concentration of SiCW (6 h/day, 5 days/wk, 500-7500 f/cc) (Lapin,
C. A. et al. Fundam. Appl. Toxicol. 16: 128, 1991). The significance of the pleural thickening is not known;
however, this lesion has been reported f~llowing exposure to erionite in rats (Jobnson, N. F. and J. C. Wagner.
In Biological Interaction of Inhaled Mincral Fibers and Cigarette Smoke, Battelle Press, Columbus, p. 325, 1989)
and refractory ceramic fibers in hamsters (Hesterberg, T. W. et al. In Mechanisms of Fibre Carcinogenesis,
Plenum, New York, p. 531, 1992). In both studies, high incidences of mesotheliomas were reported.

The results of this study also show that CFG (PRD-166) did not induce mesotheliomas when injected into
the pleural cavity of rats. Inhalation and intratracheal assays have not been reported for glass filaments. Large
diameter glass fibers with similar diameters to glass filaments did not produce tumors following intrapleural
implantation (Stanton et al., 1977). Glass filaments did not produce a significant mesothelioma incidence
following intraperitoneal inoculation of high doses (up to 250 mg) of the material (Pott er al, 1992). This
information combined with the negative in vitro data (Jobnson et al., 1992) and the fact that the diameter of this
material precludes inhalation show that exposure to CGF should not represent a significant health hazard.

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)
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BONE TUMOR INCIDENCE IN BEAGLE DOGS
THAT INHALED SOLUBLE RADIONUCLIDES

B. A. Muggenburg, F. F. Hahn, B. B. Boecker, K. J. Nikula, R. A. Guilmette, and W. C. Griffith

A number of the life-span studies of Beagle dogs conducted at ITRI involved the inhalation of soluble forms
of radionuclides having different half-lives, metabolic characteristics, and radiation emissions. One purpose of
these studies was to determine which organs would be at risk for the development of significant long-term
biological effects. The skeletal system was considered 1o be one of the organs at higher risk for the
development of cancers because several of these radionuclides were known to accumulate preferentially in bone.

The studies conducted with radionuclides that were relatively soluble in body fluids are listed in Table 1.
Dogs in a particular study were exposed once, by inhalation, to one of these radionuclides except those exposed

37CsCl, which was injected intravenously. In this list, %St has the greatest affinity for bone and deposits
throughout the volume of the bone resulting in a large percentage of the dogs developing bone tumors (Table
2). After inhalation, 144Ce and 'Y translocate from the lung primarily to liver and skeleton. The physical half-
life of 4Ce is a little over 9 mo, while that of 'Y is about 2 mo. Although nearly half of the activity
translocated from lung deposited m bone only one bone tumor was observed in the 14ce study, and none was
observed in the °'Y study. The 137Cscl injected intravenously resulted in an accumulation in soft tissues and
a general whole-body irradiation. Although tumors were observed in some organ systems, no bone tumors were
observed. The alpha-emitting radionuclide 238py (inhaled as '38PuO,) which bas a radloacnve balf-life of
approximately 88 yr, was also a part of this serics. Approximately Lqual fractions of the “>3Pu that entered the
blood from the lung were deposited in the liver and skeleton. The 238py was deposited primarily on bone
surfaces and resulted in a large percentage of the dogs developing bone tumors.

Table 1

Studies of the Toxicity of Various Radionuclides Inhaled or Injected in Relatively
Soluble Chemical Forms and Their Distribution Characteristics in the Skeleton

Type of Radioactive Primary Tissue
Radionuclide Radiation Half-life Distribution
g beta 29 yr Bone volume
144ce beta, gamma 285 days Bone surfaces and liver
oly beta, gamma 59 days Bone surfaces and liver
B¢ beta, gamma 30 yr Muscle and soft tissues
238py alpha 88 yr Bone surfaces and liver

Each study had a group of control dogs (Table 2). None of the control dogs associated with these studies
developed bone tumors. However, three bone tumors have been observed in a group of over 250 control dogs
from all longevity studics at the Institute.

Bone tumors in the exposed dogs were primarily osteosarcomas or soft tissue sarcomas primary to bone
(fibrosarcoma, hemangiosarcoma, myxosarcoma). In the g,y study, 36% of the bone tumors were
hemangiosarcomas or fibrosarcomas. With '38Pu07 , less lhan 2% of the bone tumors were soft lissue sarcomas.
The distribution of tumors within the skeleton from the *°Sr was mainly in the skull and long bones of the
limbs.
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Table 2

Number of Bone and Bone-Associated Tumors Found in
Dogs that Inbaled or Were Injected with Radionuclides

Number Dogs with Dogs with Dogs with
of Dogs Dogs with Bone- Nasal- Oral
Number Surviving Bone Marrow Mucosal Mucosal
Radionuclide of Dogs >2yr Tumors Tumors Tumors Tumors

%0srCl, 66 54 30 2 3 1
M4cect, 55 41 1 3 5 3
Sy, 4?2 29 0 0 3 0
137501 54 41 0 Y 4 3
238pyo, 144 142 90 0 0 1
Controls 85 85 0 0 0 0

Some other tumors observed in the dogs may be related to the accumulation of radioactivity in the skeleton.
Tumors of the bone marrow (leukemias and myeloproliferative disorders) were noted in several dogs exposed
to OOSrClz or 1““CeCI3. Both of these radionuclides are beta emitters with prolonged retention in bone. No such
tumors were seen in studies with QIYCI3, 3¢5, or 238Pqu. Tumors of the nasal and sinus mucosa were
also found in 5 to 10% of the dogs in each study with beta-emitting radionuclides. None was found in the dogs
that inhaled 2381’\102. Tumors of the oral mucosa were also found in dogs exposed to QOSrCl,, 14"‘CeCI;,,
137csq, or 238Pqu. One hypothesis for the occurrence of these oral and nasal tumors is that radiation from
the radionuclide in the bone surrounding the mouth, nasal cavity, and sinuses induced the tumors of the epithelial
lining cells. In the case of 137Cs, the soft tissue distribution of the radionuclide suggests this may not be the
mechanism for that particular radionuclide. However, the tissue distribution of 137Cs around the nose and mouth
has not been studied closely. The inability of the alpha radiation from the 238py in the bones surrounding the
nasal cavity and sinuses to reach the egsithelial lining cell might explain why only one tumor was observed in
these tissues in the dogs that inhaled >%Pu. No tumors of the nasal cavity have been observed in the control
dogs associated with these studies or in a larger group of controls from other longevity studies.

Comparison of the number of bone tumors observed in dogs that inhaled or were injected with various beta-
emitting or an alpha-emitting radionuclides suggests that the tumors occurred primarily in studies with the fonger-
lived radionuclides. Significant diffcrences exist in the distribution of tumors within the skeleton and the
occurrence of possible bone-associated tumors between the beta- and alpha-emitting radionuclides.

As these studies are completed through final reviews and analyses of the dosimetry, clinical, and
histopathological data and publication of core manuscripts, the bone cancer risks across these studies and those
in other DOE laboratories will be analyzed. Of particular interest will be the comparisons of bone cancer risk
factors for chronic beta and alpha irradiation and the examination of studies in which few or no bone cancers
were observed even though the skeleton was irradiated.

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)
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GROWTH RATE PATTERNS OF LUNG TUMORS IN
BEAGLE DOGS EXPOSED TO 2*Pu0, OR #¥Pu0,

W. C. Griffith, J. H. Diel, B. A. Muggenburg, and S. J. Matthews*

Inhalation exposure studies have been conducted in Beagle dogs to investigate the risk of lung tumor
induction by a-radiation from relatively insoluble inbaled particles of 238Pu02 or 23"Pqu. This report
investigates the growth rate patterns for lung tumors induced in these studies. These tumor growth rate patterns
are of interest because they aid in evaluation of the dose-response relationships for inhaled Pu.

Knowledge of the tumor growth rate assists in analyzing dose-response relationships by providing a more
appropriate estimate of the dose and the tumor incidence rate. At the time of death, the size of a lung umor
varies greatly, suggesting that lung tumors are present for differing lengths of time before death. The tumors
may be detected before death during routine surveillance of the dogs, but their sizes at time of detection are
again highly variable. A tumor's growth rate and its size at death can be used to estimate a lime when it was
a certain size, so that all dogs can be standardized to the same tumor size. A small uniform size is used so
that the estimated time is closer to when the tumor is likely to have arisen. The calculation of the tumor
incidence rate is simplified by use of a time point early in the development of the tumor when the tumor is not
likely to have affected survival. Because of the long retention half-lives of 239py and *3Pu in the lung, the
radiation dose is delivered over long time periods, with part of the dose delivered after 2 tumor is present.
Estimation of a standardized time endpoint for a tumor will eliminate variability in the dose due to the time
between when a tumor reaches a uniform size and death.

The objectives of this project were to (1) develop a method to measure pulmonary tumor dimensions f{rom
radiograpbs; (2) select an appropriate method of calculating volume from two-dimensional images on a
radiograph; and (3) determine and analyze tumor growth rate and doubling time.

To estimate lung-tumoci growth, radiographs of 174 dogs that developed pulmonary ncoglasms were
examined. Dogs from three studies were included: single and repeated inhalation exposures to 3°Pu02 and
a single inhalation exposure to 238Pu02. The criteria for selection in each data set were (1) a single tumor with
discrete boundaries exhibited in both dorsoventral and lateral views and (2) three or more serial radiographs
showing the tumor that were taken over at least a 1-mo period.

Some of the 174 radiographs examined exhibited clearly delineated tumors in one view only. Other
radiographs were clouded by the diffuse nature of the tumor's edges in the lung, especially those involving
bronchioloalveolar carcinomas. Twenty-nine cases met our criteria. Information pertaining to mmor
classification, exposure history, and metastasis was collected for each dog selected. Radiographic films in which
the tumors were clearly visible ranged over a pe.iod of 57 to 578 days. With the aid of a light box, both
radiographic views, dorsoventral and lateral, of the tumor perimeters were traced on paper. The cross-sectional
tumor perimeters resembled circles or ellipses. The number of tracings of each dog differed with the number
of radiographs taken between the time that the tumor was first observed to when the dog died, and ranged from
3 1o 14. The tracings were digitized using a Graf/Pen data collection software program that was developed at
ITRI. The program approximated the area of each tumor by applying the trapezoidal rule.

In recent studies in dogs (Rooser, B. et al. ACTA Oncology 26(3): 189, 1987; Perry, R. R. et al. Am. J.
Vet. Res. 53(10): 1740, 1992), tumor volumes have been computed by assuming the tumor configuration to be
spherical or ellipsoidal. In this project, it was assumed that tumor growth was uniform in all directions.
Geometrically similar figures (i.c., the ratio of the dimensions are the same) would then be projected in each
set of dorsoventral and lateral radiographs. Similarity of figures implies that the ratio of the volumes is
proportional to the ratio of the areas raised to the three-halves power. This relationship was the basis for
computing tumor volume. Tumor volume was plotted against days prior to death after the first noted occurrence
of the tumor in the radiographs (Fig. 1).

*Department of Energy/Associated Western Universities Teacher Research Associates Program (TRAC)
Participant
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Figure 1. Example of tumor growth showing tumor volumes estimated from radiographs of dorsoventral and
lateral views of the tumor at various times before death for dog 1072B.

Linear curves were estimated by least-squares regression for transformed data points for both dorsoventral
and lateral views. The data were transformed by the natural logarithm of tumor volume as the dependent
variable which was regressed on days prior to death as the independent variable. In most cases the slopes of
the lines formed for both views appeared to be approximately the same. Single component exponential growth
rates and doubling times were computed. Many of the curves appeared to be exponential. However, the growth
rates of individual tumors differed among dogs. The data suggest that growth rates of Pu-induced lung tumors
have doubling times ranging from 1 to 9 mo.

Further statistical analysis indicated that tumors which had maximum final volumes between 20 cm® and 125
cm? fell into two distinct groups of doubling times. One group had doubling times between 1 and 3 mo. Those
for the other group ranged from 6 to 9 mo. There were no tumors with maximum volumes between 20 cm?
and 125 cm?® that had doubling times between 3 and 6 mo (Fig. 2).
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Figure 2. Tumor doubling times as a function of final tumor volume at death. The quadrilaterals illustrate the
magnitude of the 95% confidence intervals determined from the linear regression for the doubling
time and final tumor volume. The smaller quadrilaterals indicate that the doubling times and final
volume are known more precisely. For points without quadrilaterals, the 95% confidence intervals
were so broad in at least one direction that they did not fit onto the graph.
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Tumor type, exposure history, and metastasis were factors that were considered for each dog. For the 29
cases reviewed, six of the tumors were classified as papillary adenocarcinoma, two as adenocarcinoma, one as
adenosquamous carcinoma, one as squamous carcinoma, one as bronchioloalveolar carcinoma, and 18 as
carcinoma. Metastasis occurred in 17 cases. No relationship among doubling times and gender, histologic type,
age at death, lung burden, or metastasis was established.

The results of this study suggest that tumor growth rates can be used for estimation of the time at which
lung tumors are a uniform size. The standard errors for the growth rates can be reduced by observation of the
tumors over a longer period of time. The similar growth rates for both dorsoventral and lateral view data
suggest that the sample size could be increased by focusing on the lateral-view radiographs. Frequently,
observation of the dorsoventral view was obscured by the position of the tumor in relation to the beart.
Relaxing the selection criteria to use these views would provide observations over longer periods of time.

The results of this study suggest estimation of the time when the lung tumors bad a volume of about 1 cm?
would be appropriate. This size of lung tumor is about as small as can be detected on a radiograph. This size
of tumor is close to or inside the range of the data. Thus, it would only involve a small extrapolation. Also,
the growth rate down to this size appears to be approximately exponential, so that the time estimated by this
procedure is likely to have small bias.

The growth before a lung tumor reaches a volume of 1 cm® probably involves a period of much more rapid
growth than those observed for the majority of tumors in this study. The slow growth rates in Figure 2
observed for many of the tumors would extrapolate back to times of origin, as a single cell, before the dog was
exposed. This suggests these tumors have a period of more rapid growth, which is consistent with the
observation in these studies that very few dogs have incidental lung tumors found at death when the dog dies
of causes other than a lung tumor.

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)
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IV.

MECHANISMS OF CARCINOGENIC
RESPONSES TO TOXICANTS




ANALYSIS OF SPUTUM SAMPLES AND LUNG TUMORS FROM
URANIUM MINERS FOR ALTERED GENE EXPRESSION

C. A. Carter, N. F. Johnson, S. A. Belinsky, and J. F. Lechner

Samples of sputum, bronchial brushings, and lung tumors have been obtained from cohons of individuals
exposed to elevated levels of high-linear energy transfer (LET) radiation, through the inhalation of radon progeny.
In many instances, sputa and tissues from the same patient were collected for several years prior to and
following detection of a Jung tumor. These samples are being analyzed to identify the gene changes involved
in lung cancer progression caused by high-LET radiation. An initial obstacle in detecting gene changes in
sputum was the need to isolate the exfoliated epithelial cells from the inflammatory cells and mucus. The
method we have developed is to first filter the sputum through nylon wool. The filtered material is then
centrifuged. The resultant cell pellet is largely free of debris and mucus. Filtered sputum samples are then
resuspended in phosphate buffered saline and stained with a pan anti-cytokeratin antibody. In this manner,
epithelial cells are stained in suspension in filtered sputum samples, thereby excluding white blood cells.
Cytokeratin-positive cells are collected using a FACStar Plus flow cytometer (Becton Dickinson, San Jose, CA).
This method yields a highly purified population of epithelial cells that can then be stained for a varety of
markers thought to be involved in Jung cancer.

In a collaborative effort with researchers at St. Mary's Hospital, Grand Junction, CO, sputum samples and
lung tissues collected from uranium miners from the Colorado Plateau are being analyzed for gene alterations
known to be present in smoking-induced lung cancer. These specimens have been assessed for aberrant
expression of the tumor suppressor gene p53 by immunohistochemical techniques. The p53 antibody used in
this staining assay recognizes dysfunction of p53 because the abnormal proteins have an extended half-life. In
the samples collected from Colorado Plateau miners, 7 of the 11 donors from which both sputum samples and
bronchial brushings were obtained exhibited dysfunctional pS3 by immunohistochemistry. The matching tumors
obtained from these patients also have p53 gene dysfunctions. These studies will be continued; sputum samples
will be double-stained for cytokeratin (to identify epithelial cells) and p53, and correlations will be made with
the matching lung tissue sample. These studies will determine the onset of p53 dysfunction in these patients
by examining sputum samples collected prior to the diagnosis of a lung tumor.

To further define the alterations exhbibited by lung tumors associated with radon exposure, samples collected

from the uranium mining belt in Grants, NM, bhave been analyzed for c-erbB-2 and pS3 dysfunctions by
immunohistochemistry. The results are shown in Table 1.

Table 1

High-LET Radiation: p53 and c-erbB-2 Gene Dysfunction Frequencies in Uranium Miners

Squamous Cell Small Cell
Carcinoma Adenocarcinoma Lung Cancer Undiff.
pS3 1118 3/7 3Nn2 2/4
c-erbB-2 211 3/7 0/11 2/3

These results indicate that lung tumors associated with radon exposure display alterations of p53 and erbB-2
similar to gene alterations associated with smoking-induced lung tumors.

We are also examining the possibility of using F-and G-actin as markers for the dctection of early lung

cancer. In bladder cancer, F-actin is reduced (Rao, J. Y. et al. Cancer Res. 51: 2762, 1991) and concomitantly
G-actin is increased (Rao, J. Y. et al. Proc. Natl. Acad. Sci. USA, in press) in premalignant and malignant
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biopsy-confirmed cancer. To test whether this change in the actin ratio is also a hallmark of premalignant lung
cancer, F-actin localization has been evaluated in normal buman bronchial epitbelial cells (NHBE), lung
adenocarcinoma celis (Calu 6 cells), and metastatic bronchial carcinoma cells (Cha Go cells). Actin occurs as
organized crisscrossing bundles of stress fibers distributed throughout the cells in NHBE cells. In the Calu 6
cells, F-actin stress fibers are reduced, occurring occasionally near the cell periphery. The cell center of Calu
6 cells is devoid of stress fibers, and F-actin aggregates are common. Cha Go cells display a sparse distribution
of F-actin aggregates, and stress fibers are absent. This preliminary evidence indicates that in vitro F-actin is
altered in malignant lung cells. These studies will continue using flow cylometry to quantitate the F-actin
content in the cell lines described above. If these experiments are successful, F-actin and G-actin content wiil
be assessed in sputum-derived lung epitbelial cells obtained from cancer patients and uranium miners.

Described above is a model system for investigating the genetic alterations associated with early and late
lung cancer in individuals exposed to high-LET radiation. Additionally, preliminary evidence indicates that
markers such as F- and G-actin may serve as diagnostic markers to detect early lung cancer. The identification
of genetic alterations associated with various stages of lung cancer in individuals exposed to high-LET radiation
should lead to a greater understanding of the mechanism involved in lung cancer.

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013).
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A SCAFFOLD-ATTACHMENT-LIKE REGION ON HUMAN CHROMOSOME 9
IS AMPLIFIED IN SOME LUNG TUMOR SPECIMENS

W. A. Palmisano® C. H. Kennedy, and J. F. Lechner

Numerous genetic alterations (e.g., deletions, amplifications, translocations, and point mutations) are frequently
involved in carcinogenesis. Methods to identify these lesions have included restriction fragment length
polymorphism analysis, differential cloning, and differential bybridization techniques. However, with recent
advances in polymerase chain reaction (PCR) technology, an alternate one-step approach has been developed that
allows the detection and isolation of DNA fragments which bave undergone a genetic change. This technique,
designated arbitrarily primed polymerase chain reaction (AP-PCR), uses a single primer of arbitrary sequence and
produces a DNA fingerprint that can display qualitative and quantitative differences (polymorphisms) between
closely related genomes (Williams, J. G. K. et al. Nucleic Acids Res. 18: 6531, 1990; Welsh, J. and M.
McClellan. Nucleic Acids Res. 18: 7213, 1990; Peinado, M. A. et al. Proc. Natl. Acad. Sci. USA 89: 10065,
1992).

The objective of this study was to use AP-PCR to identify genetic alterations that are associated with lung
cancer using tumor and adjacent normal human lung tissues obtained from the New Mexico Tumor Registry.
High molecular weight DNA was isolated from eight tumor/normal pairs using a standard phenol-chloroform
extraction method. Samples of DNA (500 ng) were amplified in 100 uL reaction volumes containing 10 mM
Tris-Cl (pH 8.3), 50 mM KCl, 200 uM of each dNTP, 1 uM arbitrary primer, and 2.5 units of AmpliTag® DNA
polymerase (Perkin Elmer Cetus, Norwalk, CT). Samples were overlald with mineral oil, denatured for 1 min
at 94°C, then subjected to 35 rounds of amplification in a PTC- 100™ thermal cycler (MJ Research, Inc.,
Watertown, MA) using the following thermal cycling program: 94°C for S sec; 42°C for 1 min; and 72°C for
1 min. After a final extension period of 5 min at 72°C, 20 L of the resulting stage 1 products were subjected
to an additional 15 rounds of amplification in a total volume of 200 uL using the same temperature profile;
however, 20 uCi of a- [32P] dCTP were added and the final concentration of each dNTP was 2.0 uM. Samples
of the resulting 32p_Jabeled amplimers (5 uL) were electrophoresed through a 5% polyacrylamide gel under
denaturing conditions and visualized by autoradiography.

Initially, a moderately well-differentiated, non-keratinizing squamous cell carcinoma and normal lung tissue
from the same donor were used for AP-PCR amplification using the Agtl0 reverse sequencing primer
(5 CTTATGAGTATTTCTTCCAGGGTAY ) as an arbitrary primer. Comparison of the DNA fingerprints generated
by this method revealed nearly identical banding patterns; however, among the dissimilar bands, one particular
band was more intense in the tumor DNA fingerprint as compared to the corresponding band generated from
normal lung DNA, suggesting the presence of several extra copies of this sequence in the tumor cell genome.
This polymorphic band was excised from the gel, immersed in 50 uL of dH,0, and heated at 72°C for 30 min.
The resulting DNA (12.5 uL) was reamplified in a 50 uL reaction volume using the same PCR conditions used
to produce stage 1 products, except that the annealing temperature was 55 C and only 15 rounds of amplification
were performed. The reamplified DNA (1 uL) was cloned mlo the PCR™II vector using the TA cloning system
(Invitrogen, San Diego, CA) and sequenced using a Sequenase kit (United States Biochemicals Co., Cleveland,

OH).

Comparison of the 393 bp DNA sequence (designated clone 1-5) with GenBank and EMBL data bases
revealed that the sequence displays homology (60%) with a scaffold-attachment region (SAR) near ' : interferon
B gene on chromosome 9. SARs are A+T rich DNA sequences responsible for organizing the chromosomal
DNA into higher-ordered structures (i.e., loops) by binding t¢ the nuclear scaffold and are believed to play a
role in the control of gene expression and DNA replication (Roberge, M. and S. M. Gasser. Mol. Microbiol. 6:
419, 1992).

To determine the copy number of the polymorphic DNA preseat in the original tumor sample, the cloned
band was excised with EcoR1 endonuclease, labeled with u-[32P|-dClP using a random-primed labeling kit
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(Boehringer Mannheim, Indianapolis, IN), and used as a probe for Southern analysis (Fig. 1). The results of
this analysis, determined by densitomelry, confirm the quantitative results obtained by AP-PCR and suggest that
the DNA sequence is present in this squamous cell carcinoma at levels five-fold greater than that found in
normal lung cells. To detcrmine whetber this polymorpbism is common in lung cancers, seven other
tumor/normal pairs from different donors were subjected to a similar analysis. Results of this experiment
demonstrated that three of the seven tumors analyzed exhibited two- to nine-fold increases in copy number of
the SAR-like DNA sequence, suggesting that this amplification may be a common event in lung cancers.

BamHli EcoRl Sau3Al
T N T N T N

1.6 — »

Figure 1. Soutbern analysis of tumor and normal DNA probed with clone 1-5. Samples of genomic DNA
isolated from human lung tissues were digested with restriction endonucleases BamH1, EcoR1, and
Sau3Al, electrophoresed through a 0.8% agarose gel, and transferred to a Nylran® membrane
(Schleicher & Schuell, Keene, NH). The resulting blot was hybridized with 3’p.labeled DNA from
clone 1-5 using standard aqueous hybridization conditions (Sambrook, J. et al. In Molecular Cloning,
A Laboratory Manual, 2nd Ed., p. 9.52, Cold Spring Harbor Press, Cold Spring Harbor, New York,
1989), washed in 1X SSC/0.05% SDS buffer for 1 h at 68°C, and exposed to film for 61 h. The
numbers at the left represent the sizes and positions of DNA standards in kilobase pairs.

A human/rodent somatic cell hybrid panel (Oncor‘@, Gaithersburg, MD), was used to determine that clone
1-5 is localized to chromosome 9, and recently, a genomic clone has been isolated from a chromosome 9 library
(ATTC, Rockville, MD). In addition to DNA sequencing analysis, Northern blot analyses are being performed
to determine if this genomic clone encompasses a transcribed gene. This clone will also be used for fluorescent
in situ hybridization analyses to further map the chromosomal position of the scaffold-attachment-like region and
to quickly screen other tumors to determine the prevalence of this amplification in buman lung cancer. This
information will reveal the nature of the increase in copy number of this region of DNA (i.e., amplification or
aneuploidy) and may identify a novel gene involved in the etiology of lung cancer.

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy, under
Contract No. DE-AC04-76EV(01013.)
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ISOLATION OF A PUTATIVE pS3-CONTROLLED GENE BY
POLYMERASE CHAIN REACTION AMPLIFICATION

C. H. Kennedy, W. A. Palmisano®, and J. F. Lechner

The tumor suppressor gene pS3 has been described as the "guardian of the genome” based on its ability to
cause arrest in the G, phase of the cell cycle after exposure of the cell to radiation and/or other DNA-damaging
agents; this arrest allows the cell to repair DNA damage before entering the S phase (Lane, D. P. Nature 358:
15, 1992). The protein product of p53 has been shown to function as a sequence-specific transcription factor
by binding to a dimeric consensus sequence of downstream effector genes (El-Deiry, W. S. er al. Nature
Genetics 1: 45, 1992). It is probable that the expression of several genes is directly regulated by this
mechanism. To date, four genes containing the consensus pS3 protein-binding sequence have been identified:
GADDA45 (Kastan, M. B. et al. Cell 17: 587, 1992) and the mouse genes mdm-2 (Momand, J. er al. Cell 26:
1237, 1992), MCK (Zambetti, G. P. et al. Genes Dev. 6: 1143, 1992), and Thy1 (Bayle, J. H. et al, unpublished
resuits).

The focus of this project was to identify novel genes that are regulated by pS3. Initially, the polymerase
chain reaction (PCR) was used to amplify a putative p53-controlled downstream gene using genomic DNA
prepared from normal human lung tissue. The 5’ primer for this amplification was the downstream balf of the
dimeric consensus p53 protein-binding sequence (5 GACATGCCTG? or SGACTTGCCTG?) that was described
previously (Kem, S. E. et al. Science 252: 1708, 1991). The 3’ primer was the 5' end of the highly repetitive
Alu sequence (5 ACCACGCCC"). Twenty-uL reactions were prepared for PCR using 0.5 U AmpliTaqg- DNA
polymerase (Perkin Elmer Cetus, Norwalk, CT), 2 uL of 10X PCR buffer (Perkin Elmer Cetus, Norwalk, CT),
0.2 mM of each dNTP, 1 uM of each primer, and 100 ng of DNA. The reaction mixtures were overiaid with
oil, and the putative p53-regulated sequence was amplified by 35 cycles of the following thermal cycling
program: 94°C for S sec (denaturing of DNA), 36°C for 1.5 min (primer annealing), and 72°C for 1 min
(extension of DNA). The amplification products (stage 1 products) were used to prepare 32p_labeled stage 2
PCR products. The stage 2 reaction was the same as above except that the final concentration of each dNTP
was 2.0 uM, 1 uCi of a-[32P]~dATP was added, and 2 uL of stage 1 product was used as the template. The
DNA was amplified for 15 cycles using the same thermal cycle program. The 32p.labeled products were
electrophoresed through a 5% polyacrylamide gel and visualized by autoradiography.

PCR amplifications were carried out under either arbitrary conditions (i.e., only the 5’ or 3’ primer was
present in the reaction mixture) or under specific conditions (i.c., both the 5’ and 3’ primers were used). By
autoradiography, six bands were detected in the products of specific PCR that were not detected in the products
of arbitrary PCR. These bands were excised from the gel, eluted into buffer, and reamplified. The products
were then cloned using the TA Cloning"' system (Invitrogen, San Diego, CA). Subsequently, the cloned insens
were excised from the plasmid vector with EcoR1 endonuclease (Promega, Madison, WI) and gel-purified.
Radioactive probes (32P—labeled) were prepared from these clones by random-primed DNA labeling (Boehringer
Mannheim, Indianapolis, IN) and used to screen a buman placenta genomic cosmid DNA library (Clonetech, Palo
Alto, CA). Only one of the six clones (designated 2-5) was found in this library.

Six cosmid colonies that hybridized with clone 2-5 were picked and expanded in liquid media (cosmid clones
2-7 to 2-12). The cosmid DNA was then purified and digested with endonucleases BamH1, EcoR1, and Pstl
(Promega, Madison, WI); all six showed the same restriction patterns. The Pstl endonuclease-digested DNA
from cosmid clone 2-8 was transferred to a Nytran membrane (Schleicher & Schuell, Keene, NH) and probed
with clone 2-5 to determine which fragment contained the original PCR product. An 1100 bp fragment was
detected, isolated, and subcloned into a Bluescript KS* cloning vector. Four of the resulting subclones (2-13
to 2-16) were found to hybridize with the original PCR product that contained the DNA sequence between the
3’ half of the dimeric consensus pS3 protein-binding sequence and Alu (clone 2-5). One of these (clone 2-13)
was sequenced using the Sequenase® kit (USB, Cleveland, OH) to determine if it contained the complete dimeric
consensus p53 protein-binding sequence.
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These results are compared to the published consensus p53 protein-binding sequence identified previously
by El-Deiry et al. (1992) in Table 1. These workers characterized 18 human genomic clones that bind p53 in
vitro and determined the base possibilities for the different positions of the binding sequence. Only the G at
the seventb position was found to be conserved in all 18 clones. In clone 2-13, a C was detected at this
position suggesting that if this gene is controlled by pS3, it is the first such gene to be reported that contains
a base other than G at the seventh position of the binding sequence.

Table 1

Consensus p53 Protein-Binding Sequences

Position® 1 2 3 4 5 6 7 8 9 10
Literature® A/G/c  G/AMc  A/Glc Ch ATkl T/Ag G T/IC CT  T/Chlg
2-13° A G G C G T C ® C T
2-134 0 G A C A A G c C T

2Positions 1 and 10 are the 5’ and 3’ ends, respectively, of one-half of the dimeric consensus pS3
protein-binding sequence.

®Half-consensus pS3 protein-binding sequence of El-Diery er al. (1992). Capital letters indicate the
bases present in the majority of the clones, while small lefters refer 1o bases present in only a
small fraction (< 10%) of the clones.

“This sequence is the 5’ end of the putative dimeric p53-protein binding scquence detected in clone
2-13.

4This sequence is the 3’ end of the putative dimeric p53 protein-binding sequence detected in clone
2-13. The o refers to the fact that the two half-sequences run together (i.., a total of 19 bases
instead of 20); similar base omissions were noted in the consensus p53 protein-binding sequences
reported by El-Diery er al. (1992).

In the future, the ability of p53 to regulate a gene within cosmid clone 2-8 will be assessed using a battery
of lung cell lines that are either pS3-wild type or -null. In these experiments, x-irradiated wild-type cells should
show an induction of an mRNA that hybridizes with clone 2-8, whereas no hybridization should be detected in
p53-null cells. Further, the remaining five original PCR amplification products will be used to scrcen other
cosmid libraries in order to isolate their cognate genes. Ultimately, the role of these pS3-regulated genes in the
cell's response to high-linear transfer radiation will also be determined.

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)
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p53, ErbB2, and K-ras GENE DYSFUNCTIONS ARE RARE IN
SPONTANEOUS AND PLUTONIUM-239-INDUCED CANINE LUNG NEOPLASIA

L. A. Tierney®, F. F. Hahn, and J. F. Lechner

Exposure to elevated levels of high-linear-energy-transfer (LET) radiation through the inhalation of radon
progeny may result in as many as 20,000 new cases of lung cancer each year in the U.S. (Samet, J. M. West.
J. Med. 156: 25, 1992). Underground miners are particularly at risk for acquiring lurs cancer as a result of
exposure through inhalation to radon progeny (Samet, J. M. et al. Health Phys. 61: 745, 1991). The molecular
mechanisms by which alpha-radiation induces lung cancer are unclear. Several protooncogene (erbB2 and K-ras)
and tumor suppressor gene (p53) alterations have been identified in lung cancer putatively caused by smoking,
and 10 a lesser extent, by high-LET irradiation (Vahakangas, K. H. er al. Lancet 339: 576, 1992; Stcgelmeier,
B. L. et al. Mol. Carcinog. 4: 43, 1991; this report, p. 87).

The intent of this study was to determine if these gene dysfunctions are evident in high-LET radiation-
induced or spontaneously occurring lung tumors of dogs. Theretore, 117 primary canine lung tumors from
unexposed Beagle dogs and from animals exposed to unOZ through nose-only inhalation (1978-79 Annual
Report, p. 141; 1981-82 Annual Report, p. 347) were examined for alterations in the expression of the
protooncogene erbB2 and mutations in the K-ras protooncogene and the p53 tumor suppressor gene.

The canine form of the p53 protein was visualized by immunobistochemistry using SV40 virus T-antigen
gene transformed canine airway epithelial cells developed by infection with a murine retroviral shuttle vector
(pZipNeoSV(X)) (Pfeifer, A. M. et. al. Proc. Natl. Acad. Sci. 90: 5123, 1993). The T-antigen protein binds the
pS3 protein and increases its cellular half-life. Thus, the cells constitutively overexpress canine pS53 protein in
their nuclei. These cells were used to test a panel of commercially available anti-human p53 antibodies that
recognize both mutant and wild-type forms of p53 protein. Bound antibody was detected by the avidin-biotin
complex immunoperoxidase technique. The results showed that the polycional antibody CM-1 (Signet
Laboratories) would effectively recognize canine p53 protein.

Rat and human mammary tumors frequently overexpress erbB2 oncoprotein. Previous investigators have
reported that both the human and rat forms are recognized by several commercially available antibodies. Thus,
sections of malignant canine mammary tumors and a formalin-fixed, paraffin-embedded preparation of a known
erbB2 overexpressing human lung cell tumor line (AS549, American Tissue Type Collection) were used to
determine if these antibodies would also recognize canine erbB2. The results of these experiments showed that
a monoclonal antibody preparation (Clone CB11, Signet Laboratorics) would decorate canine erbB2.

Upon validating that these antibodies would recognize the canine forms of these proteins,
immunohistochemistry for the detection of canine p53 and erbB2 in 5 um paraffin sections was performed as
previously described (Bennett, W. P. et. al. Oncogene 6: 1779, 1991; Kem, J. A. et. al. Cancer Res. 50: 5184,
1990) for p53 and erbB2 in human tissues, respectively. Overexpression of p53 protein in paraffin sections of
lung wmor was considered indicative of a missense mutation in the conserved regions of the gene (Sundaresan,
V. et al. Oncogene 7: 1989, 1992). The visual detection of erbB2 immunoreactivity in lung tumor epithelium
was regarded as evidence of inappropriate expression of this oncoprotein, since it is expressed only at low levels
in normal lung airway epithelium.

To analyze for activating mutations in the 12th, 13th, and 61st codons of K-ras, the coding sequences
flanking exons 1 and 2 were amplified by polymerase chain reaction (PCR) from DNA extracted from paraffin
sections containing predominately tumor tissue. The oligonucleotide primers and PCR conditions were as
described by Kracgel, S. A. et al. (Cancer Res. 52: 4724, 1992). The canine PCR amplification products were
sequenced directly using the dideoxymethod of Sanger, F. et al. (Proc. Natl. Acad. Sci. USA 74: 5463, 1977).
DNA samples of canine tumors, with and without known K-ras-activating mutations (kindly provided by Dr.
Kraegel, U.C. Davis) were sequenced blind, and in parallel with the ITRI samples, as a control for the
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sequencing procedures. When the code was broken, the sequence results matched those repornted by Kraegel and
associates (Kraegel et al., 1992).

Twenty-eight lung tumors representing a spectra of histotypes from dogs with spontancous tumors (n = 9)
and 33°Pu03 (n = 19)-exposed dogs were selected for analysis of activating mutations in codons 12, 13, or 61
of the K-ras oncogene. No K-ras mutations were detected in codons 12, 13, or 61 of cither unexposed or
lsqpuOl-induced lung tumors. In contrast, 14% (16/117) of the lung neoplasms showed elevated nuclear
accumulation of p53 (Table 1). Adenosquamous and squamous cell histotypes were the most frequently perturbed
regardless of exposure history and comprised 85% of all p53 dvsfunctional tumors.

Table 1

ErbB2 and p53 Dysfunction in Canine Lung Tumors as Determined by Immunohistochemistry

Gene Dysfunction

Histologic Phenotype Exposure Status p53 % erbB2 %
Papillary adenocarcinoma 23QPuOZ exposed 0/26 ) 5725 (20)
Unexposed 0/24 ) 1,24 (4)
Bronchioloalveolar carcinoma ‘BgPuOl exposed 0721 (0) 0/22 )
Unexposed 1/7 (14) 217 (29)
Squamous ccll carcinoma 33°Pu03 exposed /19 (32) 5/19 (26)
Unexposed 272 (100) 0/2 (0)
Adenosquamous carcinoma 339Pu03 exposed 4/12 (33) 6/13 (46)
Unexposed 3/4 (25) 1/4 (25)
Adenocarcinoma® JSQPUOZ exposed 0/1 ) I/l (100)
Unexposed 0/0 - 010 -

#Undiftercntiated adenocarcinoma = histotype not represented in the unexposed dogs examined.

Twenty-three percent (25/111) of all tumors had evidence of ¢rbB? overexpression, and four of these co-
overexpressed p5S3 protein, as well. Intrapulmonary metastasis from primary tumors overexpressing ¢rbB2 also
showed evidence of crbB2 gene dysfunction. No differences in erbB2 expression were noted between

g y p
sgomancously occurring and plutonium-induced lung tumors nor was there a relationship between the total
230 .
“?"Pu0, lung dose at death and altered erbB2 or p53 expression.

In summary, these data indicate that pS3 and K-ras gene dysfunction, as a result of misscnse mutation, are
infrequent events in spontancous and BQPqu-induccd lung neoplasia of laboratory-raised Beagle dogs. These
results contrast human lung cancer obscrvations, i.e., 30-40% of examined adenocarcinomas have K-ras-activating
mutations (Bos, J. L. Cancer Res. 49: 4682, 1990), and 50-70% of all primary lung wmors show evidence of
p53 gene dysfunction (Iggo, R. Lancet 335: 675, 1990). The results are comparable, however, with recent
findings in other animal models of carcinogenesis in which mutations in p53 are, with few exceptions, infrequent.
On the other hand, the lack of evidence for K-ras mutations in spontancously occurring and 23"Pqu-inducc«J
lung cancer of dogs in this study contrasts markedly with the relatively high frequency of activating K-ras
mutations in Z39Pu02-induced lung tumors of rats (Stegelmeicr er al., 1991). ErbB2 overexpression, however,
compares favorably with that described in the literature for human lung malignancies, where approximately one-
third of non-small-cell lung cancers overexpress this oncoprotein (Weiner, D. B. et al. Cancer Res. 50: 421,
1990). Overall, when compared and contrasted with existing human and rat data, the results of our investigations
suggest that high-LET radiation causes cancer by mechanisms that may be predominantly species-specific.

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)
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p53 ALTERATIONS IN 2°Pu-INDUCED LUNG TUMORS IN F344 RATS

G. Kelly and F. F. Hahn

We have previously shown that 46% of rat lung tumors induced following exposure to aerosols of 23"PuOZ
frequently contain activating mutations in the Ki-ras oncogene (Stegelmeier, B. L. et al. Mol Carcinog. 4: 43,
1991). In addition, those tumors exhibiting 2 squamous morphology overexpress the epidermal growth factor
receptor and its ligand, transforming growth factor a. These same genetic aberrations are frequently found in
human non-small-cell lung cancer (Minna, J. D. et al. Cold Spring Harbor Symposia on Quantitative Biology
61: 843, 1986). An even more frequent alteration is a mutation of the pS3 tumor suppressor gene (Caamano,
1. et al. Am. J. Pathol. 139: 839, 1991). The pS3 protein plays a critical role in a cell's response to DNA
damage by inducing a pause or block at the G, to S boundary of the cell cycle (Kastan, M. B. er al. Cancer
Res. 51: 6304, 1991; Lin, D. et al. Proc. Natl. Acad. Sci. USA 89: 9210, 1992). This G, block permits the cell
to repair DNA damage before DNA synthesis. Cells lacking a functional p53 protein fail to pause for repair
and consequently accumulate mutations into the genome at an accelerated rate. This study was designed to
investigate if alterations in the pS3 gene are common radiation-induced rat lung tumors.

Mutations within exons 5-8 of the p53 gene increase the cellular half-life of the protein, thereby facilitating
detections by immunohistochemistry. In the present study, we investigated whether further correlations exist
between genetic alterations in human non-small-cell lung cancer and alpha-particle-induced rat lung tumors by
examining 38 23q'PuO:,_-induced rat lung tumors for increased levels of the pS5S3 protein using
immunohistochemistry.

Animal exposures, necropsies, and tissue preparation were as previously described (Herbert, R. A. & al.
Radiat. Res. 134: 29, 1993). Briefly, 360 13 + 2 wk old F344/N female rats from the Institute's colony were
exposed by inhalation to a 3"Pqu aerosol (3.7 kBq initial lung burden), and 140 control animals were similarly
exposed to a sham aerosol. The animals were sacrificed at 7, 30, and 90 days after exposure, then at 90-day
intervals thereafier for 24 mo. The left lung lobe and any gross lesions were fixed in paraformaldehyde and
processed for histologic evaluation. The right lung lobe was snap-frozen in liquid N, and stored at -70°C.

Random 4 mm sections from the left lobe were embedded in paraffin, sectioned at 4 um, and examined with
a light microscope. Paraffin was removed from embedded tumor sections with xylene. The sections were
rehydrated through a graded series of alcohol washes and rinsed in automation buffer (Biomead, Inc., Foster City,
CA). Reactive epitopes were exposed using a brief treatment with trypsin (Elias, J. M. In Immunohistopathology:
A Practical Approach, ASCP Press Inc., Chicago, p. 12, 1990). Endogenous peroxidase activity was blocked
by treating the tissue with H,O, at room temperature. Nonspecific antibody binding was blocked by incubating
ceach slide with 2% normal goat serum for 30 min at room temperature. pS53 specific immunoreactivity was then
determined by incubation with anti-pS3 antibody in phosphate buffered saline overnight at 4°C. Bound primary
antibody was then detected by the standard ABC method (Vector Laboratories, Inc., Burlingame, CA).

The rat lung tumors examined included 25 squamous cell carcinomas, eight adenocarcinomas, three
adenosquamous carcinomas and one fibrosarcoma. Formalin-fixed, paraffin-embedded sections of a nude mouse
xenograft tumor were used as positive controls for p53 protein expression. This nude mouse tumor was obtained
by injecting subcutaneously 1 x 10° RAT?2 cells previously transfected with the SV-40 large T antigen (Bollag,
B. et al. J. Virol. 63: 863, 1989). A rat lung epithelial cell line (LEC) (Li, A. P. er al. Toxicology 27: 257,
1983) served as negative controls for p53 expression. Normal serum at similar dilutions for each immuno-
histochemical assay served as an additional negative control. Two anti-p53 antibodies were used in these studies
(CM1 polyclonal and DO7 monoclonal antibodies, Vector Laboratories, Inc., Burlingame, CA).

The slides were read in a blind fashion and scored according to intensity of staining pattern. Signal intensity
greater than background was scored as a positive-staining neoplasm. Two rat lung tumors from animals exposed
to acrosols of 23°Pu contained intensely staining nuclei indicative of elevated pS3 protein levels. None of the
remaining tumors expressed detectable levels of the p53 protein (Table 1).
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Table 1

Summary of pS3 Immunohistochemistry

Number Number Percent
Pulmonary Neoplasm Examined Positive Positive
Squamous Cell Carcinoma 25 2 8%
Adenosquamous Carcinoma 3 0 0
Adenocarcinoma 9 0 0
Fibrosarcoma 1 0 0
Total 38 2 5.3%

In contrast to human non-small cell lung cancer, mutations in the p53 tumor suppressor gene are not a
frequent genetic alteration in plutonium-induced rat lung tumors (similar results have been noted for dog tumors
caused by 239l“qu inhalation; p. 81, this report). There is a strong correlation between elevated
immunohistochemical staining and point mutations in the p53 gene. This suggests that rodent Jung carcinogenesis
depends on alterations in tumor suppressor genes other than p53 or that it depends on alterations in ras rather
than p53-mediated regulatory pathways. Recently direct interactions between ras and the serine/threonine proto-
oncogene raf have been characterized (Vojtek, A. B. et al. Cell 74: 205, 1993). raf alterations occur frequently
in lung tumors (Rapp, U. R. et al. Lung Cancer 4: 162, 1988). Those plutonium-induced rat lung tumors (54%
in this cohort) containing both wild-type p53 and ras may contain alterations in raf. Current efforts are designed
to investigate this possibility.

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy, under
Contract DE-AC04-76EV01013.)
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V. NONCARCINOGENIC RESPONSES
TO INHALED TOXICANTS




WILD-TYPE p53 EXPRESSION IN CULTURED
LUNG EPITHELIAL CELLS EXPOSED TO ALPHA PARTICLES

N. F. Johnson, R. J. Jaramillo, and A. W. Hickman*

Sparsely and densely ionizing radiations delay the passage of the cell through the cell cycle. This delay
can occur in the G; and G, phases of the cell cycle. Recent studies have shown that the cell-cycle delay in
G, induced by X rays is associated with elevated levels of the p53 protein (Kasten, M. B. e al. Cancer Res.
S51: 6304, 1991). Wild-type p53 protein acts as a "checkpoint” protein to control transit of cells through the
restriction point in the late G, phase of the cell cycle. The induced cell-cycle block following X-ray-induced
DNA damage occurs, presumably, to allow time for repair of damaged DNA template. This investigation was
undertaken to determine whether exposure to alpha particles results in increased expression of the p53 protein
in a manner similar to that seen with exposure to X rays and 1o delineate whether such a response is dose-
dependent.

Three experiments were conducted using a nontumorigenic lung epithelial cell (LEC) line derived from
normal rat alveolar type II cells (Li, A. P. et al. Toxicology 27: 257, 1983). The cells were cultured in Ham's
F-12 media supplemented with 10% fetal calf serum at 37°C in 5% carbon dioxide and air.

The purpose of the initial experiment was to determine the appropriate time to irradiate the cells after
inoculating the culture dishes. Cells were trypsinized and reinoculated into dishes for set culture periods (2, 4,
6, 8, 12, 24, 36, 48, 60 or 72 h), trypsinized, and fixed in 70% methanol at -20°C for immunocytochemistry
and flow cytometry. The fixed cells were stained with a monoclonal antibody that recognizes wild-type pS3
protein (Oncogene Science, Inc., Uniondale, NY) or an immunoglobulin isotype antibody that recognizes a
nonmammalian protein (Dako Corp., Carpinteria, CA). The antibody was detected using a biotinylated secondary
antibody and a streptavidin/fluorescein fluorochrome. The positive control used was a rat fibroblast cell line
derived by immortalization with the SV-40 large T antigen (Bolag, B. et al. J. Virol. 63: 863, 1989). The cells
were also stained with RNase and propidium iodide for cell-cycle analysis.

The second experiment was to determine the peak response for pS3 protein expression after irradiation.
LECs were cultured for 48 h (70%-80% confluent), then exposed to 0.5 Gy alpha particles from a 238py
electroplated copper disc (Thomassen, D. G. et al. Radiat. Prot. Dosim. 38: 65, 1991), trypsinized, fixed at set
periods after irradiation (2, 4, 6, 8, or 12 b), and stained as described above.

The third experiment was to determine the dose-response relationship. LECs were plated for 48 b, irradiated
with graded doses of alpha particles (0, 0.01, 0.05, 0.1, 0.5, 1.0, or 2.0 Gy), trypsinized, and fixed 6 h aftcr
irradiation. The cells were stained as described above.

The cells stained for p53 and DNA content were analyzed by flow cytometry. Signals from forward light
scatter, side-angle light scatter, and the fluorescence detectors were collected and stored for analysis. Only events
associated with cells containing DNA were analyzed for p53 content. The number of pS53-positive cells was
determined by subtracting the number of events in each channel for control histograms from those for test
histograms and correcting the figure for the number of events in each file.

The number of cells containing elevated levels of p53 protein increased following inoculation of the cells
onto the culture dishes. The expression was maximal after 4-6 h and returned to background levels by 48 h.
Cells that had been cultured for 48 h and exposed to 0.5 Gy alpha particles showed a maximal expression of
p53 protein 4-6 h after irradiation. There was a nonlinear, dose-dependent increase in the number of cells
expressing elevated levels of p53 protein following exposure to graded doses of alpba particles (Fig. 1). Cells
containing increased levels of pS3 protein were found in both the G, and G, phases of the cell cycle. A
response was detected at the lowest dose used (0.01 Gy). At this dose, 9.5% of the cells in the G; phase of
the cell cycle bad increased levels of p53 protein.

*UNM/ITRI Inbalation Toxicology Graduate Student
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Figure 1. Percentage of cells staining positive for the p53 protein as a function of alpha-particle dose and
cell-cycle phase (G, and G,). Analyses are from two separate experiments (G,: [, O: G,: i}, @).

The presence of cells with increased levels of pS3 protein in both G; and G, phases of the cell cycle is
in contrast to the effect of X rays where the majority of positive cells are in the G, phase of the cell cycle
(Kasten et al., 1991). This difference may be related to the ability of alpha panicles to cause greater
chromosomal damage than X rays. The chromosomal damage would be expected to be repaired in the G, phase
of the cell cycle prior to mitosis.

The nucleus is generally regarded as the target for alpha-parnticle damage. The estimated number of nuclei
traversed by an alpha particle at 0.01 Gy is less than 3.5%. The difference between the number of cells
expressing increased levels of p53 and the estimated number of nuclei hit suggests that the target for alpha
particles is larger than the nucleus and that a hit cell may communicate with neighboring cells. A similar
conclusion was drawn from an experiment in which the frequency of cells with sister chromatid exchange were
greater than the number of nuclei traversed by an alpha particle (Nagasawa, H. and J. B. Linle. Cancer Res.
52: 6394, 1992).

This latter study was also conducted at doses where only a small fraction of the nuclei were hit by an alpha
particle, and dose-rate phenomena would be inoperative. Under these cxperimental conditions, a cell receives
the lowest dose possible, i.e., one hit during the cell’s life span. These resulls show that p53 expression may
be a very sensitive indicator of DNA damage. In addition, there appear to be differences in the expression of
p53 protein following alpha particle and X-ray exposure. Understanding these differences will provide
information on how p53 acts as a cell-cycle checkpoint protein.

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Encrgy, under
Contract No. DE-AC04-76EV01013.)
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K-ras AND p53 ALTERATIONS IN LUNG TUMORS INDUCED
IN THE F344 RAT BY X IRRADIATION

S. A. Belinsky, C. E. Mitchell, and F. F Hahn

The mutagenic properties of ionizing radiation bave been demonstrated in many different in vitrro systems
(Breimer, L. H. Br. J. Cancer 57: 6, 1988). However, the molecular alterations underlying ionizing radiation-
induced mutagenesis and the carcinogenic risk of low-dose exposure have not been clearly discerned. Point
mutations primarily within codons 12, 13, or 61 of the K-ras gene are oncogenic and have been detected in lung
tumors from humans and in chemically induced lung tumors in rats and mice (Rodenhuis, S. et al. Cancer Res.
48: 5738, 1988; Stowers, J. et al. Cancer Res. 47: 3212, 1987, Belinsky S. A. et al. Mutat. Res. 233: 105,
1990). Point mutations within exons 5-8 of the p53 gene inactivate this tumor suppressor gene; p53 alterations
arc present in approximately 50% of human lung cancers (Hollstein, M. et al. Science 253: 49, 1991). The
purpose of this study was to determine whether the induction of lung tumors in the F344/N rat by X irradiation
involves alterations in the K-ras and/or pS3 genes.

Lung tumors were induced in F344 rats from the Institute's colony following thoracic or whole-body
exposure to X rays (p. 64, this report). Exposures were fractionated and the total dose ranged from 3.5 to 12
Gy. Thirty-six tumors (18 adenocarcinomas, and 18 squamous cell carcinomas) were evaluated for alterations
within the K-ras and p53 genes. Mutations present within codon 12 of the K-ras gene were detected by the
BstN1 restriction fragment length polymorphism assay and identified by direct sequencing of K-ras exon 1
following amplification by the polymerase chain reaction (PCR). Exon 2 of the K-ras gene was examined by
direct sequencing following PCR amplification. The prevalence for pS3 gene dysfunctions was initially
determined by immunohistochemistry using a polyclonal antibody (CM1) to the pS3 protein. This procedure
detects dysfunctional p53 genes with an 80% efficiency. The remaining mutations are detected using single
strand conformation polymorphism (SSCP) technology. SSCP detects single base substitutions within DNA
fragments up to 350 base pairs in length as shifts in electrophoretic mobility. Direct sequencing is then used
to identify the mutation.

Activation of the K-ras gene was detected in only one tumor, an adenocarcinoma. The mutation was a G
to A transition (GGT to GAT) within codon 12. Dysfunctional p53 protein was observed in three of 18
squamous cell carcinomas, but none of the adenocarcinomas demonstrated increased pS3 protein (Table 1). The
p53 staining chanacteristics differed among the three squamous cell tumors. In one tumor, the majority of
squamous epithelium appeared to stain for p53 protein, while very focal staining was observed in another tumor.
In the third tumor, staining appeared to be light and diffuse. For SSCP analysis of these three tumors, areas
showing positive p53 immunoreactivity were microdissected from paraffin tissue sections, and the DNA isolated
from this paraformaldehyde fixed tissue was amplified by PCR. SSCP analysis of exons 4-9 did not detect
mutations in these three tumors. SSCP alterations in electrophoretic moblility were, however, detected in two
other tumors (Table 1). One adenocarcinoma may have mutations in both exons 6 and 7, while an exon §
mutation may be present in a squamous cell carcinoma. These exons will be sequenced to identify the actual
mutation.

The results from this study indicate that alterations within the K-ras and pS53 genes are rarely involved in
the development of lung tumors induced in the rat by X rays. These results contrast with studies of human
subjects and rodent lung tumors caused by other agents. Activation of the K-ras gene is detected in
approximately 30% of human adenocarcinomas and 47% and 100% of lung tumors induced in the rat by high
linear energy transfer radiation (plutonium) and tetranitromethane, respectively (Stegelmeier, B. L. er al. Mol.
Carcinog. 4: 43, 1991; Stowers et al., 1987). Thus, it is apparent that activation of the K-ras gene is strongly
influenced by the initiating carcinogenic exposure. The lack of p53 alterations in rat lung tumors induced by
X rays is consistent with studies using other compounds ongoing at the Inhalation Toxicology Research Institute
(this report, p. 89). The lack of concordance between human and rat lung tumors for mutations within the p53
gene could be explained if mutations exist in other member genes of the pS3 pathway (e.g., mdmll; Oliner, J. D.
et al. Nature 358: 80, 1992). The positive immunostaining of three squamous cell carcinomas suggests the
potential for alterations within the p5S3 pathway. Future studies will focus on the identification of novel
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oncogenes and tumor suppressor genes in X-ray-induced cancer and will also examine the genes that interact with
p53.

Table 1

Immunoperoxidase Staining and SSCP Analysis
of p53 in X-Ray-Induced Rat Lung Tumors

Positive Immunostaining SSCP?

Tumor Type (Frequency) (Frequency)
Adenocarcinoma® 0/18 1/18
Squamous cell carcinoma 3/18 1/18

2Exons 4-9 of the p53 gene were evaluated by SSCP.
This one adenocarcinoma appeared to have a mutation within both
exons 6 and 7.

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)
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K-ras AND p53 ALTERATIONS IN LUNG TUMORS INDUCED IN
THE F344 RAT BY DIESEL EXHAUST OR CARBON BLACK

D. S. Swafford®, K. J. Nikula, and S. A. Belinsky

The results of a study completed at ITRI (1991-92 Annual Repont, p. 105) suggest that a high lung burden
of carbonaceous particles, rather than mutagenic particle-associated organic compounds, is principally responsible
for the carcinogenicity of inhaled diesel exbaust (DE) in rats. This conclusion is based on the failure of DE
to produce an excess of lung tumors in F344/N rats over those produced by comparable lung burdens of carbon
black (CB), a carbonaceous particulate that is virtually free of adsorbed organic compounds. In the current
investigation, tumors from F344/N rats from the Institute's colony that were chronically exposed to either DE
or CB were analyzed to determine if either activation of the K-ras oncogene or inactivation of the p53 tumor
suppressor gene plays a role in the carcinogenicity of these particulates in the rat lung, and to determine whether
patterns of genetic damage in these tumors support the hypothesis that particle-associated mutagenic compounds
are not principally responsible for the induction of rat lung tumors by DE.

The K-ras protooncogene is frequently activated in buman lung tumors and in experimentally induced tumors
in rats and mice (Barbacid, M. Ann. Rev. Biochem. 56: 779, 1987). K-ras activation results {rom point muitation,
usually in codons 12, 13, or 61. In animal médels, compound-specific mutational profiles are often obscrved
that are consistent with the base-mispairing effects of adducts between DNA and the experimental carcinogen.
Variations in mutational spectra within the K-ras oncogene may thus reflect mechanistic properties of the
initiating agent. In this system, a specific pattern of point mutations would suggest the participation of
de-adsorbed mutagenic organic compounds in the carcinogenic effect of DE. The pS53 tumor suppressor gene
is also frequently altered in human lung tumors, and has been shown to be inactivated in experimentally induced
tumors of the rat (Obgaki, H. G. et al. Cancer Res. 52: 2995, 1992). The inactivation of this gene can result
from point mutations, particularly within the conserved region of the gene (exons 4 through 9), although deletions
and rearrangements elsewhere in the gene can also result in loss of function; thus, the p53 gene is subject to
inactivation by various types of genetic damage. Examination of the incidence and spectra of alterations in these
two genes in Jung tumors induced by DE or CB should provide insight into the molecular mechanisms associated
with the development of DE-caused tumors.

Tumor DNA was isolated from paraffin-embedded tissue sections using a quick-lysis method (Levi, S. et al.
Cancer Res. 51: 3497, 1991), and specific gene fragments were amplified using the polymerase chain reaction
(PCR) procedure. Because of the low concentration (< 100 pg) and substantial degradation of target DNA
obtained from formalin-fixed, paraffin-embedded tissues and the need for high-purity gene fragment products for
sequence analysis, a second PCR amplification was performed for each sample. Exons 4 through 9 of the p53
gene were then analyzed using the single-strand conformational polymorphism assay (SSCP) (Orita, M. et al.
Proc. Natl. Acad. Sci. 86: 2766, 1989). Some samples, including those with apparent mutations, were sequenced
by the dideoxy method (Tindal, K. R. and L. F. Stankowski. Mutat. Res. 220: 241 1989). Sequence data [or
p53 were compared to both the published sequence of the rat pS3 gene and to samples of normal rat lung DNA
isolated from paraffin-embedded sections by the same method used for the tumors.

Gene sequence information was corroborated by immunohistochemical (IHC) staining for the p53 protein.
Point mutations within exons 5 through 8 result in an increased protein half-life which allows detection by IHC
staining. Mutations in codon 12 of the K-ras gene were detected by BstN1 restriction endonuclease analysis
(Kahn, S. M. et al. Oncogene 6: 1079, 1991), and direct sequencing was used to identify mutations present in
codons 12, 13, or 61 of this gene. The sequence analysis and IHC results obtained to date are summarized in
Tables 1 and 2.

These data suggest that the p53 and K-ras genes arc infrequently altered in adenocarcinomas (AC) induced
by either DE or CB. In squamous cell carcinomas (SCC), alterations in the K-ras gene appear to occur at a
similar frequency to that seen in AC. Results indicate that the p53 gene is commonly inactivated in SCC (6/9),

*UNM/ITRI Inhalation Toxicology Graduate Student
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and studies are in progress to identify the mutations within these samples. In addition, the number of tumor
samples analyzed will be increased to 40 for AC (20 induced by DE and 20 induced by CB), and 10 for SCC.
Furthermore, five AC obtained from unexposed F344/N rats will be included in the analysis to determine whether
the pattern of alterations scen in the DE- or CB-induced tumors parallels that seen in spontaneous tumors with
respect to these two genes. Although these results are preiiminary, we have not observed a pattern of genetic
alterations within K-ras or p53 that would suggest a differential mechanism between DE and CB carcinogenesis
in the rat lung; however, the high incidence of pS3 alterations detected in SCC indicates a potential role for
inactivation of this gene in the development of tumors with squamous differentiation.

Table 1

Mutations Found in the K-ras and p53 Genes in
Rat Lung Tumors Arnsing from Exposure to DE or CB?

K-ras
pS3 Exons Codons
Histotype 4 5 6 7 8 9 12 61 p53 IHC
Adenocarcinomas 0/17 0/17 1/10 0/15 0/18 0/18 1/20 1/16 0/25
Squamous cell 0/3 0/3 0/8 1/8 1/8 08 158 08 59
carcinoma

#Values indicate number of tumors confaining mutations over number of tumors evaluated. For IHC data,
number of tumors with positive p53-dependent immunostaining is shown over the number of tumors
cvaluated.

®Indicates that number includes one mixed phenotype tumor (adenosquamous carcinoma). Only the portion
of this tumor with squamous differentiation stained positive for p53 protein by [HC staining. Apparent
alterations in p5S3 sequence are rcported here when identified either by direct sequencing or by SSCP
analysis. The K-ras mutations in codon 12 were confirmed by both direct sequencing and by BsiN1
restriction endonuclease analysis.

Table 2

Comparison of K-ras and p53 Mutation Frequency
in Tumors Arising from Exposure 1o DE or CB?

p33 K-ras
Codon 12 Codon 13 Codon 61
Exposure Exons 4-9 (GGT) (GGC) (CAA)
DE 6/21 1721 (GAD 0/21 1/16 (<AD
CB 2/8 18 @™ 0/8 0/8

*Values shown indicate mutations dctected by any of the methods used over the total number of
samples evaluated. For the K-ras mutations, the sequcice of the mutant is shown.

(Research sponsored by the Health Effects Institute under Funds-In-Agreement No. DE-FI04-93AL80314 with
the U.S. Department of Energy under Contract No. DE-AC04-76EV01013.)
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EPITHELIAL CELL KINETICS IN THE LUNGS OF F344 RATS
THAT INHALE DIESEL EXHAUST OR CARBON BLACK

K. J. Nikula and 1. Y. Chang

Diesel exhaust (DE), a complex mixture of gases, vapors, and soot particles, is a pulmonary carcinogen when
inhaled chronically, at high concentrations, by mts. It is known that filtered DE is not a pulmonary carcinogen
in rats, thus demonstrating that the carcinogenic response requires the presence of soot. A study conducted at
ITRI in which rats were exposed to DE or the same concentrations of carbon black (CB), a carbonaceous
particulate that is virtually free of adsorbed organic compounds, showed that the carcinogenic potencies of the
two materials were nearly identical. This result suggested that the bigh lung burden of carbonaceous particles,
rather than the mutagenic, soot-associaled organic compounds, is principally responsible for the carcinogenicity
of DE in rats (1991-92 Annual Report, p. 105).

Exposure-induced, sustained cell proliferation has been correlated with the induction of cancer (Butterworth,
B. E. and T. L. Goldsworthy. Proc. Soc. Exp. Biol. Med. 198: 683, 1991). It has been proposed that (1) doses
higher than expected for buman exposures lead to increased cell proliferation, which accounts for much of the
excess tumor incidence observed in bioassays, and (2) this carcinogenicity is not predictive for human cancer
risk (Ames, B. N. and L. S. Gold. Science 249: 970, 1990).

To better understand the pathogenesis of the hyperplastic and ncoplastic lung lesions induced by exposure
to DE and CB, replicative and proliferative indices were quantitated in terminal bronchiolar cpithelia, alveolar
epithelia of focal hyperplastic lesions (referred to as focal lesions), which occur in the centriacinar region of the
lung, and alveolar epithelia not included in the focal lesions (referred to as nonfocal lung). These data will show
(1) if DE and CB induce the same or different proliferative responses with respect to magnitude over time and
location, and (2) the location of the greatest, sustained proliferative response.

Groups of five male F344/N rats from the Institute’s colony, 9 £+ wk old, were exposed 16 h/day, 5 days/wk
for 3, 6, or 12 mo to DE or CB at particle concentrations of 6.5 mg/ms, or to filtered air (controls). To label
S-phase nuclei, 0.78 mCi of tritiated thymidine (80.0 Ci/mmole) was delivered to each mi, via continuous
infusion, over the last 6.5 days prior to sacrifice. Standard morphometric techniques were used to fix and
sample the lungs and to determine the relative volume densitics of a number of components of the alveolar
parenchyma and indices of cell replication and proliferation (Elias, H. M. and D. M. Hyde. Practical Stercology,
Karger, New York, 1983; Herbent, R. A. et al. Radiat. Res. 134: 29, 1993). The unit length labeling index
(labeled epithelial nuclei/mm basal lamina) and the numeric density of epithelial nuclei (epithelial nuclei/mm basal
lamina) were determined in the terminal bronchioles. The type il cell labeling index expressed as a4 percent
(Type II LI; calculated from the ratio of labeled type II cells to the number of type Il cells counted), the percent
type II cells (calculated from the ratio of type 1l cells to the number of type II, type 1, endothelial, and fixed
interstitial cells), and the number of labeled type I cells per 4,000 lung cells (labeled Il cells/4000 cells) were
determined in the focal lesions and nonfocal lung. Unit length labeling index, Type Il LI, and labeled 1l
cells/4000 cells are indices of replication. These three indices are used with the numeric density of epithelial
nuclei or the percent type Il cells to evaluate cell proliferation. In a preliminary statistical analysis, differcnces
in unit length labeling indices and numeric densilies between groups were tested using a ¢ test with a Bonferroni
correction for multiple comparisons. Significance was set at an overall p value of less than 0.05. Statistical
analyses of the data for the focal lesions and nonfocal lung have not been done.

The data for the terminal bronchioles, nonfocal lung, and the focal lesions are presented in Table 1. In the
terminal bronchiolar epithelium, the unit length labeling indices of DE- and CB-exposed rats were significantly
greater than those of controls at 3, 6, and 12 mo. The greatest unit length labeling indices were measured at
3 mo in both CB- and DE-exposed rats. The unit length labeling indices of DE-exposed rats were greater than
those of CB-exposed rats at 3 and 6 mo, but not at 12 mo. The numeric densities in the terminal bronchioles
were similar in all groups at all times.
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In the nonfocal tung, the Type Il LIs were similar in rats exposed 1o filtered air, CB, or DE at 3. 6, and
12 mo; the Type Il Lls decreased in all groups over time. The percent type 1l cells was greater in rals exposed
to DE or CB than in controls at 3, 6, and 12 mo, and the percent type Il celis was greater in DE- than CB-
exposed rats at each time. The percent tvpe 1l cells increased in rats exposed to DE or CB over time.  The
relatively large standard errors make the labeled Il cells/4000 cells data difficult to interpret for the nonfocal
lung, but the data are similar for the DE- and CB-exposed rats. The labeled I cells/4000 celis appeared to be
greater in the DE-exposed rats compared to controls at 6 and 12 mo. The labeled 1l cells’40Q0 cells in the
nonfocal lung decreased in all groups over time.

Focal lesions were not present in the control lungs. In the rats exposed 1o DE or CB, the Type 1l LIs in
the focal lesions were two- to three-fold greater than the Type II Lis in the nonfocal jung of coatrols a1 cach
time. There was no consistent difference in Type II LIs between DE- and CB-exposed rats at any time. The
percentages of type 1l cells in the focal lesions of the DE- and CB-exposed rats were similar at all times and
were three- to four-fold greater than the percent type Il cells in the nonfocal jung of controls. The labeled H
cells/3000 cells in the focal lesions were (1) 10- to 15-fold greater than the labeled I cells’3000 cells an the
nontocal lung of controls, (2) were similar in the DE- and CB-cxposed rats at cach time, and (3) decreased over
time.

The greater unit length labeling indices in DE- than CB-exposed rats at 3 and 6 mo suggest that DE induces
a greater replicative response than CB in the terminal bronchioles at carlier times, but not after 12 mo ol
exposure.  The lack of increase in the numeric densities of epithelial nuclei, especially the lack of increase at
3 and 6 mo, shows that although both DE and CB induce replication, neither DE nor CB cause prohiferation.
The unit length labeling index and numeric density of epithelial nuclei data sugpest that DE and CB induce ccll
injury that leads to regenerative replication in the terminal bronchioles, and that the amount of injury and
subsequent regencration is greater for DE than CB at 3 and 6 mo of exposure.

In the nonfocal lung, the Type II LI data indicate that type Il cell replication was not crhanced by DE or
CB cxposure, and that replication decreased in all groups over time.  The labeled 11 cells/4000 cells index, which
can be a more sensitive indicator of type 1l cell replication when there is concomitant hyperplasia, suggests that
DE cxposure caused a modest increase in replication compared to controls at 6 and 12 mo; these data also show
that tvpe II cell replication decreased in all groups by 12 mo. The percent type 11 cell data show that both DE
and CB cxposure caused tvpe 11 cell byperplasia in the nonfocal lung. The amount of hvperplasia increased over
time and was greater for DE than CB. These pereent type 11 cell data, in conjunction with the Tvpe I Lls and
the labeled 11 cells/4000 cells, indicate that a lack of differentiation of tvpe I cells 10 tvpe | cells, rather than
cnhanced replication of tvpe Il cells, may have been a significant factor in the tvpe I ccll hyperplasia in ihe
nonfocal lung. Preliminary examination of the percent type | cells (data not shown) suppons this speculation.

All three indices of replication and proliferation show that DE and CB induce similar, sustained proliferative
responses in the focal lesions.  The volume percent of the lung composed of interstitium of focal lesions
increased in the DE- and CB-exposed rats (data not shown), further supporting the conclusion that the greatest
sustained proliferation was in the focal lesions.

In the carcinogenicity study (1991-92 Annual Repont, p. 105), the neoplasms induced by DE or CB exposure
in ralts appeared to arise from the alveolar epithelium of hyperplastic foci.  The cquivalent replicative and
proliferative responses induced by DE and CB in these regions where the neoplasms apparently arise corroborate
the tumor incidence and tumor site data from the carcinogencesis bioassay.

(Research sponsored by the Office of Health and Environmental Rescarch, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)




RAPID DETECTION AND QUANTITATION OF MUTANT K-ras CODON 12
RESTRICTION FRAGMENTS BY CAPILLARY ELECTROPHORESIS

C. E. Muchell, S. A. Belinsky, and J. F. Lechner

Ras mutations are found in a large number of epithelial cell cancers and in subtypes of leukemia. The role
of ras in the early stages of cancers as well as the interaction of ras genes with additional genetic alterations
are areas of active investigation. A recent breakthrough has been made in detecting ras mutations with the use
of the BstN1 endonuclease restriction fragment polymorphism (RFLP) assay (Kahn, S. M. et al. Oncogene 6:
1079, 1991). Although this assay can detect one mutant gene in a total population of 10,000 cells, it is labor-
intensive, time-consuming, and nonquantitative,

Capillary gel electrophoresis (CE) is another recent innovation in the analysis of DNA fragments (Mavyer,
A. et al. Arch. Pathol. Lab. Med. 115: 1228, 1991). The advantages of this technique are decreased analysis
time, single base resolution with oligos of > 100 bases, reduced sample requirements, automation, and especially
quantitation. In this report, we examine the use of CE to separate and quantitate K-ras mutant and wild-type
(WT) alleles following selection by BsiN1 endonuclease digestion.

DNA was isolated from the following tumor cell lines: SW480, AS49, Calu-1, SKlu-1, and H345. These
cell lines were eit