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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 1.x_velace 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 research 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 research to improve our understanding of the nature and

magnitude of the human health impacts of inhaling airborne 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 rises to human health. 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 inhalation 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 support 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 progrants 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 research
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 Institutc'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, Annual Report on Lx_ng-Term Dose-Response Studies of Inhaled or Iniected
Radionuclidcs, sununariT, c the design and status of the h_ng-tenn sludies of the heailh effects of radionuclides in

dogs, Col|dueled at ITRI and the UniveI_ily of Utah. This separate report also conlains the status of each dog, the
detailed tables which were previously included as appendio's in the ITRl Aamuai Report. The dog report can be

obtained from NTIS, and by request from the Institute.

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

An aerial view ol the Inhalation Toxicology Research Institute which was colL'_trucled in several incremcnls,

sk_,iling in June 1962. The lnstitute'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 hcallh

protcction opcralions; (2) a central laborator3, .' and office area, including aerosol science, radiobiology, pathology,

chemistry and toxicology laboratories; (3) cell loxicology lat_ralories; (4) pathophysiology laboralories; (5) a
specially designed and cquippcd chronic inhalation cxpc_sure complex with some iaboralorics suitable lot use wilh

carcinogenic materials; (6) an exposure facility for acute inh_lation exposures lo chemical toxicants and beta- and

gamma-radionuclidcs; (7) exposurc facilities for acute inhalation cxposurcs !_ alpha-emitting radi¢muclides; (8) a

vclerinary ht,spital and facilities for detailed clinical observations; (9)small-animal barrier-type h¢_using facilities;

(10) a modern library, and quality assurance facilities; (11) 13 kcnncl buildings, nine capable ofh¢_using 1()0 dogs

each and four for housing 12(1 dogs each; (12) an analytical chcmislry building; (13) an cngitlcering and sh_q_ suppoil

building; (14) a receiving, prot_crty management, and sloragc building; (15) a health prolcction building; (16) several

temporary laboratories; (17) a hazardous waste slorage and lrcalment lacility; (18) stal, dby power lacility; and
(19) animal quarantine facilily.

vii
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MEASUREMENT OF THORON AND THORON/RADON MIXTURES

Y. S. Ct,eng and H. C. Yeh

Thoron and radon mixtures are found in many enviromnents. 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 Cent_-efor Mineral and Energy Technology (CANMET). The ITRI team participated in all phases
of the intercomparison studies. The methods, procedures, and results 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 (Model 218, Ludlum Measurements, Sweet Water,
TX) with a Smart Radiation Monitor (Model 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 ct decay started 1 min alter filling the cell with gas. For thoron

gas, the counting stopped after 8 to 10 min, when the c_ counts approximated the background value. For an
experiment done on November 5, the thoron/radon mixture was counted initially in Elliot Lake for 1580 rain,

and the counting continued up to 7154 rain 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 22°Rn and 222Rn. The data were analyzed using
the non-linear fit procedure of SigmaPlot (Jandel Scientific, 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 eleclret substrates were
measured using an Electret Voltage Reader (Rad Elec Inc., Frederick, MD) before and after 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 screelts 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 w;:s
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 alpha 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 rain) 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 (218po, 214pb, and 214Bi) concentrations were calculated from five counts using a non-linear

least square method (Raabe and Wrenn, 1969). Data were analyzed using both Quattro Pro (Borland

International, Scotts Valley, CA) and SigmaPlot (Jandel Scientific, San Rafaei, CA) softwarcs. After 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 et 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 equatiom;

derived by Soloman, S.G. and T. Ren (Aerosol Sci. Technol. 17: 69, 1992). The computer code w;Js wrillen

in Fortran 77 C(_Ie and run on a PC. Forty size intervals between 0.5 to 50//Ill 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

(CTh) and radon (CRn) concentrations were calculated from the best ['it to the data. The average thoron
concentrations measured during the day were between 70,000 to 100,000 Bq/m 3.

1500 "1

-- -- - Thoron Gas
..... Radon Gas
---.----- Mixture

.¢: 1000-
=E
t..._

Q.
U)
C

O 500 - '_"_ Ooo'o o °°_-
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Figure 1. Measurement of thoron/radon mixture concentrations in a Lucas cell. The data points are counts/nlin,
and the solid curve is the combined thorort/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/m 3 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 I. The working level

of thoron progeny increased as the aerosol concentration in the chamber increased from 300 to 16,300

particles/era 3, even though the thoron gas concentration remained relatively stable between November 3-4. For

thoron progeny (212pb and PAEC), bimodal size distributions with modes at 0.75 and 47.2 nnl were found,



Table 1

Thoron and Thoron/Radon Progeny Size Distributions by Graded Diffusion Battery

Thoron Progeny Radon Progeny

CNC Conc. Unattached Size Unattached

Date Run No. (#/cc) Size Mode AMD/o_ Fraction Mode AMD/og Fraction

CANMET 2 1100 0.75 nm 22.8 nm 17.8 %

11T3/93 /47.2 nm /4.78

11/3/93 CANMET 3 1060 0.75 nm 24.1 nm 16.7 %
/47.2 nm /4.62

11/4/93 CANMET 4 312 0.84 nm 4.3 nm 60.5 %
/47.2 nm /7.00

11/4/93 CANMET 5 355 0.75 nm 13.9 nm 29.9 %
/47.2 nm /6.51

11/4/93 CANMET 6 16300 47.2 nm 47.2 nm 0 %
/1.0

11/5/93 CANMET 7 200 0.75 nm 16.0 nm 26.3 % 0.53 nm 1.02 nm 86.5 %
/47.2 nm /6.12 /47.2 nm /4.64

11/6/93 CANMET 8 22000 0.53 nm 44.8 nm 1.2 % 0.53 nm 47.2 nm 0.02 %
/4.72 nm /1.62 /47.2 nm /1.07



except for cases with extremely high aerosol concentrations (> 16,300 parlicles/cm3). 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 tor thoron progeny, as calculated from tile working level ill
the smaller size mode, decreased from 61 to 0 % when the aerosol concentration increased from 310 to 16,300
particles/era 3. 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 allnosl disappeared at
an aerosol concentration of 22,000 particles/era 3.

Our measurements of the thoron and thorolt/radon mixtures agreed well with data oblained from other

lalx_ratories (data not shown). These methods will be useful in measuring thoron/radon mixtures ind_ors.

(Research sponsored by the Office of Health and Environmental Research, U.S. Deparlment 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 tile physical behavior, lung
deposition and clearance, and toxicity of fibrous aerosols. This report describes tile use of a two-stage virtual
impactor and an electrical classifier to produce fibrous aerosols that have a narrow distribution of fiber diameter
and length. A two-stage virtual impactor was used to classify fibers based on diameter. An elcctrical classifier,
containing a unipolar-ion charger and a differential mobility analyzer, was used to ,;egregale fibers based on

length (Chen, B. T. et al. Aerosol Sci. Technol. 19: 109, 1993).
I

Four different manmade fibers, including carbon libers (Test Articic 31, Hercules, Inc., Wilmington, DE),

glass fibers (X7484 and X7999, Owens Corning, Inc., Granville, OH) and MMVFI0 glass fibers (Manville, Inc.,
Litlleton, CO), were used in this study. The first threc types of fibers were monodisperse in diameter and
polydisperse in length; the MMVF10 glass fibers were polydispcrse 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 Size Distribution
of the Bulk Materials lmpactor of thc Classified Materials

Cutoff Classifier

CMD/GSD CML/GSD Size Total Flow CMD/GSD CML/GSD

Types of Fibers (urn) (,urn) (,urn) (L/rain) (,urn) (,urn)

16-200/
20

1.17-1.28

Carbon Fiber 28-190/
3.74/1.06 35.8/2.08 3.0 30 -

(Test Article 31) 1.21- 1.30

30-170/
40 1.18-1.25

13-34/
20

.g.z.-Glass Fiber 1 1.29
2.83/1.13 18.5/1.63 2.0

(X7484) 15-35/
30 1.26-1.29

12-37/
2O

Glass Fiber 1.19-1.29
1.83/1.18 16.5/1.71 2.0

(X7779) 19-43/
30 1.22-1.26

Glass Fiber 0.72-1.29/ 6.6-29/
1.06/1,80 16.1/2.35 4.7, 3.3a 20

(MMVF10) 1.18-1.37 1.29-1.44

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



The experimental setup for this study is schematically sh(_wn in Figure 1. Each fiber material was

acrosolized using a small-scale powder dispcz,'ser (Model 3433, TSI, Inc.). The aerosol was passed through a

85K.r bipolar ion source to reach a state of Boltzmann charge Ctluilibrium. Because the acrodynanfic diameter

of a fiber-like particle depends primarily on the fiber diameter, a one- or two-stage virttml impactor was used
to classify fibrous aerosols according to their diameters. For carbon and glass fibers with monodispcrsc

diameters, a one-stage virtual impaclor was used to reduce the numbers of fine nonfibrot, s particles, which cxisl
in the bulk fibrous material ;_nd in the aerosol, and to concentrate the fiber-particle fraction. For polydispcrsc

MMVF10 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 impaclor.

The fibers classified by the virtual impactor were introduced into an electrical classifier (Fig. 1) which w_s

designed based on results from a previous study (Chen et al., 1993).

.,,.,p. -

Aerosol -"-"_ ( _ " Aerosol

I jTI.._In
_ -'_ .... J [.....

__.._ "-''J L'-----']C-._lean Alr Chargerl.1 -

Kr-85Bipolar _'___ SheathLl E i l Charger

_._! ion Source Air _ "]_ Region
| First [.'...... ii

_ost...o=" _ r'---'--" Coarse

Fibers F-- Electrical

L'--'-- I Clean Air --
= Mobility

Analyzer! <

Second_-_ /'-_ Fine Clean _

Stage _z_rL___ Sheath

Ventur Air ........
Throal _ ,

Exhaust

Filtered Turntable Diameter "---" 1 ,.--_'__ Fiberswith a
Dry Air u | Classified fl L,.._.,

[__ '_ Classified _ Narrow SizeFibers L Fi._.._bers (7_'__,u ti°n
Small-Scale Two-Stage _ Electrical

Powder Disperser Virtual Impactor Classifier

Figure 1. Schematic diagram of the experimental setup lor fiber classification studies. The two-stage virtual

impactor was used in classifying bulk fibers with polydispersc diameters and Icnglhs. For classifying

bulk fibers with monodisperse diameters, only one-stage virtual impaclor was used.

This electrical classifier was fabricated by modifying the mobility analyzer section i, the electrical aerosol

analyzer (Model 3030, TSI, Inc.). This modified section cottsisted 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 ccntr, tl rod and introduced

around the rod. The outer cylinder was grounded, while a negative high voltage was applied to the central md

to Iorm a cylindrical condenser with concentric cylindrical electrodes. Under a given set of operating coudilions,

charged fibers in the aerosol stream flow along the outer cylinder and are dctlccted through the clean air core.

If these particles have the appropriate electrical mobility, they will bc drawn into a slit (slit width = 1.6 ram)
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/rain. 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 lenglh, CML). The classified fibrous aerosol samples

were collected on membrane filters (SSWP25, Millipore Corp., Bedtord, MA) tor size analysis. The particle size

distributions were determined by tracing the digitized images of fibers using a semi-automatic image analysis

system.



Table I ._hows the size disthbulions of these femurlypcs of fibrous acr_sols. The vhl_ilied ;iL'r_.,l'. ',h._

a narrow size distribution in fiber diamcler and length. As an example, the GSDs ¢_1Ihc chln.,,ifit'd NiM\,'FI()

gl;Iss tibers were 1.18-1.37 in diamctcr and 1.2t)-1.44 in Icngth, compared t¢_ tilt' corresp_ndiug \'aluc,', ¢_I 1._()
and 2.35 in lhc bulk fibrous aerosols. The results showed lhal this devit'c, which cmlllfint,.s ;i virtual illlt_itch_l

with all cleclfical classifier, Call successfully classify fiber_ based ovl b¢_lh tliilltri'lsi_llS al|tl, c_ll.,,eqtlclllly, l_r¢_tluc¢

fibers with a narrow size distribulion. This device has the polciHial to cl;ts,',ifv ¢_lher nlicrolllclcr-._i/cd, ittcgularl

shaped parliclcs and will be used to produce aerosols wilh lmrmw si/¢ distribulioll,

(Research sponsored by tile OMce of Health and Envirolmlental Rcscarch, U. S. Dcp_trlmcvll of l!ucrgy,

under Conlract No. DE-AC04-76EV01013. I)



PERFORMANCE OF RESPIRATOR FILTERS FOR AEROSOl_, PARTICI,ES

)', S. Cheng, H. C. Yeh, and E. E. Martim'z*

The goal of this research was to quantify the perfornlance of respirator filters used t_ protect workers in
environments where they may be at risk of exposure to asbestos and manmade fibers. Current OSHA guidelines
require the use of respirators that are filled with high-efficiency fillers. Tht,;e filters must be approved under
NIOSH certification criteria based on penetration tests in which spherical aerosols are used. Fiber aerosols arc
known to have different aerodynamic lx-haviots than spherical particles and usually carry higher electrostatic
charges. Because the carcinogenicilies o1" asbestos and other filwrs are known to be clue, in part, to fiber

dimensions, it is very important to know the cMciency of a respirator filter in relation to fiber dimension. It
is also difficult to predict how fiber aerosols will penetrate respirator filters as compared to the NIOSH testing
results using spherical particles.

As a part of the evaluation of the respirator, we quantified performance of respirator t'illci.'s and delermincd
the effects of charge on the filter performance using spherical Di-Octyi Scbacatc (DOS) aerosols. Four types
of respirator filters were used in the study: (1) a HEPA filter AOR57A (American Optical Coq}., Soulhbridge,
MA), (2) a high-eMciency filter cartridge (Type S, MSA, Pittsburgh, PA), (3) a filler for powered respirators
(Type A, MSA, Pittsburgh, PA), and (4)a disposable, low-efficiency filter (3M8710, 3M, St. Paul, MN).
Following the current NIOSH test proccdures, the HEPA and high-efficiency fillers, which arc used in dual
cartridges, v_crc 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 respirator.

The experimental sctup is shown schcmalically in Figure 1. A TSI condensation aerosol generator (model
3076 and 3072) was used at a flow rate of 2 Lpm. The particles then flowed through a Kr-85 discharger, which
lowcrcd their charge to the Boltzmann equilibrium charge level. The flow rate was increased prior to the
particles reaching the test chamber in order to meet the test requirements. A mixing ihn was placed inside the
cope Iocalcd before the chamber to increase aerosol uniformity. A honeycomb l'low straightener was placed
between the fan and the chamber to reduce the turbulence created. The test chamber was a cylinder (12 in I.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 magnchelic pressure selt,;or
measured the pressure differential across the test filter. A change in pressure indicated that aerosol particlcs had

built up on the filter. The RAM-1 (MIE, Bedford, CT) was connected Io the sample probes and measured the
mass concentrations before and after the filter. A QCM particle impactor determined the aerosol size to bc about
0.25 ,um.

The hypothesis 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 both untreated from the box and alter
treatment in isopropyl alcohol, 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, Lyndonviile, 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 bc noted
from the differences in percent deposition, charge played an imporlant role in increasing the efficiency of the
filler, while flow rate had little effect on the efficiency of the filler.

Results were also obtained for the high-efficiency filter carlridgc, which had no initial charge. As expec:cd,
it was considerably more efficient than the disposable filter. The differences between the discharged a_ld

untreated filter cartridges were negligible. The differences due to flow rate were also negligible. The rcsult:_
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 Wesle! Universities Summer Student Research Participant
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Figure 1. The experimenlal setup.

,,,,,,

32.0 85.3

Flow Rate (Lpm)
Figure 2. Aerosol dep_sition in a disposable filler (3M,_710).

Overall, the electrostatic charges on the respirator tillers did affect tile filter efficiency; flow rates h;td

negligible eH'ect on the cfficiencies of filters. Fillers treated with anli-clectroslatic spray and unth.'r high-
temperature and high-humidity cmidilitms (data n_ ;hown) had a reduced charge. A penetration Iesl using
asbestos fiber is in progress.

(Research sponsored by the PHS/CDC under Grant R01-Ott()2922-01AI l'r¢_mIhc Natit_n;tl Institute ¢_f
Occupational Safety and Health in facilities pr¢wided by the U.S. Department of Energy under C¢_nlra('l N¢_.
D E-AC04-76 EV01 ()13.)



CHARACTERIZATION OF AEROSOLS PRODUCED DURING TOTAL tlIP

REPLACEMENT SURGERY IN BEAGLE DOGS WITtl iICr-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, has added to concerns alx_t,t lhe

hazards of working with thesc patients (Day, L. Can. Med. Assoc. J. 139: 1935, 1988; Goldman, B. Can. Med.
Assoc. J. 138: 736, 1988). Previous studies have demonstrated that re._pirable, blood-associated aerosols arc
produced during orthopedic surgery (Heinsohn, P. and Jewctt, D. L. Am. Intl. Hyg. Assoc. J. 54: 446, 1993;
1991-92 Annual Report, p. 48). In those studies, the identification and estimation of blood-associated aerosols
were based upon Hemastix or Chemstrip 9 analysis of samples. These indicating strips will respond to either
hemoglobin or myoglobin, but will not differentiate between the two. Furthermore, the results from the Hemastix

and Chemstrip 9 analyses arc only qualitative, because the responses are classified into lour discrete categories,
based on changes in color. This study was designed to quantify the blood-containing aerosols that might be

l_roduced during orthopedic surgical procedures using five Beagle dogs whose blood was labelcd with radioactive1 1,Cr immediately before the surgery.

The primary surgical procedure chosen lor the study was total hip replacement, similar to lhose 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 humalts. The surgical tools
used included an clectrocautery, bone drill, saw, reamer, hanlmer, and water pulse irrigation/suction. The blood

was labeled by incubating 19 GBq (500 mCi) of 51Ci(VI) with fresh or refrigerated wh_,le blood from a donor
dog and by washing and centrifuging the blood to remove the reduced Cr(Ill). 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 consideratimt,; ot" potential
contamination and decontamination of equipment limited the types and numbers of aerosol sampling instruments
used. They were as iollows: (1) a Marple personal cascade (MPC) impactor (to be worn by the chief surgeon),
(2) two Lovelace Multi-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 al-x-_ut15-25 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 liltcrs taken from the aerosol
chamber during each experiment.

At the conclusion of each surgical procedure, the MPC impactor, the LMJ cascade impactors, and the fillers
were disassembled, the impactor substvates and filters were rcmovcd, and the samples were weighed using a Cahn
balance. After weighing, each sample was assayed for 51Cr using an automated gamma counter (Beckman,
Model 8000, Fullerton, CA). More than 30 samples (including background and standard samples) wcrc counted
per experiment. These counting data represented aerosolizcd 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 lor samples for that dog. This conversion factor could bc used to estimate the

*Lovclace Medical Center, Albuquerque, New Mexico
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numt×'r of RBCs collected on each impaclor subslrale l'ronl the counting dala of tile labeled 51Cr aclivilv. After

counling, these filler and impaclor subslrate samples were washed wilh 2() !tl_ of distilled waler, and Ihe

hemoglobin conical was quantified by using Chemslrip q.

Similar to previous results from humans (1991-92 Annual Report, p. 48), the aerosol size distributions varied

from experimenl to experiment, apparently due to tile dynamic nature oflhe .surgical procedures. However, tile

shapes of lhe size dislribulion were similar among the five dogs. Figure 1 shows a typical result oblained from

tile MPC impactor worn by the chief surgeon. Also included art' tile results analyzed by Chenlslrip 9 on each
impactor stage for quantifying blood content. The eslinlalcd number t>l+RBCs was obl;Jined lronl lilt' aill(_ulll

of 51Cr in the sample, assuming that all of tile 51Cr was in the RBCs. Even Ihough tile Chemstrip t,_ readings

were qualitative and sonwwhat subjective, they correlaled fairly well wilh the radioaclivilv (and thus !o tile

eslimaled num_'r of RBCs). in general, all of the size di.slributions oblained by weight ;iud by radioaclivilv
also correlated very well.
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;; O
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2+ 2+ ;;

¢_ O
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"- 008,, o. - :: !! z
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Figure 1. Histogram (J[ lilt" lllass and cstimalcd numbcr of RBCs obscrvt'd in each ,size inlerval of a MPC

impactor. (51C'r-labeled dog: Run #1) (Tilt' amount _1 hemoglobin detected on each stage bv

Chemslrip 9' ncgalive = 0 erylhrocyle.s/,ul.. Imte ,_ 5 er_'!/tL, 1+ =, 10 t,ry,_uI., 2+ ,_ 5(I ery/'ltl.., 3+

25(1 er_.,/,u[.. Sample silt" ,-= 20 _ul..)

Table 1 sunlmafize.', data obtained lrom all five dogs. The aeros¢,l mass c¢_ncenlralitm and e.',lilnaled RI3("

(_r activity) concenlration were obtained fnnn the MPC inlpatt_r, Iwo I.MJ t'ascade inlpat'h_rs, and lilt: filler

samples. A relalively large slandard devialion indicatcs largv variabilily bt'Iween the surgcries. "File Ionia] ;Jver;_ge

sample weighl collecled by tile MPC impach_rs was 0.038 __.0.()21 mg (mean _+_S.D.; n -- 5); lilt" Iolal t'.,,linl;llt'd

llunltx'r of RBC.s was 2.t,_ x 104 ± 1.5 x 1()4; and lilt' .saml}h,d volume was ().17,4 __+(1.()2() m3. "]';tlqe I _]lo\',.',,

lhal data _blaincd lhrough the probe (LMJ81()6 and filters) were I,_wt, r lhan those obtained bv either lilt, pt'r_,mal
irnpaclor or LMJ838(I. This nlav .";,tlggcsl SOIlW losses ill lhe sampling line f,_r lilt' i.MJSI()6 (;_nd lilwrs lhal

sampled through the at'resell chamber via a sampling probe). It may also suggest .spatial mmunifornlitv ,_1 tile

aerosol c_mcenlralion ar¢_und the surgical area and wilhin tile .,,urgical r_onl.



Table 1

Aerosol Mass and RBC Concentrations (from Radiation) Measured by Different Instruments

(Mean ± S.D.; Number of Samples or Experiments)

Mass Concentration RBC Concentration RBC Concentration

lnstru me nl (tllg./nl 3) (#/Ii13) Qtg/lll 3)

Personal Impactor 0.368 ± 0.203 (5) 2.18 x 105 ± 1.40 x 105 (5) 6.54 ± 4.20 (5)

LMJ8380 0.382 ± 0.059 (5) 1.72 x 105 ± 0.97 x 105 (4) 5.16 ± 2.91 (4)

LMJ8106 0.122 ± 0.055 (5) 7.53 x 104 ± 2.07 x 104 (5) 2.26 ± 0.62 (5)

Filters 0.134 ± 0.045 (5) 6.34 x 104 ,- 2.63 x 104 (5) 1.90 +_.0.79 (5)

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

(Research sponsored by the National Institute for Occupational Safety and Health under Interagcncy
Agrcement No. 92-05 with the U.S. Department of Energy under Contract No. Dc-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) have been developed to detect airlx_rne plutonium or other actinide alpha
emitters. Recently, DOE Order 5480.11 has specified that alpha CAMs ft_r 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 _equirement will bc ilnl)ossible to meet with
existing technology. Eight DAC-h represents about 35.5 dpnl/m 3 thal must bc detected in a background of
naturally occurring, alpha-emitting radon progeny ranging from 400 to 40,0(X) dpm/m 3.

A virtual impactor that would reduce interferences from radon pmgcny could Ix' a solution to the problem.
A virtual impaclor (Maq_le, V. A. and C. M. Chien. Environ. Sci. Technol. 14: 976, 198(/; Chen, B. T. and
H. C. Yeh. J. Aerosol Sci. 18: 203, 1987) is sitnilar to a conventional impactor that collects panicles by inertial
impaction onto a solid substrate placed under a high velocity jet of sampled air. A virtual impactor classifies
panicles larger than the desired cutoff aerodynamic diameter into a colullln of relatively stagnant air (minor flow)
and diverts parlicles smaller than the desired diameter into the major flow. This study inw, lvcd 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/rain) of ambient air to reduce the response time
of an alpha CAM. In addition, it would have a cutoff diameter of 0.5 ,urn to aerodynamically separate particles
containing alpha-emitting radon progeny (mainly attached to submicrometer-sized particles) from micrometer-sized
actinide panicles (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.

Total Flow
283 I./min

'q o.

I • °

Major Flow :':: "-- )1 I_(

254.7LJmin 4"'-- '-::'_ o_ I:° 7_

• |e

''_ ' °'° ° . " L

Minor Flow
28.3 L/min

Figure 1. Schematic diagram of lhc prototype annular-jet virtual impactor. Larger parlicles art' conc_,:_,,atcd
in lhc minor flow. Smaller particles, including radon progeny, are remtwcd in the majt_r flow.
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Monodisperse, flu(,rcscence-tagged oleic acid (OA) liquid particles with a count median geometric diameter
between 0.5 and 10 Bm were generated using a vibrating-orifice generator (Model 3(153, TSI, Inc., St. Paul, MN).

Clean, dry air was used to suspend the droplets and completely cvaporate the solvent in the droplets. The dried
aerosols were exposed to a 85Kr bipolar ion source to bring the particles to a state _)1'c'harge cquilibrium. An
aerodynamic paniclc sizcr was used periodically to monitor the size distribution of the OA aerosols bttl'orc lhcy

entered the virtual impactor. The monodispersity of the aerosols was conlrollcd by adjusting the lceding

pressure, vibrating frequency, and llow rate in the aerosol gcnenltor. Aerosols were introduced inlo the
prototype, high-volume, annular-jet virtual impactor (Fig. 1), and the parliclcs were separated iv,to two fractions
based on the separation efficiency of the impactor. Glass fiber filters (Gclman A/E) in lhe minor flow and
major flow of the aerosol were used to collect the coarse and fine particle fractions of the aerosol, respectively.

After each run (30-50 rain), the filter samples were washed separately and subjcctcd to ultrasonic agitation in
a solution (50 mL) containing 50% isopropyl alcohol and 50% pH 10 Tris buffer. The impactor was
disassembled, and the parts were separately rinsed with 50 mL of the same solution. Two aliquots of each
washing from the filters and the parts were quantitated for fluorescence content with a Hitachi spectmlluoromclcr
(Model F-1200).

Table 1 shows the percentage of fluorescence content found on the impactor walls aod the exhaust fillcrs
of the major and minor flows. "l"he impactor walls represent t_:" 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 lhe exhaust fillers. Results indicated that the

particle separation efficiency increased with particle size, and the 50% cutoff sizc was approximately 1.2 /tin.
Wall losses appeared to be high in both major and minor flow sections. Although wall losses in the major l]¢,w
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 aclinidc aerosols
to bc detected by the alpha detector. In future studies, the modification of this prototype impactor to minimize

wall losses in the minor flow section will bc emphasized. Several operating and dcsign paramctcrs 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 eMciency and to minimize the wall losses.

Table !

Percentage of Fluorescence Content in the Prototype Annual-Jet Virtual lml)actor a

Major Flow Minor Flow
St;pa ralio n

Particle Size lmpactor Walls Exhaust Filter lm,_actor Walls Exhaust Filter Efficiency

_,n) (_) (%) ("_,) (%) ('_,)

0.5 46 25 8 21 29

1.0 33 27 13 27 40

1.9 "7 l l 32 5(_ _2

3.0 1 6 3_ 55 ,_3

4.1 0.8 2.2 23 74 97

aThc values of separation efficicncy wcrc determined by dividing the fluorescence con|ent in lhe
minor flow by the total fluorescence content.

(Research sponsored by the Assistant Secretary 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-EMITrING RADIONUCLIDES

B. T. Chert, S. J. Monta_o*, 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 impactor stage to collect actinide particles for
alpha detection, and uses either spectroscopic techniques or an inertial 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 comprehensive evaluation of the technical basis for use of this CAM
in order to determine its ability to 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 pm ill geometric diameter (Alexander, J. M. Health
Phys. 12: 553, 1966). Tait (1956) reported that, when the device is operated at 25 cfin, it has a 50% collection
efficiency of 0.5 pm (in diameter) dust particles with a 2.3 g/cm 3 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, fluorescence-tagged, polystyrene latex (PSL) aerosol
particles with a count median aerodynamic diameter of between 0.5 and 10 pm 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 50MC2-2). 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. After each experiment, the CAM (Fig. 1) was dismantled, and various internal parts, 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 _he 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 C:MVI. However, internal losses in the CAM were < 5% for particles smaller than 6 pm 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 C_x)ntenton the Inlet Section, Planchet,
Outlet Section, and Backup Filter of the I'mpactor-Type, SRS CAM

Aerodynamic Diameter of PSL Particles (,ran)

0.5 I 2 3 6a 10a

Inlet
0 1 2 1 5 8

Section

Planchet 1 10 34 48 88 88

Outlet
0 1 4 1 0 1

Section

Filter 99 88 60 5(.) 7 3

aThese aerosols were generated lrom dry l)owden;; others were generated frmn liquid
suspensions.
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Figure 2. Particle separation eMciency curve and wall losses ot" 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 /tin 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 ,urn 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 actinidc aerosols to provide additional

information on the technical basis for use of the SRS impactor CAM.

(Independent Testing and Evaluation of SRS-Provided Impactor-Typc 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 Eberlinc Alpha-6 continuous air monitor
(CAM) to correctly measure plutonium aerosol concentratiol_s in the presence of airborne salt and radon progcny
concentrations that might bc 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 collecled plutonium with a predictable

efficiency which depends on the detector and filter gcometry, and an uncertainty which is consistent with Poisson
statistics lbr 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 bccause
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/m3o This is a substantial improvement over the 60% error associatcd with
the previous plutonium region of interest covering channels 92 to 126.

In the current tests, the CAM was challenged with plutonium, radon progeny, and salt to confirm proper
performance under conditions relevant to WlPP. 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-ram
diameter collection filter, operating at 28.8 L/rain sampling rate. Radon progeny aerosols were sampled from
ambient air or from a specially designed radon progeny generation system (1991-92 Annual Report, 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 aerosols onto a fresh filter; (2) collection of radon progeny alone
tbr 2 h, followed by collection of plutonium and salt; and (3) collection of radon progeny alone for 3 or more
days (to simulate weekend condit;ons 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 shows 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 WlPP do not alter the basic ability of the CAM to provide a proper alarm
at the 8-DAC-h level.



Table 1

Example of Experimental Condilions and Rcsulls for a Tesl of Simullaucous
Collection of Plutonium, Sail, and Radon Progeny ill the Eb_'rlinc Alpha 6A

Parameter Value

ITRI Test Number 29

CAM Identification Ebcrline Alpha 6A, SNR 254

Deteclor Diameter 2.5 cm

Collection Filter Diameter 2.5 cm

Collection Filter Area 5.1)7 cln 2

Collection Filter Type Versapor 3(X}0

Average 218po Concentration 0.2 pCi/L

Estimated Radon Concentration 0.4 pCi/L

Duration of Radon Progeny Sampling betore
Start of Plutonium and Salt Generation t)0 h

Duration of Plutonium and Sail Generation 60 rain

Time to 8-DAC-h Alarm 38 rain

Effective Salt Concentration 0.2 mg/m 3

Total Mass of Sail Collected 2.78 mg

Mass of Salt Collected per cm e 0.5 mg/cm 2

Final Alpha 6A Pu DAC-h (for Pu ROI 92-126) 10 DAC-h

Final Alpha 6A Pu DAC-h (for Pu ROI 50-126) 15 DAC-h

Final Pu DAC-h from ZnS(Ag) Mclhod 14 DAC-h

i
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Figure 1. Results for simultaneous collection of plutonium, salt, and radon progeny in the Ebcrlinc 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 pluto,_ium and

salt generation. The slow, continuous release of plutonium and salt began at the 30-rain lime point

in panel (A) and continued for 60 rain. The plutonium accumulation is barely visibic near channel
110 on the spectrum, but the CAM easily detected the coilectcd plutonium. Scc 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.)
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CtlARACTERIZATION OF ENRICttED URANIUM DIOXIDE I'ARTICLES

FROM A URANIUM-HANDLING FACILITY:

PRELIMINARY EVALUATION OF IN VITRO SOLUBILITY

M. D. Hoover, R. A. Guilmette, G. d. Newton, R. J. ttoward*, and S. M. Trotter*

Inlbnnation about the an,,,,unt and characteristics of radioactive particles that might be released ill the

workplace is needed to set appropriate aerosol control levels and to assess the effective dose to workers from
inhalation exposures. A cooperative ITR1/Y-12 Plant study is underway to characterize the concentration,
aerodynamic size, and biological solubility of uranium aerosols to which Y-12 workers might be exposed.

The 1CRP-30 method (Limits ]br Intakes of RadionucIMes by Workers, Report of Committee 2 of the
International Commission on Radiological Protection, Pergamon Press, Oxford, 1979) for determining an annual
limit on intake (ALl) and the derived air concentration (DAC) for radioactive aerosols 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. Uranium-234 is the major radionuclidc
of concern for inhalation exposures to enriched uranium. It comprises less than I% of the mass of the uranium,
but contributes 96% of the radioactivity. The default assunlplion in ICRP-30 is a particle size of 1 tim

aerodynamic diameter. We found the particle size distribution of the uranium oxide powder to bc substantially
larger than 1 /ml aerodynamic diameter. This results in an increased ALl, 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 (hall' time of 50 days), and Y (hall" time of 5(X) days). For the less

soluble forms ot" 234U (dissolution hail" times on the order of weeks or years), the pulmonary region of the lung
is the target organ because particlcs deposited in the naso-pharyngeal and trachcobronchial region arc quickly
cleared to the gastrointestinal tract by mucociliary action or swallowing. Pulmonary deposition for the panicle
size distribution of the collected material was only 41% of the pulmonary deposition for l-/tm diameter particles,
resulting in an ALl and DAC which are 2.4 times higher than the default values for both the class W and class
Y fomls of uranium. For the more soluble forms of 234U (dissolution halt" linle on the order of days), material
deposited in all three regions of the respiratory tract can dissolve and be translocatcd to the bone surface,
kidneys, and red bone marrow. Some radiation dose to the puhnonary 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-tim
particles, and the ALl and DAC arc therefore 1.24 times higher than the default valves.

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 Orides, 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 9(1%
of the material dissolves with a modified class W half 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 tbr the Y-12 Plant. Samples of the size-separated materials were shipped l'rom the Y-12 Plant

to ITRI, and preliminary in vitro dissolution tests were conducted on uranium oxide particles from the 2.9/ml
to 4.3 /tnl aerodynamic di_,.meter size fraction. Wc used two solvents alone: serum uitrafiltrate or SUF
(Kanapilly, G. M. et al. Heahh Phys. 24: 497, 1973), and HCI at pH 5.0, the pH that has bccn measured in
phagolysosomcs of alveolar macrophages. In a third system, we used SUF for 1 day, followed by HCi for lhc
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 I 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 HCI. Ill tests using SUF tbllowed by HCI, the initial dissolution
matched that of SUF alone, and the later dissolution was similar to the rate observed lot He! alone. Solubility

in both solvents appeared to bc biphasic, with approximately 2% and 6% of the material dissolving with a half
time of approximately 0.5 days in lhc HCI and SUF, respectively. The balance of the material appeared to
dissolve with a half time greater than 500 days in HCI and with a hall time of about 120 days in SUF.
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Figure 1. Amount of uranium oxide dissolved as a function of time tor these three test conditions: serum

ultrafiltrate (SUF) alone, HCI 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 U308
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 ALl and DAC for uranium at the Y-12 Plant.

(Research sponsored by the Assistant Secreta_ for Defense Programs, U.S. Department of Energy under
DOE Contract No. DE-AC04-76EV01013.)
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USE OF LANTttANIDE OXIDES AS SURROGATES
FOR PI.,UTONIUM IN SIMULATED WASTE RETRIEVAI_

G. J. Newton, M. D. Hoover, A. W. Cronenberg*, G. G. LtJ_mzis**, and S. tt. Landsherger***

Between 1952 and 1970 large amounts of liquid and solid waslc contan_inatcd v¢ilh Irllnsuranic radltmuclidcs

wcrc eoq_lacedatthc Idaho National Engineering Laboratory (INEL) in shallo\v land-filled pits. In 19S7, t_rganic

solvents (e.g., lrichloroethylenc and carbon letrachloride) containing trace alli()UlllS Of t)lul()nium were claitncd

to be found in an aquifer, 112 ft below the buried waste at INEL. Because of these findings, the waste II_av

be retrieved lor processing and final disposal.

The INEL project demonstration plans call for retriewil of simulated buried waste fr()m a cold test pit

containing waste lorms labeled with nonradioactive, stable lanthanide oxides lhat will serve as ntmradioactive

surrogates for 239PUO2. In support of this effort, INEL contracted with ITRI to conduct a series of smaller-scale
tests, in a well-controlled environment, using the ianthanide oxide surrogates in INEL soil, to determine the

aerosol particle size distributions and the concentration of lhc various lanthanidcs within these distributions. This
study determined aerosol characlerislics of (1) dispersed soils and (2) dispersed soils ctmtaining trace al|lounls

of ianthanide oxides. Results of these aerosol experiments have been compared to assess and rank the adequacy
_30,, ,-, "

of lanthanide oxides as surrogates for- r'uw 2, and to guide interpretation _l'the full-scah' INEL tests of buried
waste retrieval operations.

At INEL, lbur diffcrcnt lanthanide oxides wcrc placed in four different zones of the cold lest lilt.

Concentrations of lanthanide labels were 5() g/ton lk_r dysprosium c_xide (DY203), ytterbium oxide (Yb203), and

terbium oxide (Tb4OT); and 455 g/ton for neodvmium oxide (Nd203). The soil used for the ITRI lesls was

never contaminated and was supplied by the INEL in a 55 gal drum. Soil for the experiments was taken frtmi

|he drum in separate containers of about 5 kg each. The soil was homogenized by pla('ing it in a drum roller

for about 1 h. Next, the soil was desiccated with gentle heat (50°C) for about 2 h. Lanthanidc oxides including

DY203, Yb203, Tb407, and Nd203 were obtained from the same commercial source (Unocal, Division _1
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 iabcled with 16.5 mg each of the DY203, Yb203,

and "1"!3407, and 150 mg of Nd20 3. The soil mass and mass of the label were weighed and placed in the V-
mixer for 30 rain. A Vcnturi dust blower and screw feeder system developed at ITRI was used to disperse lhc

aerosol (1988-89 Annual Report, p. 365). The first set of aerosol runs was delivered directly to a five-stage

cyclone sampler lor aerodynamic size distributio,i dcterminati_ms of gram-sized samples. The secotld set of runs

dclivercd aerosol to a cylindrical sample chamber. Filter samples for mass conccnlralion, cascadc impact_r

samples h_r aerodynamic size distribution determinations, and a point-to-plane electrostatic precipital¢_r l'c_r

clcctronnficroscopic size analysis were taken, in parallel, from the chambcr.

The entire output from the Venturi dusl blower entered Ihc five-stage cyclone sampler. Extrapolating Ihe

fittcd line of thc plot of effective cutoff diameter (ECD) versus probabilily provided an estimali_m of the MMAD

of the soil. The aerodynamic :;ize of the aerosolized INEL soil was, MMAD = 44.6 ,urn ± 11.3, c_ = 6.3 +_
1.2. [.xwelace multi-jet cascade impactors were used to c_llect airborne samples for aerodynamic size dlstfihuti(_n

measurements of the aerosolized soil. A pro-cutter prior to the cascade inlpaclor consisted of the first stage of

the five-stage cyclone It, tin to remove larger particles (ECD > 6.0/+m). Disks of stainless steel shimsttwk (37

nlm diameter) were coaled with Apiezon L grease dissolved in t_luene to reduce ht_unce. After lhe t<_luene

evaporated from the 37 mm diameter shimstock disks, cascade impaclor substratcs and filters were slored in a

desiccator and the tar,' weights determined with a Cahn microbalancc befc_re use. After aer(_sol colle¢'litm, all

sample substratcs wcrc again placed in a desiccator for 3 h before weighing. The aert_st+l sampling 1]t_w rate

was 12 L/rain to minimizc particle bounce. Results for eight different cascade impactor nJns sampling the raw

INEL soil, after the 6.0 tim pro-cutter, were MMAD = 2.2 ± 0.3/tin, ¢Tg = 1.7 ± 0.2. For the lanthanide-latwled

*Private Consultant, Albuquerque, New Mexico

**Idaho National Engineering Laboratory, Idaho Falls, ldaht,

***Department of Nuclear Engineering, University of Illinois, Champaign, Illinois
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studies, cascade impactor samples from three separate runs were p()oled and the amount of the lanlhanide conlenl
delernlined by instrumental neutron aclivalion analysis (INAA) at lhe Department of Nuclear Engineering al lilt'

University of Illinois.

Figure I illustrates the size distribution paranleters obtained for the total iilass of collecled dust al=d for one

lanthanide oxide, Yb203. Data for each o1' the lkutr ianlhanide oxides used in this evaluation art' listed in
Table 1. Based on the data in Table 1, all size distribution determinations appear Io be similar.

10 b2Oz
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Figure 1. Mass median aerodynamic diameter (MMAD) of Y203-1abeled INEL, soil as determined using a
l.xwelace multi-jet cascade impactor. Data for the total mass are denoted by the circles (MMAD =

1.95 ,urn, (tg = 1.53), whereas the squares indicate the MMAD as determined by INAA of cascade

impactor samples (MMAD = 1.63/,tin, (tg = 1.56). Lines are fitted values using a nonlinear least
squares fitting lechniquc.

Table 1

Size Distribution Parameters for INEL Soil

Labeled with Various Lanthanide Oxides

Aerodynamic Size Distribution Parameters Determined

from Cascade hnpactor Samples Preceded by a 6.0 _m ECD Cyclone Pre-Cutlcr
by Total Airborne Mass and INAA a

Mass Median Aerodynamic Diameter (MMAD) (urn),

Geometric Standard Deviation (GSD) (Og)

Gravimctric INAA

MMAD GSD MMAD GSD

Onl) (C,g) Oral) (,,g)

Yb203 1.95 1.53 1.63 1.56

Tb407 1.93 1.53 2.20 1.45

DY203 1.,_4 1.84 2.53 1.38

Nd203 2.01 1.61 1._6 1.54

Mean --. S.D. 1.93 -,- 0.07 1.63 -,- 0.15 2.06 -,- 0.39 1.48 _ 0.08

alNAA is inslmmenlal neutron activation analysis.
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If the lanthanidc-labeled soil in the cold test pit was as thoroughly mixed as wcrc the sanq, lcs for Ihcse
tests, acrosol data derived from lanthanidc quantification will be a useful surrogate for 23_PuO2. This will enable
INEL to evaluate various dust suppression techniques and operational procedures without the added expense _f

"9

working with "3qPuO2-contamnnated soils during the demcmstration phase of buried waste retrieval.

From a qualitative assessment, the Nd20 3 had the best match with the size distributions determined lr_m
the gravimetric analyses of cascade impactor samples, although all four lanthanide oxides can be used as

surrogates for PuO 2 for the purposes of evaluating buried waste retrieval operations.

(Research sponsored by the Assistant Secretary lot Environmental Restoration/Waste Management, U.S.
Department of Energy, under Contract No. DE-ACO4-76EVOI013.)

25



A CASE STUDY ON A NESHAP EVALUATION FOR A
RADIOACTIVE MATERIALS ltANDLING AREA

G. J. Newton, M. D. ttoover, and tt.-S, ttwang*

The National Emission Standards for Hazardous Air Pollutants (NESHAP) 40 CFR Pan 61, Subpart H rcl'ers

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 nlrem/yr which is defined as the national
standard. Furthermore, a facility that could expose the reference individual to 1% of the standard, 0.1 mrcni/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 have not leaked during the assessment pcriod
should not be included in the calculation.

(2) Multiply the amount used by the following factors, which depend on the physical state of the
radionuclide. They are: (a) 1 lbr gases; (b) 10.3 for liquids or particulate solids; and (c) 106 for

solids. If any nuclide is heated to a temperature 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/see, and exit temperature = 21°C. Volumetric flow rate = 22.14 m3/sec.

Operations include the preparation of materials for test, experiment assembly, post-test disasscmbly,

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 lor 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 alxJvc to determine an appropriate
scenario for the SNL, NM HCF. Figure 1 shows the decision tree we developed for this cflorl. We based the

reference scenario on the experiment handling the largest inventory of radionuclidcs conducted in the HCF.

*Sandia National Laboratories, Albuquerque, New Mexico
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Historically, the HCF handled irradiated fuel with radioactivitics of about 60(X) 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 104 Ci ill a 150-in long AI-U fucl clement, with 1868 g
of uranium per AI-U fuel element. The specific activity of the fuel was, thercforc, 26.8 Ci/g.

,,,,,,, , ,,,, ,,,,,,, , ,,,, ,,, •i

Do You Process or Generate NoiRadionuclide-Containing Materials? _ No Further Action Requiredfor 40 CFR 61

Determin_ Annual Inventory of Each
Radionuclide Handled or Generated

Select Appropriate Release Fractions
for Each Radionuclide Based on its

Physical Form:
(a) gaseous, (b) liquid or particle,

and (c) solid*

Use CAP88-PC to Calculate Doses to ! Dose > 10 mrem/yr
Maximally Exposed Individual from _! Operations Not PermittedAirborne Dispersion of the Source Term

Dose < 0.1 mrem/yr Dose > 0.1 mrem/yr
_Y V

ii.,i

I Minor Source Major Source
I NOContinuous Continuous Monitoring
I Monitoring Required, Required to Demonstrate
I but Periodic Confirmatory That Doses < 10 mrem/yr
I Measurements are Required

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

Figure 1. Dc,_'ision tree to guide a facility in NESHAP compliance. For a calculated dose < 0.1 mrcm/yr, no

continuous monitoring required. For a calculated dose > 0.1 mrcm/yr, continuous monitoring is
required to verify that the dose is < 10 torero/yr. For a calculated dose > 10 mrcm/yr, operations
not permitted.

The first scenario used an assumed release fraction (see methodology in step 3 atx+ve) from solids of 106,
or a calculated release of 5.0 x 10-2 Ci. A second scenario inw)lves assumptions about the fines created during
material science preparatiol_+,+. Dusts were collected and weighcd during mounting, grinding, and polishing of

samples for metallurgical studies. Records show that a total of 30 g of fines were actually creatcd 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 tot a Personal Computer ICAP88-PC) spccil'ies
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an assumption that 10.3 of the available fines is released, along with all gaseous fission products in tile disrupted
fuel. Therefore, the total release estimate is (103)*(803 Ci) = 0.8 (total max. release) Ci plus a small number
of Ci lbr 3It and 85Kx. 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 tot NESHAP calculations rather than the total inventory oi"
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 fucl element was actually used '/or
the material science studies. The Ci quantities for each radionuclide in the 30 g of fines are multiplied b} a

10"3 release fraction except for the gaseous fission products, 3H and 85Kr, which are assumed to 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 mrenl/yr, less than 0.1 mrem/yr; therefore, the HCF

qualifies as a minor 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 handle two complex,

")38 939 . 137 137 14(') 140
naturally occurring chains of radionuclides (" U and - -Th) and four snnple chains ( Cs- Ba, Ba- La,
99 99. 21 "_1

Mo- Tc, and 0pb-" 0Bi). CAP88-PC does not calculate the dose correctly from at least five other
0 90 95 95 103 103 106 106 144

biologically important, simple, two-member chains (9 St- Y, Zr- Nb, Ru- 'Rh, Ru- Rh, and Ce-
144pr). The underestimate of dose caused by these errors in CAP88-PC is not significant when the code is used
to broadly classify potential emission sources (for example, less t!-,an 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 tbr Hazardous Air
Pollutants under Purchase Order No. AB-5225 through U.S. Department of Energy Contract No. DE-AC04-
76EV01013).
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II. DEPOSITION, TRANSLOCATION,

METABOLISM, AND CLEARANCE
OF INHALED TOXICANTS



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 have most often been used in studies of particles larger than
0.5 ,tim, whereas recent data on uitrafine 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 I: 1, 1988). Studies in

airway models provide large dam 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 218po " was found to range t'rom 80% for a 3 L rain -1 flow rate to 60% for flow
rates in excess of 30 L rain"1. 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 am.

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/rain. 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 panicle counters (CPC). Monodisperse aerosols of silver particles (5, 8, and
20 nm) and polystyrene latex particles (50 and 100 ran) were used.

For this study, a human subject sat comfortably in a chair in front of the exposure apparatus. He was titled
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 button. 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 rain. During that time, an aerosol was drawn through the nasal airway and exhausted through the mouth tube.
Aerosol concentrations in the supply and exhaust air were measured. The same maneuver was repeated eight
times for each experimental condition.

Aerosol 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, Anaheim, CA). The signals from the CPC, the temperature probe, and the flow seitsors
were electronically connected to a data acquisition and control system (.4malogue Connection, Strawberry Tree,
Inc., Sunnyvale, CA) and an IBM 386-based PC. Iabtech Note software (Wilmington, MA) was used to control
and manage the system.

I

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

Pmcasur_
D_ = 1 , (1)

*Department 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 Pmeasured is the measured penetration estimated from the aerosol concentrations of inhaled and exhaled

air (Pmeasured = Cex/Cin); and Psystem is the aerosol penetration in the sampling system including tubes, mask,
and mouth tube. Psystemwas determined for each experimental condition with all components intact, but without
the subject.

Figure 1, which shows the inspiratory deposition efficiency of the four subjects al 4 L rain 1, 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 corresponding
flow rate based on the turbulent diffusion theory and dala oblained from a deposition study using nasal airway

casts (Cheng, Y. S. et al. Aerosol Sci. Techno/. 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 rain 1 and 2(') L rain l
are more than those predicted by the theory. We are looking into the reasons for that, and are comparing the
results obtained by using a MRI nasal cast. We are also examining lhe reasoRs for lhc inter-subject variations.
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Figure 1. lnspiratory nasal deposition for four human volunteers at 4 I.rain "1.
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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-AC04-76EV01013).
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TRANSPORT OF INHALED METALS AND SOLVENTS TItROUGH THE
OLFACTORY EPITHELIUM INTO THE OLFACTORY BULBS

J. L. Lewis, J. R. Harkema, A. R. Dald, and Y. S. Ct_eng

Transport of inhaled toxicants directly into the central nervous system (CNS) through tile olfactory eifithelium

has been proposed to play a role in the deveh_pment of ncurodcgencralivc diseases. 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 cribrilorm plate Ix'tore synapsing

within the olfactory bulb (Fig. 1). The need for systematic study of toxicant tramport of inhaled materials from

the olfactory epithelium to the brain is indicated by the [bllowing: (1) Theories implicating alumimlm and olhcr
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 Vulnerable Brain and Environmental Risks, Vol. 3 [R. L. lsaacson 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 epithcliunl (Schwcrdlfcgcr,

W. K. et aL Neurology 292: 163, 1990). (4) To date, no experi,_ienlal test of the central hypothesis of these

theories of neurotoxicity has used inhalation as a route of expc,,ure or attempted to assess what characteristics

of either the epithelium or inhalants govern what materials enter the CNS (Lewis and Dahl, 1993).

"---_;, G* c

I + C--.n,.r.o,! ,..°l.u.o,Olfactory I Olfactory.
Cortico Nucleus ¥ /uoercle _= p .z_,...., LateralVIIIUIII I A*m .

Amygdaloid Entorhinal [ _.. . //Cortex _ uimctory

,ucl., co .xii /
Hippoc'ampus _ Basolateral Dorsal PreopticAmygdala Medial HypothalamusThalamus

Centre- Contralateral Septal Nucleus
lateral Olfactory DiagonalAnterior Bulb Orbito-
Olfactory Band of frontal
Nucleus Broca Cortex

Figure 1. Anatomy of the olfactory mucosa, bulbs, and efferent projections. Diagram not to scale. All

structures arc bilaterally represented. (NA = nasal airway; S = sustentacular cells which support

receptor neurons; R = bi-polar olfactory receptor neurons with cilia projecting into the nasal cavity

and a single axon projecting through the lamina propria, fi_rmin!: nerve fascicles which penclratc the

skull at the cribfiform plate Io synapse in the olfactory bulb; B = basal cells, progcnitc_r ceils for

replacement of Iosl receptors; BG = Bowmaffs gland.s, primary secretory cells in lhis cpilhclium;

CP = cribrif_rnl plate - perlc_raled portion of skull lhrough which olfact_rv nerves cnlcr CNS; OB =

cflfaclory bulb.)
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Ill many of the studies mentioned above, either material in solution was instilled ¢_r material impregn_lled

with the substance of interest was surgically packed ill the nasal cavity. In addition, high conce|ilralions of lesl

substances were used. In humans, inhalation is the route of exposure most likely to resull in olfactory tra|lsporl,

and environmental concentrations of materials are likely to be limited by industrial exposure standards well Iwlow

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 I_rrier 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 tile nasal lumen and high xenobiotic-

metabolizing capacity within these cells (l.x,wis and Dahl, 1993). Therefore, the blood-basin barrier may provide
a useful model to begin examining what characteristics of the olfactory epithelium provide a barrier to inhaled

Ioxicants (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 (_wis and Dahl, 1993). However, tile model of the

blood-brain barrier provides a conceptualtframework 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:

(1) The role of toxicant solubility on transport to the CNS is being examined by using hislopathologicai

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 solvents xylcne,

amyl acetate, and ethanol thai vary 60-1old in blood-air parlition 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 Caner at the University of Arizona will allow

cellular localization of the metals using micro-proton-induced X-ray-emission (micm-P1XE).

Subcellular localization will be accomplished through collaboration with Dr. Terry Mitchell al l_.t_s

Alamos National Laboratories using electron energy loss or X-ray energy dispersive spectroscopy.

Solvent.,; will be examined by quantitative autoradiography.

(2) The role of the physical structure of the olfa_:tory mucosa on transport will Ix" examined by causing

lesions in the olfactory epithelium by pre-exposure to methyl bromide. This exposure will produce

loss of sustentacular cells and n'mlurc receptor cells (Hunt, M. E. et al. Toxicol. Appl. Pharmacol.

94: 311, 1988). The epithelium will regcnerale, but whether the epithelium is more l)enelrablc during

the period of disruption can Ix" examined using this technique. The question of traltst)or! in the

presence of epithelial lesions is imporlant because this is a common response of the epithelium to

toxicant exposure.

(3) Inhibition of xcnobiolic metabolism could allow substrales normally metabolized and cleared in the

nasal mucosa to be transported to the olfactory bulb. In some cases, mctabolisnl in the bulb could

increase clearance of materials at that level, but if bulb clearance is compromised, transpor! to other

CNS regions in Ihe olfactory system may occur. Tile solvents used in this study vary nol only in

solubility, but in the nasal enzymes thai metabolize lhcln. Prior administration of enzyme inhibitors
will allow assessment of the effecl 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 neurotoxicanl, the neurotoxicity of transp_rted
materials may be a function of distribution and rate of clearance as well as inilial transporl.

Providing details of the differences in sites of accumulation and rate of clearance wilhin the CNS

tor these two metals may increase our understanding of aluminum ncurotoxicily.
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ITo date, we have replicated and characterized the methyl-bromide-induced lesions ¢_1the olfactory epithcliu|n
in rats and have begun subsequent exposures to nickel sulfate. In conjunction wilh Dr. Fcrnando 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 been
synthesized, and procedures for enzyme inhibition are being validated.

By incorporating environmentally relevant concentration.,_ of toxicanls and roule of exp_sure (inhalation) il_t_
the experinaental design, the above body of work should allow us to determine (1) if _lfactory transport _l
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 ncurodegenerativc
diseases; and (3) the importance of olfactory mucosal lesions on this process, Dem_nslration of the occurrence
of loxicant transport via the olfactory epilhelium with inhalation 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 airborne toxicants.

(Research sponsored by PHS/NIH under Grant R01-DCO1714 from the National Institute on Deafness and
Other Communication Disorders in facilities provided by the U.S. Depar/ment of Energy under Contract No.
DE-AC04-76EV01013.)
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PROGRESS TOWARD AN EXPERIMENTALLY VALIDATED MODEL FOR

CALCULATING TISSUE DOSAGE OF INtIALED VAPORS

A. R. Dahl and P. Gerde*

Tissue dosage of inhaled gas molecules is dependent on two linked phenomena: resistance to transl'er ol"
the molecules from the air to the airway surfaces, and events that occur ill the liquid phase of the mucosa.

Because of the rapid diffusion of gases, as well as the convective forces in inhaled air, air l)hasc resistance in
the tmrrow passages of the nasal cavity and smaller airways of the lung will be imt)ortant 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 "disal)pcar" 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 phase 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.

Different types of models are useful for predicting uptake of gases having different chemical rcactivities 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 proporlion of air flow over a particular portion of
the mucosa, the larger the dose that tissue receives. So-called super computer models arc 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 backprcssure in the nasal mucosa
to reach the deep lung) and common air pollutants such as alcohols and ketones arc dift'icult 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 inhaled 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, tor gases that are
relatively soluble but unreactive in the mucosa - in which case uptake is effectcd solely by ventilation patterns,
diffllsion 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 lhc canine lower respiratory tract and
uptake in the rat upper and lower respiratory lracl. 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 dclcrminc 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 tutx_s down as far as the eighth
generation of the dog bronchial tree, using a bronchoscope as a gu,de for placement. Wc will use the dual
catheters to determine uptake in discrete portions of the dog lower respiratory tract. The daia will then bc used
to validate a mathematical model describing uptake in the entire respiratory tract for unreactive but st_luble gases.

*Part-time employee of ITRI and of the National Institute of Occupational Health, Solna, Sweden
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Ra.._!

Respiratory Rate (breaths/rain): 132.0
Tidal Volume (mL): 1.5
Number of Breaths Simulated: 12

Number of q'imesteps Per Breath: 240{I
Thickness Air/Blood Barrier (#m): 30.00
Nasal Mucosa Blood Flow (m3/nl2/sec): (1.6(10(10E-05

Solvent Vapor

Blood/Air Partition Coefficient: IX5.000
,.)

Effective Diffusivily in Tissues (m"/sec): 0.50(X)E-09
Vapor Concentration Exiting Lung: 0.30(X)
Sampling Flow Rate to GC (mL/min): 0.5

Output Data

Nasal Uptake (fraction of inhaled): 0.5186
Sampled Nasal Uptake: 0.5301
Nasal Desorption: 0.3407

Sampled Nasal Desorption: 0.3624
Blood Absorption: 0.1717

Mass Balance: 0.993777

Stability Criteria (less than 0.5): 0.0421
Dispersion Criteria (less than 1.0): 0.1562

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-

AC04-76 EV01013.)
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PARTICLE-ASSOCIATED HYDROCARBONS AND LUNG CANCER:
TIlE 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 (Schlesingcr R. B. and M. Lippmann. Environ. Res. 15: 424,
1978) is paradoxical because clearance of inhaled particles l'rom the bronchi is comparatively rapid, leading to
short exposure time. However, there may be a dosimctric link between deposition of highly lipophilic

carcinogens such as polycyclic aromatic hydrocarbons (PAHs), reversibly adsorbed on inhaled 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 roules:

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. et al. Toxicol. Appl. PharmacoL
12l: 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 Piuwmacol. 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 dil'ferent
times alter 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 panicles, highly lipophilic PAHs are diffusion-linfited
during clearance through the airway epithelium to the capillary blood (Gerde et ai., 1993c). A direct result of
slowed clearance is a high concentration of the PAH in the bronchial epithelium and an increased opportunity
tor metabolism to reactive lorms on first-pass penetration to the capillary blood. Figure 1 shows the calculated
tissue concentration of BaP in three important tissue compartments following exposure to BaP at an even density
of deposition over the entire surface of the lungs. A prolonged elevation of the concentration of BaP-equivalent
activity in the thicker bronchial epithelium is the most important consequence of diffusion-linfited clearance of
B.tP in the lungs. In contrast, less iipophilic 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
xnc_relikely to induce toxicity in richly peffused 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 bc 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 lbr the correlation bctwecn particle deposition
patterns and the distribution of tumors in the bronchial tree. This new inl_nnation on the microdosimetry of
PAHs in the lungs should improve risk assessments of exposure to inhaled particle-associated hydrocarbons.

*Part-lime employee of ITRI and of the National Institute ot 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

,ug/m 2 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 epithelium caused by the diffusion-

limited absorption of the highly lipophilic carcinogen BaP. Based on data from Gerde et 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. Department 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. Guihnctte

The International Commission on Radiologicai Protection (ICRP) has incoq_orated h_ng-lernl retenlion of

radioactive panicles 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 panicles, However, applying the new model requires an
understanding of panicle 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 particles deposited at specific sites in
conducting airways. The dog was selected as a modcl because long-term retention and clearance patterns for
particles deposited in the lungs of dogs and humans arc 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 lnslitule's closed colony. A

fiberoptic bronchoscope was used to position the dosing device, a microspray nozzle (Hoover, M. D. et al.
J. Aerosol Med. 6: 67, 1993), in specific airway sites in dog lungs. The sites selected for dosing had 15-ram,
8-ram, or 4-ram diameters. A suspension of lest panicles in 20 ,uL or 6 !tL of saline solution was expelled

through the microspray nozzle using 1 mL of air.

Three kinds of test panicles were uscd" (1)monodispcrse 3-4/_m diameter polystyrene latex (PSL)
microspheres, radiolabeled with either 85S 5°Fr, e, or 46Sc (3M Company, Minneapolis, MN), wcrc suspended in
0.9% saline containing 0.05% Tween-80 surfactant (3M Company); (2) polydispcrse fused aluminisilicale particles
(FAP) radiolabeled with 465c or 16°yb, with an activity median aerodynamic diameter of 1.6 ,/till, and a
geometric standard deviation of 1.8; and (3) monodisperse yellow-green fluorescent PSL microsphercs (1.1 or
3.2 urn; Polysciences, Inc., Warfington, PA), used in combination with radiolabelcd PSL microspheres or alone
to allow visual localization of retained particles in histological 'dides.

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 Report,
p. 49; 199(i-91 Annual Report, p. 59; 1991-92 Annual Report, p. 77). This report emphasizes the results

obtained from examination of histological sections of airways and parcnchyma obtained from dosing sites and
attempts to determine the extent to which the spraying procedure influenccd the results. In some cases, the dogs

were alive at the time of dosing. However, to eliminate lung 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, inflalcd with air, and either fixed with 1(1f4 neutral
buffered formalin by vascular perfusion or inflation-dried. The drying procedure became the method of choice

because the potential lot dislocation or movement of particles in the lung during the drying procedure in mininml.
Lungs were dried while inllated at 30-cm H20 pressure in a microwave oven using a procedure similar to one
previously described (Valberg, P. A. et al. J. Appl. Physiol. 53: 824, 19821.

The volumes of lung tissue of interest at and near the dosing sites were maPl)ed and carefully, dissected free
of the surrounding lung tissue. The total volume of lung tissue removed was aboul 2-3 cm-' for each site.
These specimens of lung tissue were cut into about 20 pieces and embedded in glycol melhacrylate (Polyscicnces,

Inc., Warrington, PA). Plastic embedding was necessary to maintain the integrity of the PSL microspheres.
Embedded tissues were sectioned at 3 to 5 ,urn and mounted on glass slides for light and epilluorcsccnt

microscopy to determine the locations of retained microspheres. We anticipated finding the microsphcres
associated with airway epithelium near the dosing site. Unexpectedly, mOSt O1"the instilled microsphercs
remaining in the lung longer than 6 days after dosing were in parenchyma distal to the dosing siles.

These direct observations of lung tissue examined 6 days or longer after dosing consistently demonstrated

long-total retention of test particles in lung parenchyma, but sol in conducting airways. This result may have
been the consequence of retrograde movement of particles from airways into the lung parenchynm, 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, 19761. Large
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amounL_, of tantalum were in,sufflatcd into thc conducting airways of the dogs, and significant alveolar burdens

OI" lantah.lxll Well." present in essentially all of the dogs after about 1 day. Wolff, R. K, ct al. (J. Aerosol Mcd.

"" 261 1989) used a fiberoptic bronchosc_q)e and dry powder dispersion technique t_ disperse 3 zttn and t,_,m

monodispersc radiolabeled or fluorescent PSL microsphercs to a depth of ablaut the sixth gcncrati_m of lung

airways in dogs. The microsphcres were forced through the dosing apparatus using air, and lhe dogs were
sacrificed immediately after dosing. Most of the lluoresccnt mierospheres found after disseclion of the lung were

in the fifth to tcnth generation airways, but some were as far int_ the lung as the terminal bronchioles and
alvcoli.

Alicr concluding that the dosing procedure might have inl]ucnced our resulL,,;, a study was conducted t¢_
determine the locations of parlicles immediately afler dosing. D_gs were available from an¢_lher study al ,he

Institute, not involving the lung, and had been exsanguinalcd about 0.5 h prior to Ihe lime thai parliclcs were

spnlycd into their lung airways. A mixture of 3-4 ,urn 46So-labeled PSL and 3.2 ,urn l]u_rescent microspheres

was used in one study. The dosing volume was 20 ,uL (1.5 x 107 micr_sphcrcs) for four dogs and 6 ,uL (5 x

1[)6 microsphercs) for one dog; three, 4-ram diameter airway sites wcrc do,sod in each dog. The lungs were
removed about 30 rain after dosing, inflated, and dried in a microwave oven. After the lungs were dried,

locations of the microspheres were identified using a radiation detector. The w_lumes _f lung tissue containing

all detectable radioactivity, about 1-3 cm 3 lor each dosing site, were dissected from the lungs and cut int_ pieces

small enough to rehydrate and embed in plastic. Most of the microsphcrcs sccn in tissue sections wcrc on

bronchial surfaces proximal to the deposition sites. This indicates mucociliary clearance was still occurring, even

though the dogs were dead at the lime of dosing. However, when either the 20/tL (1.5 x 107 microsphcres)

or 6 ,uL (5 x 106 microspheres) dose was used for microspheres were invariably ibund in alvcoli dislal to the

dosing site.

To evaluate the effect of parlicle number on subsequent distribution in lung, five dogs _,_,t'rc cxp_,_cd thai

wcrc dead alx_ut 30 rain bclbre they were doscd. A dosing volume of h.ztL was used that c,_nlaincd ab_ul 3 x

105 1.1 ,tim fluorescent microspheres, and two, 4-ram diameter airway .,,ires were dosed in the lungs of each dog.

One day prior to dosing, the deposition sites to be used were marked by positioning the tip of the bronch,_sc_q,c
about 1 cm t'rom lhe designated site, iltscrling a hypodermic needle, on the end of a polyelhylenc tube, about

[)5 mm into the airway mucosa, and injecting a small am,,unt of India ink. This effectively marked a sp,_t

about 1 cm from the location at which the microspheres would Ix: sprayed thc lollowing day. The micr,_spherc

dosing procedure and lung drying were the same as for the first part of this study, except thai two dogs were

suspended vertically with their heads pointed down duringthe dosing procedure. This m_,dification_,fthe dosing
procedure was included re, test the possible cflccls o1"gravity on retrograde i|l(,Vellleli| of the microsphercs after

spraying them into the airway. After drying the lungs in a microwave ¢_ven, the dosing sites were li_und bv
locating the ink marks. The lung tissue occupying a volume of aboul 1.2 cln di_lmcter bv ab_ul 3 cm long alld

distal to the ink tattoo was carefully dissected from the lung and cut int¢_ pieces small one,ugh to cmtxrd in

plastic. The pieces of lung tissue were mapped relativc to the ink lall(_¢_ and each other and labeled for later

reference. The pieces of lung were hydratcd, embedded in plastic, and represcntalive 3 /_m seclioiL'4 were

n_ounled on glass slides tor light and cpifluoresccnt microscopy to determine the hwations of r,.'lained

microsphcrcs. Tyro-hundred-and-one l]uorescent microspheres were located in tissue sections prepared from

pieces of lung near five o1 the airway locations. The microspheres were all observed on airway surfaces; heine

f_f lhe observed nficrosphcrcs were wilhin or under the airway epithelium or in aivcoli. No flu¢_rescenl

microspheres were found at or near the other five iocatio_ts dosed with 3 x 105 microsphercs/6 ,ztL. Additionally,

resulls wcrc not influenced by the orientation of the lung relative to gravity when the 6 ,uL doses were used.

Even though the 2(1/_L dosing volulne was relalivclv small, large nulntx.rs of 3-4 /tin PSL i||icrosphercs

_crc deposited per unit area of airway elfithclium. The 1.5 x 107 micr_spheres were dclivcred to an entim;_led
5(, rum" of airway surface at the 4-ram diameter silos (6 ztg,/mm 2) and I(_ 500 mm 2 al Ihe 15-ram die, meter

ai_\vay sites (0.6 tt_/mm "_. The volume of dosing suspension for the FAP was als_ 20 ,1., bu! the nun_bers and

mass _I' particles dep(_silcd per unit area of airway el)ilhclium were bolh subslanliallv less than l'(_r the PSI.

micr¢_sphercs. These results suggest that using small volumes of p;_rlicle suspensit_t_s may be nct'essara/ l(_ av_id

alveolarization _ta pt_rtion of the dose.

An iml)ortat_l point lt_ make is thai in many cases the entire d_se of particles, wilhin lilt' ability l_ measure

them with the counting system used, t'lcarcd l'r{_m the dosing ,site wilhin 3 days (1_}S9-90 A_nual Rep_rl, p. 4_;
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1990-91 Annual Report, p. 59; 1991-92 Annual Report, p. 77). Therefore, these results suggest that the dosing

procedure may result in alveolarization of a portion of the particles sprayed onto 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 Iong-tenu retention
of particles in conducting airways was observed, but some particles were retained in aiveoli. This was apparently
due to retrograde movement of particles subsequent to deposition, particularly when a dosing volume of 20 _L
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 aad Environmental Research, U. S. Department of Energy,
under Contract No. DE-AC04-76EV01013.)
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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 sulfate hexahydrate (NiSO4.6H20), and
nickel subsulfide (Ni3S2) 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 excretion, and histopathological changes ill lung resulting from the
acute Ni compound exposures.

A total of 34 monkeys were exposed individually to the nickel compounds. Belore the exposure, the
monkeys were anesthetized using ketamine and xylazine. For the exposures, cach monkey was fit with a
fiberglass face mask that allowed nose-breathing only. The mask covering thc monkey's face was connectcd to
the main aerosol exposure line through a secondary line fitted with a non-rebreathing valve. Alter 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 63Ni label to facilitate detection and quantitation ol" Ni in the
monkey tissue samples. Briefly, 63NIO was prepared by reacting 03NiCI., with amnionium carbonate to form

63NiCO3 which was subsequently calcined at 1200°C to form the 63N_O. 63NiSO4.6H20 was formed by
recrystallizing NiSOa.6H20 from an aqueous solution containing 63N;C!2. 63Ni3S2 was prcpared by reducing

63NISO4 with H., at 500°C. Each monkey' was exposed for approximately 45 rain to mean concentrations of
29.5 mg NiO/m T, 12.5 mg NiSO4.6H20/m , or 16.4 mg Ni3S2/m 3. The mass median aerodynamic diameters of
the NiO, NiSO4"6H20, and Ni3S2 aerosols were 2.2, 1.2, and 1.6 ktm, respectively. Ten to 12 monkcys were
exposed to each compound and groups of two monkeys wcrc sacrificed at five or six time points aflcr exposure.

NiO-exposed monkeys were sacrificed at 0, 1, 8, 30, 100, and 200 days posl exposure. On day 0, 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 exccpt for the
lung-associated lymph nodes. The retention half-time for inhaled NiO in monkeys was estimated at > 200 days.

NiSO4.6H20-exposed monkeys were sacrificed at 0, 2, 8, 16, and 32 days post exposure. As expcctcd, the
NiSO4.6H20 cleared rapidly from lung and upper respiratory tract distributed to the liver, kidney, and carcass.
The pattern of Ni clearance from lung was fit with a two-component, negative exponential equation.

Approximately 96% of the initial Ni body burden clcared with a half-timc (tl/2) of 5 h. The remait,ing 4% of
material cleared with a tl/2 of approximately 10 days. Ni3S2-exposed monkeys were sacrificed at 0, 2, 4, 8, and
16 days post exposure. As with NiSO4.6H20, the dcposited Ni3S 2 cleared rapidly from the lung and upper
respiratory tract and distributed to extrarcspiratory tract tissues. The clearance patten_ 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 wcre prcsent in the lung.

The prolonged retention of NiO in monkey lung and general lack of distribution of Ni to exlrarcspiratory
tract tissues were not unexpected, based in its high calcination temperature (1200°C) and retention pattern in rats
(1991-92 Almual Report, p. 83). By comparison, pulmonary retcntion half-limes of 500 - 900 days have bccn
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, cds.), Pergamon Press, Oxford, UK, p. 597, 1977; LcBauvc, R. J. et al.
Radiat. Res. 82: 310, 1980). The mean (sere) Ni lung burden lot 12 NiO-exposed monkcys was 2.2/tg +_0.32
Ni/g lung. This concentration of Ni, presumably in thc form of undissolved NiO, was not sufficient to produce
histopathological changes in lung cvcn at 200 days post exposure. By comparison, only macrophagc hypcrplasia
was observed histopathologically in lungs of rats exposed to NiO for 13 wk and possessing accumulated burdclts

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 NiSO4.6H20 and Ni3S2-exposed monkeys were co_tsistent 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 (Bettson, J. M. et ai.

Inhal. ToxicoL in press; 1990-91 Annual Report, p. 42). Estimated initial Ni lung burdens in the NiSO4"6H20
and Ni3S2-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 adnlinistered as NiSO4.6H2 O
and Ni3S 2 to rats by a single intratracheal instillation produced mild to moderate inflamnmtory 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 inhaled 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-FI04-87AIM4742 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. Guilmette

Inhaled 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 panicle transport in
lung has been investigated (Hannsen 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 panicles or radiolabeled materials that
were rapidly lost from the cells. In order to more accurately define mechanisms of nlacrophage-mediatcd 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 cells were labeled with nontoxic concentrations of dye to evaluate
the usefulness of the labeled cells in following panicle transport in vivo. 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% fe.tal 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 gg Hoechst/mL and incubated for 30 rain at 37°C. At the end
of the incubation period, the cells were recovered by centrifugation and resuspended in RPMI. Cell viability

and phagocytic and migratory abilities were detenuined 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 _g Hoechst/mL saline for 30 rain as described

above. Half of the Hoechst-stained population was incubated in petri dishes at 37°C in a 5% CO 2 atmosphere
with red-fluorescing polystyrene latex microspheres (1.7 ,urn), while the other hall" was incubated with green-
fluorescing spheres for 18 h. Cells were recovered, combined Io form a single population of cells coJltaining
either red or green fluorescent beads and concentrated to a deltsily of approximately 6 million cclls/mL
incubation medium. Approximately 3 million cells wcrc administered to nine recipient rats by intralracheal
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 Hoeclxst-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 panicles 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 ,urn for examination by
light microscopy. The distribution of free panicles and particles contained in Hoechst-slaincd or unstained cells

was examined in the tissue samples.

Hoechst-labeled AM containing red or green fluorescent panicles were recovered from lung by lavage up
to 6 days after instillation into recipient rats (Table 1). Only a tew of the cells recovered by lavagc 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 34c)_ to atx_ul 4_;_.over the

*Department of Energy/Associated Western Universities Teacher Research Associates Program ('FRAC)
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 containing both
colored beads suggest that Hoechst 33342 may be useful for evaluating 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 8.6 ± 1.3 7.0 ± 3.5 0.7 ± 0.3

Hoechst + Red Beads 10.0 ± 2.3 1.3 ± 0.7 0.6 ± 0.3

Hoechst + Green Beads 13.2 ± 1.0 5.8 _ 3.7 1.2 ± 0.5

Hoechst + Both Colors 2.1 ± 0.5 4.0 ± 2.6 1.2 ± 0.7

Total 33.9 ± 2.9 18.1 ± 5.8 3.7 ± 0.69

Cells Without Hoechst

No Label 62.5 ± 0.3 83.7 ± 4.6 91.8 ± 3.7

Red Beads 1.3 ± 0.1 1.1 ± 0.5 1.5 ± 0.7

Green Beads 2.1 ± 0.4 2.0 ± 1.0 3.0 ± 1.3

Both Colors 0.1 ± 0.1 0.2 ± 0.1 0.5 ± 0.3

Total 66.0 ± 0.52 87.0 __4.7 96.8 ± 4.0

(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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HIGH BUTADIENE MONOEPOXIDE LEVELS IN

BONE MARROW OF B6C3F 1 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 tile manufacture ot" styrcne-butadienc and

polybutadiene rubbers. Recently, chronic toxicity tests ill B6C3F 1 mice exposed to either 625 or 1250 ppm
butadiene had to be ended after 60 wk of exposure due to high mortality from lymphocytic lymphomas (Huff,

J. E. et al. Science 277: 548, 1985). These tests were subsequently repeated at exposure levels ranging from

6.25 to 625 ppm (Meinick, R. L. et aL Environ. Health Perspect. 86: 27, 1990), and an increased incidence of
lung tumors was observed in B6C3F 1 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 ot" 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 butadiene 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
either 1,000 or 8,000 ppm butadiene yielded no hematopoietic tumors (Owcn, P. E. et al. Ant. Ind. Hyg. Assoc.

J. 48: 407, 1987). Instead, increased incidences of pancreatic exocrine adenoma, uterine sarcoma, Zymbai gland
sarcoma, mammary tumors, thyroid follicular cell tunmrs, and testis Leydig-cell tumors were lound. Because

of the species differences in response to butadiene exposure, an expanding scientific controversy has arisen as
to the appropriate rodent species to use lbr 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 metabolitcs of butadiene are the mono- and diepoxide;
both have been shown to be mutagenic and arc the putative ultimate carcinogens. Mice arc much more efficient
at Ibrming 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 arc rats and primates. This suggcsts
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 butadienc monocpoxide in probable target tissues, bone

marrow, blood, heart, lung, and liver, of B6C3F 1 mice exposed to 1,3-butadiene. We analyzed the samples using
a GC/MS isotope dilution assay with a cryogenic distillation technique.

Twelve, 11-wk-old male B6C3F 1 mice (Charles River Laboralorics, 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 rain of

the cessation of respiration, we obtained blood from the heart and removed the femur, 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 bonc marrow out using pH 7.2 water

into a round-bottom flask that was cooled to liquid nitrogen temperature. Marrow from both t'cmu_ was pooled.
The blood samples were collected in round-bottom flasks precooled to liquid nitrogen temperature. These flaslcs

had been prespiked with 100 nmoles of [d6]-butadiene monoepoxide. Three water blanks were also prepared
and ,;piked with equivalent amounts of the internal standard on thc day of exposure. Duc 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 prccoolcd, labeled vials. These tissue samplcs wcrc 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 tissuc (tissue from an air-exposcd 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 Ihe lung, liver, and hcarl tissue, samples

were pulverized at liquid nitrogen tempcrature to yicld a fine powdcr. A 0.2 g aliquol of the powder was
transferred to a precooled flask (-120°C), spiked with 25 nmole._ of [d6l-butadiene nmnoepoxide, and was
cryogenically distilled into septa-porl U-tubes immcrsed in liquid nitrogen. The same sttwk of standard was used
for the water blanks as for the tissue samples.

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

Following distillation of the bone marrow samples, wc dissolved thc lyophilized tissue remaining in the
round-bottom flasks using sodium hydroxide, adjusted the solutions to pH 10, and assayed ihe samplcs for protein
contcnt using the Lowry protein assay, with bovine serum albumin as the standard. In order to convcrt thc bone

marrow data into units comparable to those used for the other tissue data (nmolcs mctabolite/g tissue), wc
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 monoepoxidc. The GC/MS results for tissues from air-exposed mice wcrc not statistically diffcrcnl
from those for water blanks. The butadienc monoepoxide levels in tissues from exposed mice arc strewn in
"l"ablc 1. The data shown in Table 1 represent the results of one cxposurc; this cxposurc 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 = 8)

Bone Marrow 3160 _ 860 a

Blood 3.59 :t: 0.70 a

Lung 1.45 _ 0.29 a

Liver 10.7 -,- 4.2a

Heart 2.29 -,- 0.67 a

aSignificantly different from the mean value for an air-

exposed sample based on Student's t lest using a Bonl'erroni
correction for multiple comparisons with the criterion for
significance set at p < 0.05.

Thc blood results fit well with previous data obtained in our laboratories using cry¢_gcnic distiilati¢_n and

r_dioanalysis. Our current blood butadicnc monoepoxide value, when normalized to the exposure buladicnc
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concentration, is 36 t_moles/g lissue/ppm, quite close to tile previously reported value of 2_ i_moles/g lissuc/ppnl

(Dahl, A. R. et al. Environ. Health Pcrst_ecr 86: 65, lt_9(I).

Based on the results reported here, we suggest that the toxicity to the bone marrow in mice exposed to

1,3-butadicne is probably related to high levels of butadiene monoepoxidc. Colagiovanni, D. B. et al. (Proc.
NatL Acad. Sci. USA 00: 2803, 19q3) demonstrated lhat in vitro prctrcalmcnl of henmlopoictic progcnilor cells

from C57BL/6 mice with buladiene monoepoxide resulted in the saint! hematopoietic defects sccn in t_uladiene-

exposed mice. Inhibition ¢_[stimulated colony [ormation was at'hieved using only pmolar amounts ofbutadienc

monoepoxidc. The levels of buladicnc monocpoxidc we found in lhe bone marrow following butadienc exposure,

3.16 ulnolcs/g tissue, were well above this threshold level for hcmatopoictic progenitor cell effects.

The high butadicne monoepoxide levels in bone marrow relative Io lhose in blood may indicale any or all

ol the following: (1) bone marrow ceils may produce butadiene monoepoxide in situ, (2) bone marrow lnay

p_efcrcnlially absorb buladiene monoepoxidc from the blood, or (3) bone marrow cells may have only a limited

capacity to further metabolize or othc_vise clear buladictw monoepoxidc. Metabolism of butadicne to butadicIic

monoepoxidc could Ix- carried out in bone marrow by cithcr cytochromc P-450 or by myelopcroxidasc. Our

results supporl earlier findings (Ticc, R. R. ct al. Environ. Mutagen. 9: 235, 1987) Ihal one possible reason for

the exquisite sensilivitv of lhc mouse to the carcinogenic effects of butadienc exposure may t_ the high rate of

synthesis of butadicne monocpoxidc and the slow rate of hydrolysis of this toxic melabolitc in the mouse.

The results reported here, logether with previously published results from a number of btboratorics, suggest

that before carcinogcnicily data obtained in micc are used for risk assessment of butadicnc toxicity in humans,
further studics of lhc causes of nlousc sensitivity to butadicne are in order.

(Rcscarch supporlcd by the Chemical Manufacturers' Association under Funds-In-Agreement No. DE-FI04-

91AL66351 with the U.S. Department of Energy under Contract No. DE-AC04-76EVOI013.)
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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 human 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 blood
and urine biomarkers related to benzene exposure, metabolisn_, and biologic cl'fccts. These markers include

benzene metabolites, blood protein adducts, P4502E1 metabolic activity, chromosomal abnormalities, lymphocyte
micronuclei, glycophorin A red blood cell mutation frequency, ras mutations, and peripheral blood counts. Our
role at ITRI will be to determine benzene metalxdites and blood 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 5 consecutive days prior to biologic sampling. Industrial hygiene data and questionnaires are bcing processed.

For determination of internal dose, the benzene metatx_litcs muconic acid (MUC), phenol (PHE), catcchol
(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. Further, measurement of
metabolites will allow assigmnent of worker exposures when the industrial hygiet:c data arc in doubl. 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 bc
inferred by comparing their excretions of PHE and MUC with those of workers pcrfc_rming in well-defined
exposure atmospheres.

Benzene metabolism to HQ is of particular interest, due to a postulated link between tbrmation of this
metabolite and bone marrow toxicity, lnoue, O. et ai. (Br. J. Ind. Med. 45: 487, 1988) have been lhe only
investigators who have explored the excretion of HQ by workers alter benzene exposure. They concludcd that
workers exposed to less than 10 ppm benzene could not be distinguished from controls bascd on nleasurement
of urinary HQ. These results suggest that humans are constantly exposed to this apparently toxic benzene
metabolite at levels that would occur from a 10 ppm exposure. However, the method used by lnouc et al.
(1988) was a highly nonspecific HPLC method. Backgrounds actually may be considerably lower. We will lust

for this by measuring HQ (excreted in the urine as a conjugate) by a selective and sensitive gas chronlatography/
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 mctabolites
MUC, and PHE, CAT, and HQ as conjugates (sulfate and glucuronide) were available for use as intcnlal
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 lube, with 100 /JL of 88%
fonuic 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 HCI was added to the aquec,,_s layer, and
the mixture was incubated for 1 h at 100°C. After cooling, the urine was neulralizcd 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 exlract. 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 trimethyisilyl (TMS) derivatives, using bistrimethylsilyitrifluoracctamide. 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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fuscdsilicaCal)ill_rycolunln,25 Ill× ().25ulm wilh a ().5-/mIlilm ihickne.,,s.The inilialc(,lumnh'lulwralurc

"was_()°Cfor I rain,l'olh_wedby a lemperaluregradienlat l()°C/nlinIo 34()°C. The ion.,,u1(_nilo|t'dwere I(_('_,
"_5 "_ 27 -,_5.4, a alia h_gut's,,.4, nd 1 for PIqE, CAT, HQ, and MUC, and 17 "_ 260, 261), and 277 l(_r lilt' 13C

respectively. Standard curves were created by plotting tile ;iniounl of added inela|x_lile slandard vs. lilt' ratios

of the integrated peaks tbr analyte and internal standards, and by filling the data I)oillls I:v linear regrt's.,,i_ll.

Inilially 106 urine samples were analyzed in duplicale. Of Ih('se, 62 were unique urine sainplt's; lilt'

remainder were blind duplicalcs, blanks, and spiked urine sami)les. The i)recision was grealer than ± 5r.;;. All

measured values wcrc well al_we the limils of sensiiivily tbr Ill(, assay (atx_ul 11) ngqng crcali|fine Ic_r all

a tlalyles).

No industrial hygiene data are currently available for comparison:; of exposures with cxcreled iI|elaboliles.
However, some eonclusioI_s can be n|ade from the data. Of particular interest are shifts ill ihe major lnt'lall(_lit"

pathways as a function (t1" increased exposures. Concentrations (1I" the toxic nlelaholites HQ and MUC were

calculated relative to the inverse of PHE, and plotled against PttE (Figs. I and 2). Results indicate thai as dose

is decreased (as indicated by a decrease in concenlrati(_n of PHE), the relalive aulounis of MUC and ttQ
increase. These results are consistent with previous animal studies. For example, n physiological nl(_del has

been developed to describe the uptake and metabolism of benzene in rats and mice (Medilt,;ky, M. A. et al.

Tovicol. Appl. Pharmacol. 09: lq3, 1989). Model simulali(_ns expl(_red the el'fet'l of dose Oil lilt' excretion (_l"

detoxication metabolilcs PHE and phenylmercapturic acid, and toxicatiml metaboliles MUC and HQ

(experimentally, CAT could n(it Ix' distinguished lrmu PHE). Model ,,,imuhili(ms suggested lhal lbr I)(_lt| rals and i

mice at lower exposure c(_ncentralions HQ and MUC represented a larger l'raclion of the h_lal ben/one

metabolized than at higher exposure contrentralions where dcloxication melalx)liles were i)redominanl. "File results

presented here suggest thai humans metabolize benzene similarly I(1 the way mdt'lfls d(_.
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Figure 1. Concentrations of urinary phenol vs. phen¢ll/muconic acid in urine sanlples _f Chint'.se workers

exposed to benzene.

In summary, benzene mctabolitcs havc been measurcd in urinc samples from a group (>l"Chint'sc workers

occupationally exposed It> |)ell/tile. Full intcq)retatit)n <_l 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 Environmenlal Research, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)
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IIl. CARCINOGENIC RESPONSES TO TOXICANTS



EXPOSURE OF F344 RATS TO AEROSOLS OF

239puO2 AND CHRONICALLY INIIALED CIGARETTE SMOKE

G. L. Finch, E. B. Barr, W. E. Bechtohl, B. 1".Chert, W. C. Griffith,
M. D. Hoover, J. L. Mauderly, C. E. Mitchell, and K. J. Nikula

Workers in the nuclear industries may be exposed to radioactive materials such as 239PUO2, and thus be at
risk for the induction of lung cancer. Ot" additional concern is the possibility that interactions between 23t}PuO2
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
239puO-, is unknown. To better understand this relationship, wc arc studying the combined effects of inhaled

239puO2 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
CDF_(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, held in
Hazelton H2000 chambers (Lab Products Inc., Maywood, NJ) lot 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 either
filtered air or to mainstream cigarette smoke (generated from 1R3 research cigarettes, Tobacco Health Research
Inst., Lexington, KY; as described by Chen, B. T. et al. J. Aerosol Med. 5(1): 19, 1992) for 6 h/day, 5 days/wk,

for 6 wk. Target cigarette smoke exposure concenlratiorts were either 100 or 250 nlg total particulate matter
(TPM)/m 3, 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 239puO2 on Lung Cancer in Rats

Approximate 239puO2 ILBa

0 Bq 40(.I Bq Total'

0 mg/m 3 Life: 232b Life: 232 Life" 464
Cigarette Sac: 130 Sat': 100 Sac: 230

Smoke
100 mg/m 3 Life" 348 Life: 348 Life: 696TPM

Sac: 130 Sac: 100 Sac: 230

250 mg/m 3 Lil_' 174 Life: 174 Lift:: 348
Sat': 130 Sac: 100 Sac: 230

Total: Life: 754 Life: 754 Life: 1508
Sac: 390 Sac: 300 Sac: 690

Experiment Total: 2198

aILB = Initial lung burden.
bNumber of rats 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
239,, ,-,

to aerosols of vuu 2 for 25 rain (nominal mean values of 1.0 um AMAD, {Jg = 1.6, 960 Bq/L air
concentration) to achieve mean initial lung burdens (ILBs) of approximately 400 Bq. One week after the

239puO2 exposure, the rats were returned to the H2000 chambers, and cigarette smoke exposures were resumed.
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To estimate the ILB and early clearance half-time for 239puO-,, tile rats were whole-body counted weekly for

6 wk for lhe gamma emitter 169yb which was fused as a radi'olabel into the 23°PuO 2 particles.

The rats will be cxposed to cigarette smoke for 30 too, or until survival falls to 1(]% of the total nunlbcr
of rats ill any one experimental group and gender within the three exposurc blocks. At monthly inter,'als, the
rats arc 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 Ibr 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 lot histopathological and morphometric analysis, (2) the quantitation of
epithelial cellproliferation in selected rats using a 5-bromodcoxyuridine labeling technique, (3) the radiochemical
analysis of 239pu ['or dosimetric evaluations, (4) the retention of frozen lung and blood samples Ibr future
molecular biological and biomarker studies, (5) the nleasurement of bone mass, and calcium and cadmium
concentrations in lumbar vertebrae and femurs, and (6) the assessment of immunocontpetence of lymphocytes
obtained from spleens.

Additional in-life endpoints are being examined in selected groups of rats. These endpoints include (1) the
periodic assessment of respiratory function, (2) the quantitation of clearance of inert radiolabeled 85Sr-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 alter initiation of exposure.

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

To date, survival has not been markedly affected by cigarette smoke exposure. Through 24 mo of exposure
(25tA mo of age) of Block A, the cumulative surviving fractions of rat._ in the different exposure groups ranged
from 45 to 73% for the six groups of males, and from 62 to 80% lor the groups of females. Cigarette smoke-
exposed rats gained less weight than chamber control rats. After 24 mo of exposing rats In Block A to 100
and 250 mg TPM/m 3, the male rats weighed 88 and 75% as much as controls, and the tc:ilale rats weighed 80
and 78% as much as controls, respectively.

No other clinical manifestations have been associated with cigarette smoke and/or 239puO._ exposure levels
to date. Initial 239puO2 ILBs and clearance rates, and clearance of the 85Sr-FAP tracer particles, were
significantly lower in smoke-exposed 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 239puO2. 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 least 12 too, the approximate time at which the first tumor was

observed. In the experimental group exposed to 239puO2 and 250 mg TPM/m 3, the distribution of the prevalence
of the 16 rats with tumors of the 36 rats examined is 10 of 22 lot Block A, 3 of 7 lor 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 239puo 2 are interacting synergistically.
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Figure 1. Prevalence by exposure group of lung tumors in rats on study for at least 12 too. The number of

rats wilh 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 239puO2 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.)

55



EFFECTS OF COMBINED EXPOSURE OF F344 RATS

TO INHALED 239puO2 AND A CHEMICAL CARCINOGEN (NNK)

D. L. Lundgren, S. A. Belinsky, K. J. NUada, W. C. Griffith, and M. D. ttoover

Workers in the nuclear weapons facilities have a significant potential for exposure to radiation from external
sources or from internally deposited radionuclides such as 23°pu and to chemical carcinogens. Although the
carcinogenic effects of inhaled 239pu and many chemicals have been studied individually, very little inlbrmation
is available on their combined effects (Fry, R. J. M. and R. L. UIIrich. 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-MethyI-N-nitrosamino)-l-(3-pyridyl)-l-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 agents alone. The rats are being observed to determine whether specific

_"} , , .

doses of NNK and internally deposited 239puO2 Interact to increase cancer ask. Data are being collected on
age-specific cancer incidence rates for cancers that occur spontaneously and as a result of exposure to alpha
radiation of the it:-g 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
latx)ratory animals. A model for the development of lung tumors, illustrating the various rates to be taken into
accouttt in predicting the occurrence of lung tumors, 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 combincd
exposure to radiation and a chemical carcinogen alters this rate.

The experimental design for this study has been previously summarized (1991-92 Annual Report, p. 118).

Briefly, a total of 740 male 4 ± 1-wk-old CDF®(F344)/CrlBR 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 orgatt,; and all lesions for
histological examination are fixed in 4% buffered paraformaldehyde for histologic cxamination.

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. et al. Human Erp. Toxico/. 9: 295, 1990; Lundgren, D. L. et al. Health
Phys. 60: 353, 1991). The methods used for the inhalation exposures of rats to 169yb-labeled 239puO2 have

been described (Lundgren et al., 1991). Doses of NNK, dissolved in physiological saline, sufficient to result
in 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. el al. Cancer Res. 50: 3772, 1990). The high dose NNK group (50 mg
kgl; 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 239puO2. None

of the rats in the 50 mg kg"1 group were exposed to 239puO2. The NNK injections began when the rats were
6 wk of age, and 239puO_ exposures occurred when the rats were 12 wk of age. Rats treatcd with 50 mg NNK
kg "1 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 239puO._ have 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 inte_'al per group exposed to 230pu were sacrificed from 8 through 360 days after exposure to
obtain more detailed information on the clearance of 239pu for dosimetry purposes. Additional rats are scheduled
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for sacrifice at 450 days after exposure. Additional data on 23°pu clearance are being obtained from tile

necropsies of rats thai die spontaneously.

The initial lung burdens (ILBs) and clearance half times for 23°pu tbr rats ill this study are sumnlarized ill

Table 1. Only the mean ILB of the rats treated with 1.0 mg kg 1 NNK was significantly less than that ill the

controls. The early clearance half times of the inhaled 23°pu, as determined from the whole-body countiltg of

the 169yb radiolabci, were significantly slower (two-tailed Student's t test; p < 0.05) in the NNK-trcatcd groups

than in the controls. Completion of the radiochcmical analyses of lung tissue for 23°pu will provide dala on

the long-tenrt retention in the various groups of rats. This should provide a clearer understanding of the effects
of NNK treatment on 23°pu clearance.

Table 1

Initial Lung Burden (ILB) and Clearance Hail Times for 239pu

in Rats in Both Blocks Exposed by Inhalation to Aerosols of 23°PuO_

With and Without Receiving NNK by Injection

23°pu ILB and -Early Clearance Half Times

NNK Dose a ILB Clearance Half Times

Day I N (Bq __.SD) (Days -,- SD) h

Sham 136 48() __.70 33 -,- 4

0.3 mg kg l 145 47(1 __.6,'4 4(J +_ 12c

1.0 mg kg 1 113 460 ± 760 37 ± 12 t'

aNone of th: rats treated with 50 mg kg l body ma:.,s group wa.,, cxp(_scd tc_
239PuO_.

bBased c'_n the whole-body counting of the l¢'°Yb radiolabcl for the 23Upu

corrected for the physical decay of the 16toYb

CMean clearance half times significantly greater (two-tailed Student's t le_l;

p < 0.05) from that ill the sham-NNK-cxposed rats.

dMean ILB significantly less (two-tailed Student's t test; p < 0.05_ than that

in the sham-NNK-treatcd group.

As of September 30, 199_, 31 rats had died spontaneously or were eulhanizcd when ntoribund, _4 had hccn
, e,,_ remained ali\'c.sacrificed, three had been removed from sludv for reasons unrelalcd to this study and _'_

Twenty-one of the rats that dieo or v, cre euthanized were ill the group treated v¢ilh 51) mg NNK kg 1 b,dv

weight. The deaths of the remaining st, yen rats did nc)t appear m be rclaled m either lilt' NNK lrcalnlcnl levels

or to the 239puO, exposure. This slud_, will provide informati(_n _n whciher c(_mbined cxp(_surc I() a chcnlical

carcinogen (NNI_) and alpha radiation from inhaled 23_PuO., i-if'Is ill ;Ill additive, syncrgi.,dic, ()r anlag(_nistic

manner in inducing lung cancer in raV.s.

(Research sponsored by the Assistant Secretary for Defense Pr(_grams. U.S. Departllwnl _f EIwrgy, ulldcr
Co,ha ct No. DE-AC04-76EV01013.)
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COMBINED EXPOSURE OF F344 RATS TO

BERYLLIUM METAL AND 239puO2 AEROSOLS

G. L. Finch, F. F. Hahn, W. W. Carlton*, A. H. Rebar*,

M. D. Hoover, 14/. C. Griffith, J. A. Mewhinney**, and R. G. Cu&tihy

Many workers in nuclear weapons industries have the potential for inhalation exposures to plutonium (Pu)

and other agents, such as beryllium (Be) metal. Inhaled Pu deposited in the lung delivers high-LET alpha

particle radiation and is known to induce pulmonary cancer in laboratory animals (BEIR-IV, 1988). Alth,mgh
the epidemiological evidence implicating Be in the induction of human lung cancer is weak and controversial,

various studies in laboratory animals have demortstrated the pulmonary carcinogenicily of Be, and it is currenlly

classified as a suspect human carcinogen (U.S. EPA/600/8-g4/026F, 1987). We art: investigating the polcntial

interactions between Pu and Be in the production of lung turn, its in rats exposed by inhalation to palaicles _,1'

plutonium dioxide (239puO2), 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 pernasaily in eight blocks of 354 or 360 animals. BlocLs 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 239PUO2 (0.7 ,urn AMAD, 1.7 t_g, 5-25 rain exposure,

630 Bq/L), followed immediately by exposure to Be metal (1.4 ,urn MMAD, 1.9 og, 8-50 rain cxposurt.,
200-1200 rag/m3), or the appropriate air control. Rats received one of two target initial lung burdens (ILBs)

of 239puO 2 (56 or 170 Bq), and/or one of three target ILBs of Be metal (50, 150, or 450/iS).

Rats were designated for either serial sacrifice or'for life-span observation. At death, a complete necrt_psy

was perlonned, and lungs, other selected tissues, and all lesions were fixed in formalin for histob,gical analysis.
All rats involved in this study were dead as of March 1991.

We found that Be exposure significantly retarded the clearance of 239pu (1989-90 Annual Reporl, p. 125).

We also observed significant mortality from acute pncumonilis ot" 33 and 64% of ihe male and female rats in

the 450 ,ug group of Be metal within 3 wk of exposure, and further noted that for a given 23°PuO_ exposure

group, increased levels of Be metal increased the mortality rate (1990-91 Annual Rep_rt, p. 99).

Histological evaluation of the lungs of the rats is in progress. As of September 30, 1_._93, lung tissues from

all control rats and those exposed only to Be metal have been examined. The crude incidence of lung tumours

(combined benign and malignant) is shown in Table 1. The most prevalenl malignant neoplasnl observed lhus

far is the bronchiolar/alveolar adenocarcinoma having alveolar, papillary, or tubular patient's. Other lum¢)r lypes

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 af the Be-

metal-exposed rats have multiple tumors (data not shown). Approximately 25% of the lungs of rats in lhe

combined exposure groups have been histologically examined; crude incidences of malignant lung tumors in this

group were given in our 1991-92 Annual Reporl, 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. er. al. Health Phys. 35: 193, 1978; Grolh,

D. H. Environ. Res. 21" 84, 1980; Nolibe, D. et al. Commissariat A L'Energie Atomiqm, 1984 Annual Rel,ort ,

1984). Because interactions between two carcinogens are best analyzed when lung tumm 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 stud,,' is shown in Table 2. This study is
using CDF''(F344)/CrlBR 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 dc_se-reslnmse relati,nships

*Purdue University, Lafayette, Indiana

**Currently at Waste Isolation Pilot Plant, U.S.D.O.E., Carlsbad, New Mexic¢_
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for Be metal-induced carcinogenicitv, (2) tile combined exposure of two Be metal dose groups with 239PUO-,,
• _ 9 ":

and (3) the addition of a group of rats exposed only to .3 PuO2 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 1a

Mean (+ S.D.) Be Lung Burden b I)tg)

Control 33 (± 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

Numbcr 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
tunlors:

aFor rat,; living 1 yr or more after cxposure.
bLung burdens estimated from measurement of Bc burden for cach rat at time of death and

extrapolation from days aftcr exposure back to exposure date using the formula ILB =

At.exp(0.0032t), wherc A t is the quantity of Be present in lung at death, and t is the
number of days from cxposure to death. The cxponcntial factor 0.0032 is a representative
slope of a single component ncgativc exponential function describing clearance of Bc front

rat lung (Finch, G. L. et al. In Proceedings of the 4th lnternatiomtl Conference on the
Combined Effects of Environmental Factors [L. Fcchter, cd. 1, Department of Enviromncntal
Health Sciences, Johns Hopkins University, Baltimore, MD, p. 49, 1991).

Table 2

Experimental Design to Study the Combined Effects
of 239puO._ and I3c Metal in Rats - Phase 2

239puO2 ILB a

Be Metal ILB 0 Bq 230 nCi 460 nCi TOTAL

0 Bg 270 b 288 156 714

(1.3 llg 288 - -- 288

1.0 #g 288 288 - 576

3.0 _g 288 - - 288

10 p,g 288 288 - 576

50 ug 156 - - 156

TOTAL 1578 864 156 2598

aILB = lnilial lung burden.
bNumber of rats per group. Equal numbers of males and l_malcs.
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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 thai the Bc metal exposure
occurs 1 day after the 239puO9 exposure, and the exposure mass concentrations of Be range from 0.8 to 140
mg/'nl3. As before, the 239pu6_ particles are labeled with 169yb (<3% by nlass) to permit periodic external

" • 230
radioactivity counting through 42 days after exposure for determination ol - PuO-, ILB. Early results indicate

that exposure to Be metal decreased 23°PUO2 clearance compared to controls over rials 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 /_g 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 belweell Be metal and .3 PuO2 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 i'-344 RATS

TO 239puO2 AND WtlOLE-BODY X-RADIATION

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

Many workers in the nuclear weapons industries have significant potential for exp¢_sure to both inhaled

plutonimn and external whole-body radiation. Inhaled plutonium delivers high-LET (linear encrgy transfer) alpha

radiation, primarily to the pulmonary tissues, wherc it may add to, or multiply, the risk from low-LET cxternal

irradiation. The individual cffects of these different typcs of radiation cxposurcs have been studicd in laboratory
animals. These studies have included cxternal cxposurc to high- and low-LET radiation or internal exposure t_

a variety of radionuclides irradiating specific organ systems with high- or low-LET radiation.

The puq_ose of this rcsearch was to characterize the lifetime effects of combincd exposurc of rats to external

x-radiation and internaily deposited plutonium, as well as to each agent alone. The animals wcrc bcing observed

to determine how spccific 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 spontaneously or from exposure

to radiation. This information will aid in determining thc appropriateness of differcnt mathctnatical cancer risk

models. A model ['or the development of lung tumors, illustrating the various rates to be taken into account in

predicting the occurrence of lung tumors, has bccn published (1986-87 Annual Repot1, p. 318). Our primary

interests in this model are the rates at which animals dcvciop lung tumors and whether the combined radiaticms
aller these rates.

Details of the cxpcrimcntal design lor this study havc also bccn prescntcd (1986-87 Annual Rcport, p. 318).

Briefly, a total of 3199 (1592 male and 1607 female) ll-to 13-wk old F344/N vals reared at lhis lnstilule were

used. A block experimental design was used to enter rats into the study. Rats were randomized by litter for

assignment to dose groups within each block so that biological w_riabilily would t×; distributed throughout each

dose group. At dcalh, all rats werc necropsicd, and major organs and all lesions wcrc fixed in 10% neutral

buffered lormalin lot histologic examination.

For this study, radiation doses to the lungs from inhaled 239puO_ and whole-body x-radiation thai would

result in 5_ and 15% incidcnccs of lung tumors were estimated from results of o_hcr studies of 239puO-_ in rats

and from prcviously published studies of the effects eft whole-body x-radiation. The methods used for the

inhalation exposures of rats to 239puO-_ and their subsequent whoic-body x-radiation have bccn dcscriln:d (1987-88

Annual Rcport, p. 251). Several interim sacrifices wcrc conductcd during the course of lhis studv. Because the

combined radiation may alter both the lung tumor incidence and the death rates, it was ncccssary to include

interim sacrifices in order Io dctcnninc the rates at which the animals developed lung tumors (McKnight, B. and

J. Crowcly. J. Am. Star. Assoc. 79: 639, 1984). Data to determine the clcarancc patterns of the inhaled 239pu

arc being obtained from tissucs collected during necropsics of serially sacrificed animals and animals that dic

sponlancously.

The mean initial lung burdens achieved in each experimental group and the corresponding polcnlial average

alpha doses to lung havc been summarized (1990-91 Annual Report, p. 94). Thc initial lung burdens and

radiation doses to the lungs, which were relatively consistent within each 23_pu exposure level, were within the

desired rangcs.

The last rats in this sludy died during the past year. A final summary of the survival ol Ihe rats in each

cxperimcntal group is presented in Table I. No significant life shortening occurrcd among the rals exposed only

to 239puo 2 compared with the respective sham-inhalation-exposed rats. Within each X-ray exposure group, there
was also no life shortcning related Io the 239puO_ exposures.

*Department o1 Veterinary Pathobiology, Purdue University, Lafayette, Indiana
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In contrast, a dose-respom;e relationship for life shortening occurred among tile rats exposed to whole-body

x-radiation with shorter survival limes of female rats than male rats. Among the groups of rats Ihat received 3.84

Gy of X rays, Ihe median su_,ival times were decreased by an average of 1()(;{ in the tualcs and 18% in lilt'

females compared with the respective sham-X-ray- and _ °PuO2-cxposed groups. Among those ext,oscd to 11.5
Gy of X rays, the median survival times were decreased by an average of 28% in lhe males and 349_ in tile

-_'t)

females compared with the respective sham X-ray and _3 PuO2_exposed groups.

Table I

Survival ot" Rats in the Study of Combined Exposure
to Inhaled 230PuO, and Whole-Body X-Radiation

Median Survival Time

(MST)

Experimental Exposure Number Exposed a (days ± SE)
Group

Numbers 23°pu 1LB b X-Ray c'd Males Females Males Females

I Sham Sham 160 160 617 _+ 12 719 +_ 13

II 56 Bq Sham 192 191 618 ± 9 75{1 ± 13

III 170 Bq Sham 182 182 6(/7 :t: 11 749 -,- 14

IV Sham 3.84 Gy 158 156 557 .-e 10 594 ± 10

V 56 Bq 3.84 Gy lq2 192 565 .,,- 10 620 ± 7

VI 170 Bq 3.84 Gy 188 191 5,49 _ 7 5t,_3 -,- 13

VII Sham 11.5 Gy 160 160 431 + 11 485 ± 13

VIII 56 Bq 11.5 Gy 191 191 451 ± 9 473 ± 14

IX 170 Bq 11.5 Gy 172 183 449 ± 1(1 492 ± 12

Totals 1595 1606

alncludes spontaneous deaths and rats sacril'iced for dosimetry and for determining the rate of lung tumor

development.

blLB = Initial lung burden

CX-ray exposure divided into two split doses, one at 30 and the other at 60 days after CXl}Osure Io
23°PuO._.

dGy = 0_0096 x R.

The radiochemical analyses of lung samples from all rats exposed to 23taPuO 2 have been compleled. These
data were used in up dating (Table 2) our preliminary data (1991-92 Annual Report, p. i15) on the rclcntion

," _39D,,
of the initial lung burdens ol - ,,, in the rats in this study. The percentage of the initial lung burden ill lhe

long-term component of retention increased with increasing X-ray dose. However, lhe clearance half lime of

this component decreased with increasiag X-ray dose. Furlher analyses is n.eeded in order to beller undersland

lhe differences ill these retcntion patterns.

Histological evaluations have been completed on 2125 (66_j4.)of Ihe 3199 rals entered inlo lhis study ap.d

were rcported lasl year (1991-92 Annual Report, p. 115). Hislopathological evaluations of tissues from lilt:

remaining rals arc in progress. Complction of this study will provide inl'ormalion on whether exposure to inhaled

239puO., and whole-lx_dy x-irradialion are addilive or synergistic for the induction of lung lumors in rats.
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Table 2

Pulmonary Retention of 23°pu ill Rals Exposed Io Whole-Body X-Radialion

after Exposure by Inhalation to Aerosols of 23°PuO,

Retention Parameters (± SD) tt
X-Ray

239pu ILB a Exposure IO0-A T 1 A T2

(Bq) (Gy)b'c N (%) (days) (_?_) (da vs)

56 Sham 344 88 e 63 ± 6 12 ± 2 681) ± 16()

170 Sham 330 89 53 ± 6 11 ± 1 800 ± 160

56 3.84 356 84 53 ± 7 16 -,- 2 560 ± 10(1

170 3.84 330 84 45 ± 7 16 ± 2 520 ± 1()0

56 11.5 342 78 43 ± 6 22 ± 3 400 ± 65

170 11.5 332 83 46 ± 6 17 ± 2 4_0 ± 86

alLB = Initial lung burden.
hSee Table 1 for 239pu ILBs.

COy = 0.0096 x R.

dRetenlion described by' Y(t) = (I90-A)e°6°3t/Tl + Ae°r'°3t/l'z,

where 100-A and A are percentages of the initial lung burdens, and T 1 and T., arc days aflcr exposure
1o 239puO_,.

eNo ±SD was determined lbr 100-A because it was forced to equal 10(1%.

(Research sponsored by the Assistant Secretary for Defense Programs, U.S. Departmenl of Exwrgy, 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. ttahn, D. L. Lundgren, IV. C. Gri]]'ith, and B. B. Boeckt.r

The risk _I radiali_n-induced lung cancer has been determined from grt_ups of people exposed to exlernal

X rays, radiation from atonlic weapons explosions, c,r radon and its pr_geny. Dala fronl numerous studies c_f

lab_ratory animals have been reviewed for use in estimating lung cancer risk l'aclors 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 t_f risk,

because the relatively high radiation doses used resulted in life shortening and, theoretically, a reducti_m in tumour

yield. Consequently, it has been concluded that only studies which include larger grt_ups of animals (i.e., 500

per group) than previously used can address some of the questions on the dose-response relationships of inhaled
radionuclides at relatively low doses (McClellan, R. O. Health Phys. 55: 279, 198/',I).

Based on previous results (1983-84 Annual Report, p, 251), we proposed to exp,,se lab,,ratc,rv rats tt_

relatively low, non-life-shorlening 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-irradiatit_n of the

thorax in one group and the single or fractionated exposure of the whole body of two other groups ,,f rats. This

report summarizes the status of these studies. When completed, these results will be compared with those from

a stud,,' conducted at Battelle Pacific Norlhwest Laboratory (Sanders, C, L. et al. Health Phys. 55: 455, 198X),

_i the effects of relatively low, alpha-radiation doses to lungs of rats exposed by inhalation to aerosols of
_30
- PuO,. The data will, in turn, be compared wi_h other studies on the effects of radionuclides inhaled in

relatively insoluble forms, especially those involving relatively low doses t,, the lungs, and with data on lhe

c[fecLs of partial or whole-body x- or gamma-radiation.

The experimental design [i_r this work has been reported (1986-87 Annual Reporl, p. 313), A total t,f 3871

(1_;33 male and 193X female), 12-wk old, lal"_,ral,,_'-reared, specific pathogen-free CDF_'(F344)/CrIBR rats were

used. Briefly, groups of rats were exposed either to fractionated doses t,fX rays it, the thc,rax or to, the whtfle
b,,dy, ,,n 10 successive workdays (M-F), or to a single, wh,,le-bodv exposure. The tectal abst,rbed radialion d,,ses

v,ere 3.5, 5.8, 11, and 38 Gy for the fractionated th¢_racic exposures, 3.5 and 5.,_ Gv f,,r |he fractic,nated wht,le-

be,dr exposure, and 5.g Gv fi,r the single, whole-body exposure.

The rats were entered into this study in 12 blocks and randomly assigned to experimenlai groups by lilter

I,, randcmlize character|slits t,f a litter. At death, all rats were necropsied, and major t,rgans and all other tissues

x_,ith ]esion.s were fixed in 109k neutral buffered ti,rmalin for histt,]t_gic examination.

A Picker Vanguard X-ray therapy machine (Picker X-Ray Coq)., Cleveland, OH) was used to irradiate the

rats. This unit was operated at 280 kVp at lg mA, with 1 mm AI and 0.5 mm Cu filters, resulting in an

equivalent energy of 135 keV. The exposure rate was about 0.221 Gy (23 R) rain 1 at 1 meter. The rats were

placed on a turntable that r_,tated at two revolutions per minute during the exposures. The X-ray expt,sures _'ere

monitored with a Victoreen R-meter and LiF thermoluminescent dosimeters (Eberline, Albuquerque, NM). Plastic

boxes covered with 6.4 mm Pb were constructed so thal the bodies of the rats, reslrained in standard plaslic

exposure tubes, were shielded while the thorax was exposed through an opening in the Pb shield. The exposure

times ranged from approximately 1.5 to 26 rain per exposure, depending on the exposure required.

All rats in this study are now dead; the survival times and patterns remaia sih_ilar ic, those previously

rep¢_rted (1991-92 Annual Reporl, p. 121). As anticipated, the higher radial|on doses t¢'duced sun.'ival time.
Wilh fraclionatcd thoracic irradiation, 3_ Gv reduced survival abou! lt)_::_ in male and females, and 11 Gy

reduced survival about 5% in [emales. With wh¢_le-body exposures, 5.8 Gv reduced su_'ival 15 tc_ 2()(_ in bc_th
males and females, but 3._ Gv did n¢_t affect survival.

Hislopalhoh_gy on the lungs has been completed on 70_,___l the animals. The l)rimarv lung lum_,rs were

classified as adell_nla, adenocarcinonla, adenosqualllOus carcinonla, squalll_US cell carcin¢_l_a. :_nd sarct_mas. The
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percentage of squamous cell carcinomas was higher in lilt' lower dose groups, c_mprising J.(}',;_of the lung

lumors observed after fraclionatcd, whole-N_dv exposure of 3.5 Gv. This increased percentage ofsquamous cell
carcinomas at lower doses is in conlmst to lhe frequency seen wilh inhaled beta<milling radi_nuclidcn. Wilh

inhaled l'14CeO, ill rats, squamous cell carcinomas were more frequent and were a higher percentage of lung

tumors al tilt higher radiation doses (|lahn, F. F. and D. L, Lundgren. I'oxicol. Palhol. 20: 169, 1c_c_2). The

reason for this diflk:rcnce in response Io exle|nal x-irradiation and irradiali_n from an internally delmsiled beta-

entitling radionuclide is unknown.

The luag tumor incidence shown in Table 1 is based on the histopathology completed to date. The results

sho_ _ thai x-irradiation induced a significant increase in lung tumors, even at 3.5 Gv. They also show that the

thoracic and whole-body exposure and single and [ractionated exposures produced silnilar lung tulnor incidences.

This table should be inleq_reled with caution, however, Ix'cause the hislopatho/ogy is incomplele and nell random.

Furlher age-specific incidence analyses will Ix' conducled when the hislopathology is complete. These results

will then Ix' used to develop dose-response relationships for lung tumor induction in raLs by x-irradiation.

"['able 1 i

Lung Tumor Incidence Related to Dose

Crude Incidence (_2_) of "l'umors a
Dose Tola i Nu tuber

(Gy) Exposure Type Exposed Examined a Benign Malignant Total

0 Sham 1008 588 0.0 I).() 0.()

3.5 Fraelionated thoracic 1005 585 0.5 1.9 2.4 '

3.5 Fractionated whole-body 300 294 0.0 1.7 1.7

5.8 Fractionaled thoracic 500 289 1.4 3.1 4.5

5,8 Fractionated whole-body 5(13 497 0.8 3.[) 3.8

5.8 Single whole-body 500 500 0.8 4,4 5.2

11 Fractionated thoracic 238 158 0,7 6.3 7.0

38 Fractionated thoracic 120 120 0.9 6.6 7.5

aNumber with histopalhology examination as of September 30, 1993,

Because similar dose-response data li)r X-my-induced lung tumors are available from exposed human

populaiions, 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 detennining risk factors for humans exposed to such radionuclides.

(Research sponsored by the Office of [tealth and Environmental Research, U.S. Department of Energy, under

Con|ra(,t No. DE-AC04-76EV01013.)
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EFFECTS OF INTRAPLEURAL INNOCULATION OF F344 RATS WITil
SILICON CARBIDE WHISKERS AND CONTINUOUS GLASS FII,AIVlENTS

N. F. Johnson atul F. F. Hahn

Silicon carbide whiskers (SiCW) and continuous glass filaments (CGF) are used in the aerospace, automotive,
and power generation industries as reinforcing materials in advanced ceramic composites. SiCW ;ire single
crystal structures that can have a fine fibrous morphology. The diameter of these fine fibers is typically i /tin
or less. CGF are coarse fibers with diameters of 10-30 gnt. The fibrous moq_hoiogy of SiCW is similar to
that of asbestos. There is concern thai exposure to SiCW may be associated with similar health risks known
to occur following exposure to asbestos (puhnonary fibrosis, lung cancer, and nlesolhclioma). 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 (Johnson, 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 cytotoxicity

associated with SiCW indicates the necessity of underlaking in vivo studies with these materials.

A study was conducted to determine the in vivo mesolhelioma-inducing potential of SiCW. In addition, in
vivo studies were also conducted with CGF. The in vivo assay chosen was the intraplcural injection approach.

This assay provides a useful screen to identify fibrous materials thai 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 rcsponse in the inlraplcural injection assay should
be further assessed by the inhalation route of exposure (Johnson, 1993).

Two-hundred-and-twenty l_male F344/N rats, 6-8 wk old, from the litslitute's colony were used fi_r 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 sludics (Johnson et 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 (-,- 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 H20. 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 prcparcd for
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conventional paraffin-endx_dding and rxamiuation by light microst'opy using sccli(,us stained with hcmatoxvlin

and eosin. Only lung and lhonicic lesions were routinely examined. The tumor incidence was determined fr(_m
the number of rats that developed pleuntl mesolheli_}tuas.

The animal survival dala were amtlvzcd by the Kaplan-Ml'ler lll¢lhod. The Sludclll's t iesl was used Io

determine whether the results I'ronl the exposed rats veere significaullv dil'fcrcnt (p = 0.05) from those of the
controls.

The first death occurred from respiratory distress at 166 days aiter iuoculatiou with SiCW #2, and thtr first
tunlor was found afler 273 days wilh SiCW #2. Rats inoculated with SiCW #1 (_r #2 had Ihc shortest life spans
(Fig. 1). Rats treated with crocidolite, the positive COlHrol, had iutcrmcdiatc life spans compared to the rats
treated with the SiCW #1 or #2 and to rals treated with saline vehicle conlrol (Fig. 1). Rals treated with PRD-
166 I_ad life spans similar to the rats treated with saline. Rals treated with SiCW #3 had life spans bclween
the salinc- and crocidolitc-lrcated rats. The life spans of the rals treated with SiCW #1 or #2 aud crocidolilc
were significantly shorter than lhosc of the saline-treated animals. The life spans of the rats treated v,'ith PRD-
166 or SiCW #3 were not significantly different to those (11"the saline-treated rats.
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Figure l. The fraction of rats surviving following intrapicural injection differs with the different inoculatiorts.
Saline and PRD-166 show a similar response, which ix different from crocidolitc, the positive control.
SiCW #1 and f12 also show a similar response, which is also dilTerent from thal of crocidolite.

Histopathological er:aminalion of the thoracic contents from all rats showed that the thrcc samples of SiCW
displayed varied abilities to induce pleural mcsothelionlas (Table 1). SiCW #1 and #2 rcsultcd in 90% and 87%,
respectively, of the treated rats developing pleural nwsothclioma. SiCW #3 resultcd in 27% of the treated rats
developing pleural mcsothcliomas. The positive control (crocidolitc) resulted in 57%, of the treated rats

developing plcurai mesotheliomas. No tumors wcrc identified in the saline or PRD-166-trcated aninlals (Table 1).
The tumors, with one exception, were sarconmlous in appcarancc and in all but one case involved the visceral
pleura. Fibers were found in sections from all Ircatmcnt groups with the exception of those animals treated with
saline or PRD-166.

These results demonstrate thal SiCW can induce mesotheliomas when inlroduccd inlo the plcural cavity, and
that two samples were as carcinogenic as asbestos. The marked responses with two of the three SiCW samples

indicate that SiCW should bc handled with care and treatcd as a suspect carcinogen until the rcsuits of long-term
inhalation studies are available.
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The difference in the biological activity of the three SiCW samples cann_t ix' explained by differences ill

fiber morphology. The fiber length/diameter distributions were similar l'(_rall three. None of the samples
contained a disproportionate number of long, thin fibers, which arc thought to be imporlant in fiber
carcinogenesis (Stanton, M. F. et al. J. Natl. Cancer Inst. 58: 587, 1977). The in vitro activily of the three
SiCW samples did not indicate the in vivo biological activity. These results showed Ihal physic(_-chemical
characterization and in vitro cylotoxicity studies cannot accurately predict in vivo activity. In addition, sludying
only one example of a class of fibrous materials may not reflect the biological activity of the individual .,:w|nbers
of the class.

There is a limited amount of publi.,hed information detailing the toxicological properties of SiCW and CGF.
The results of this intrapleural study support results from previous animal studies. Two studies have bc':n

reported involving SiCW implanted into the pleural cavity (Stanton et al., 1977) and injected into tile peritoneal
cavity (Port, F. et ai. Exp. Pathol 32: 129, 1992). The study of Poll et a/. (1992) gave an unequiwwal positive
result although many of the animals died of an infectious lung disease. In addition, the intr,tpcriloneal route of
administration may be overly sensitive to injected fibers and parliclcs such as silica (Johnson, 1993). Stanton

et al. (1977) reported a high incidence of pleural tumors in rats implanted with SiCW. in a sulx'hronic
inhalation study in rats, pleural thickening and increased cellularity of the lung parcnchyma were observed at
26 wk after a 13-wk exposure to a high concentration of SiCW (6 h/day, 5 days/wk, 500-7500 f/co) (l_tpin,
C. A. et al. Fundam. Appl. Toxicol. 16: 128, 1991). The sigi_ificance of the pleural thickening is not known;
however, this lesion has been reporled following exposure to crionilc in r_lts (Johnson, N. F. and J. C. Wagner.
In Biological Interaction of lnhaled Mineral Fibers and Cigarette Smoke, Battelle Press, Columbus, p. 325, 1989)

and refractory ceramic fibers in han'lsters (Hesterberg, T. W. et al. In Mechanisms o.f Fi,J_re Carcinogenesis,
Plenum, New York, p 531, 1992). In both studies, high incidences of mesotheliomas were rcporlcd.

The results of this study also show that CFG (PRD-166) did not induce mesothelio,uas when injected intt_

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 intrapleur, tl
implantation (Stanton et al., 1977). Glass filaments did not produce a significant mesothelioma incidence
tollowing intraperitoneal inoculation of high doses (up to 250 rag) of the material (Port et al., 1992). This
infomaation combined with the negative in vitro data (Johnson et aL, 1992) and the fact that the diameter c_l"this
material precludes inhalation show that exposure to CGF should not represent a significant health ha/_rd.

(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. Nilada, R. A. Guilmette, and W. C. Gri]fith

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 puq)ose 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 to 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 arc listed in Table 1.

Do_s in a particular study were exposed once, by inhalation, to one of these radionuclides except those exposed
to 137CSC!, which was injected intravenously. In this list, 90Sr has the greatest affinity for txmc 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 91y transiocate from the lung primarily to liver and skeleton. The physical halt'-
life of 144Ce is a little over 9 too, while that of 91y is about 2 too. Although nearly half of the activity

transiocated from lung deposited in bone, only one bone tumor was obse_,cd in the 144Ce study, and none was
observed in the 91y 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-entitling radionuclide 238pu (inhaled as 238puO2), which has a radioactive half-life of
approximately 88 yr, was also a part of this series. Approximately equal fractions of the 238pu that entered the
blood from the lung were deposited in the liver and skeleton. The 238pu was deposited primarily on bone
surfaces and resulted in a large percentage of the dogs developing bone tumors.

Table 1

Studies of the Toxicitv of Various Radionuclides Inhaled or Injected in Relatively
Soluble Chemi _ and Their Distribution Characteristics in the Skeleton

pe of Radioactive Prima_ Tissue
Radionuclide Radiation Half-life Distribution

90Sr beta 29 yr Bone volume

144Ce beta, gamma 285 days Bone surfaces and liver

qly beta, gamma 59 days Bone surfaces and liver

137Cs beta, gamma 30 yr Muscle and soft tissues

238pu alpha 88 yr Bone surfaces and liver

Each study had a group ot' 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 d(_gs
from all longevity studies at the Institute.

Bone tumors in the exposed dogs were primarily osteosarcomas or sotl tissue sarcomas primary to l_ne
(fibrosarcoma, hemangiosarcoma, myxosarcoma). In the q°Sr study, 36% of the boiw lumors were

• 938
hemangiosarcomas or fibrosarcomas. With - PuO2 , less than 2% of the bone tumors were soft tissue sarcc)mas.
The distribution of tumors within the skeleton from the q°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 Inhaled 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 > 2 yr Tumors Tumors Tumors Tumors

9°SrCI-, 66 54 30 2 3 1

144CEC13 55 41 1 3 5 3

91YCl3 42 29 0 0 3 0

137CsCi 54 41 0 0 4 3

238puO._ 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.

Tun]ors of the bone marrow (leukemias and myeioproliferative disorders) were noted in several dogs exposed
to 90SRC!2or 144CEC!3. Both of these radionuclides are beta emitters with prolonged retention in bone. No such
tumors were seen in studies with 91yc!3, 137CsCi, or 238puO2. 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 lound in the dogs
that inhaled 238puO._. Tumors of the oral mucosa were also tbund in dogs exposed to 9°SrCI2, 144CeCi3,

137CSC!, or 238puO2." 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 Ihe
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 238pu in the bones surrounding the

nasal cavity and sinuses to reach the epithelial lining cell might explain why only one tumor was observed in
these tissues in the dogs that inhaled "38pu. No tumors of the nasal cavity have been observed in the control
uogs 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-
entitling or an alpha-emitting radionuclides suggests that the tumors occurred primarily in studies with the longer-
lived radionuclides. Significant differences exist in the distribution of tumors within the skeleton and lhe

occurrence of possible bone-associated tumors between the beta- _nd alpha-emitting radionuclides.

As these studies are completed through final reviews and analyses of the dosimctry, clinical, and
hislopathological 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 lor chronic beta and alpha irradiation and the examination of studies in which few or no bone car:c:rs
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 239puO2 OR 238puO2

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

Inhalation exposure studies have been conducted ill Beagle dog,s to investigate the risk of lung tumor

induction by or-radiation from relatively insoluble inhaled particles of 238puo 2 or 23°PUO2. This report
investigates the growth rate patterns for lung tumors induced in these studies. These tumor growth rate patients
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 tumor
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 lime of detection are
again highly variable. A tumor's growth rate and its size at death can be used to estimate a time 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 23°pu and 238pu in the lung, the
radiation dose is delivered over long time periods, with part of the dose delivered after a tumor is present.
Estimation of a standardized time endpoint tor a tumor will eliminate variability in the dt_se 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 from
radiographs; (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 estinaate lung-tumor growth, radiographs of 174 dogs thai developed pulmonary neoplasms w'erc
examined. Dogs from three studies were included: single and repeated inhalation exposures to 239PuO-_,and

a single inhalation exposure to 238PUO2. 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 l-too 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 tunlor's edges in the lung, especially those involving
bronchioloalveolar carcinomas. Twenty-nine cases met our criteria. Information pertaining to tumour

classification, exposure history, and metastasis was collected for each dog selected. Radiographic films in which
the tunlors were clearly visible ranged over a period of 57 to 578 days. With the aid of a light box, i_th
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 tr_cings 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 l'ronl
3 to 14. The tracings were digitized using a GraffPen 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 26t3): 189, 1987: Perry, R. R. eta/. Am. J.
Vet. Res. 53(10): 1740, 1992), lUnlor volumes have been COlllpuled by assuming the lumor conl'iguralit,ll to bc

spherical or ellipsoidal. In this project, it was assumed that tumor growth was uniform in all dircctit_ns.
Geometrically similar tigures (i.e., the ratio of the dimen,;ions arc the same) would then bc pr_jcclcd in each
set of dorsoventrai and lateral radiographs. Similarity of figures implies that lhe ratio of the vtflumcs is
proportional to the ratio of the areas raised to the three-halves power. This relationship was the basis for
computing tumor volunle. Tumor volume was plotted against days prior to death after the first noted twcutrencc
of the tumor in the radiographs (Fig. 1).

*Deparlment 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 transfonued data points for both dorsoventral
and lateral views. The data were transformed by the natural logarithm of tumor volume as the dependcnt

variable which was regrcssed on days prior to death as the independent variablc. In most cases the slopes of

the lines formed lor Ix_th views appcared to be approximately the same. Single component exponenlial growth

rates and doubling times were computed. Many of the curves appeared to be exponential. However, the growlh

rates of individual tumors differed among dogs. The data suggest thal growth rates of Pu-induced lung tumors

have doubling tithes ranging from 1 to 9 too.

Further statistical analysis indicated that tumors which had maximum final volumes between 20 cm 3 and 125

cm 3 fell into two distinct groups of doubling times. One group had doubling times between 1 and 3 too. Those

for the other group ranged from 6 to 9 too. There were no tumors with maximum w)lumes between 20 cnl 3

and 125 cm 3 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. "l"he quadrilatere, ls iilustr_itc the

magnitude of the 95% confidence intervals determined from the linear regression for the doubling

time and final tumor volume. The smaih 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 Ix' 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 lot both dorsoventrai 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 heaa.
Relaxing the selection criteria to use these views would provide observations over longer periods of lime.

The results of this study suggest estimation of the time when the lung tumors had a volume of about 1 cm 3
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 cm3 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 wilh 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 brushing,s, and lung tumors have been obtained from cohorts 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 lung tumor. These samples are being analyzed to identify the gene changes inw_lvcd
in lung cancer progression caused by high-LET radiation. P,ai initial obstacle in detecting gene changes in
sputum was the need to isolate the exfoliated epithelial cells from the inflamrnatory cells and mucus. The
method we have developed is to first filter the sputum through nylon wool. The fillered 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 variety of
markers thought to be involved in lung 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 allerations
known to be present in smoking-induced lung cancer. These specimens have been assessed for aberrant

expression of the tumor suppressor gene p53 by imnlunohistochemicai techniques. The p53 antibody used in
this staining assay recognizes dysfunction of p53 because the abnormal proteins have an extended hall'-life. In
the samples collected from Colorado Plateau miners, 7 of the. 11 donors from which bolh sputum samples and
bronchial brushings were obtained exhibited dysfunctional p53 by immunohistochenfistry. 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 bc made wilh
the matching lung tissue sample. These studies will determine the onset of p53 dyst'uqction in these patients
by examining sputum samples collected prior to the diagnosis of a lung tumor.

To further define the alterations exhibited by lung tumors associated with radon exposure, samples collected
from the uranium mining belt in Grants, NM, have been analyzed for c-erbB-2 and p53 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 Adenoca rci noma Lung Canee r Und iff.

p53 11/18 3/7 3/12 2/4

c-erbB-2 2/7 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 alleratiolts associated with smoking-induced lung tumors.

We are also examining the possibility of using F-and G-aclin as markers for the dclcclio|_ of early lung
cancer. In bladder cancer, F-actin is reduced (Rao, J. Y. et al. Cancer Res. 51: 2762, 1991) and co|womitanlly

G-atria is increased (Rat,, J. Y. et aL Proc. Natl. Acad. Sci. USA, in press) in prcmalignant and malignanl
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biopsy-confirmed cancer. To test whether this change ill thc actin ratio is also a hallmark of prcmalignant lung
cancer, F-actin localization has been evaluated in nonual human bronchial epithelial cells (NHBE), lung
adenocarcinoma cells (Calu 6 cells), and metastatic bronchial carcinoma cells (Cha Go cells). Aclin occurs as
organized crisscrossing bundles of stress fibers distributed throughout the cells in NHBE cells. In the Calu 6
cells, F-actin stress fibers a_ 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 cytomctry to quantilate the F-aclin
content in the cell lines described above. If these experiments are successful, F-actin and G-actin content will
be assessed in sputum-derived lung epithelial cells obtained from cancer patio |ts 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 idcnlification

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 canccr.

(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 hybridization 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 have undergone a genetic change. This technique,

designated arbitrarily primed polymerase chain rc'_ction (AP-PCR), uses a single primer of arbitrary sequence and

produces a DNA fingerprint that can display qualitative and quantitative differences (polymorphisnls) between

closely related genomes (Williams, J. G. K. et al. Nucleic Acids Bes. 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-CI (pH 8.3), 50 mM KCI, 200 ,uM of each dNTP, 1 ,uM arbitrary primer, and 2.5 units of AmpliTaq '_ DNA

polymerase (Perkin Elmer Cetus, Norwalk, C-q'). Samples were overlaid with mineral oil, denatured for 1 rain

at 94°C, then subjected to 35 rounds of amplification in a PTC-100 TM thermal cycler (MJ Research, Inc.,

Watertown, MA) using the following thermal cycling program: 94°C for 5 sec; 42°C for 1 rain; and 72°C for

1 min. After a final extension period of 5 rain at 72°C, 20 ,uL of the resulting stage 1 products were subjected

to an additional 15 rounds of amplification in a total volume of 200 ,uL using i.he same temperature profile;

however, 20 ,uCi of ¢x-[32p]-dCTP were added and the final concentration of each dNTP was 2.0 ,uM. Samples
3 _

of the resulting -P-labeled amplmlers (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 _gtl0 reverse sequencing printer

(5'CTTATGAGTATTTCTTCCAGGGTA y) 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, inlmersed in 50 uL of dH-,O, and heated at 72°C for 30 rain.

The resulting DNA (12.5 ,uL) was reamplificd 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 FL) was cloned into 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 the inlcrfcron

1_ gene on chromosome 9. SARs are A+T rich DNA sequences rc,sponsible for organizing the chromosomal

DNA into higher-ordered structures (i.e., loops) by binding to 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 ,'opy number of the polymorphic DNA present in the origimll tumor sample, the ckmed

band was excised u'ith EcoRl endonuclease, labeled with c:t-I32p]-dCTP using a ratldom-primed labeling kit
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{,Boehringer Mannheim, Indianapolis, IN1, and used as a probe lbr Southern analysis (Fig. 1). The results ¢_f
this analysis, determined by deusitomciry, confirm the quantitative restllts obtained by AP-PCR ;,ridsuggest Ihal
the DNA sequence is present in this squamous cell carcino,na at levels five-fold greater than that ['ound ill
normal lung cells. To determine whether this polymoq_hism is common in lung cancers, seven other
tumor/normal pairs from different do,,ors were subjected to a similar analysis. Results of this experi,nent
demonstrated that three of the seven tumors a,mlyzed exhibited two- to nine-fold increases in copy ,lumber o1
the SAR-Iike DNA sequence, suggesting that this amplification may be a commort event in lung cancers.

BamHi EcoRI Sau3AI
T N T N T N

1t4

4.4-- B

2.6 --

1.6--

Figure 1. Southern analysis of tun'mr and normal DNA probed with clone 1-5. Samples of genomic DNA
isolated from human lung tissues were digested with restriction endonucleases BamHl, EcoR1, and
Sau3A1, electrophoresed through a 0.8% agarose gel, and transferred to a Nytran _-_membrane

(Schleicher & Schuell, Keene, NH). The resulting blot was hybridized with 32p-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 tl. The
numbers at the left represent tl,c sizes and positions of DNA standards in kiiobase pairs.

A humalVrodent somatic cell hybrid panel (Oncor _', Gaithersburg, MD), was used to detenuine that clone
1-5 is localized to chromosome 9, and recently, a genomic clone has bccn isolated from _l chromosome 9 library
(ATTC, Rockville, MD). In addition to DNA sequencing analysis, Norlhcrn blot analyses arc being perfornwd
to detenuine 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 _,nd
to quickly screen other tumors to determine the prevalence of this amplification in human lung cancer. This
infomlation will reveal the nature of the increase in copy number of this region of DNA (i.e., atuplificalion or
aneuploidy) and may identify a novel gene iilvoived in the etiology of lung cancer.

(Research sponsored by the Office of Health and Environmental Research, U.S. Departmcnl of Energy, under
Contract No. DE-AC04-76EV01013.)
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ISOLATION OF A PUTATIVE p53-CONTROLLED GENE BY
POLYMERASE CttAIN REACTION AMPLIFICATION

C. H. Kenned),', W. A. Palmisano*, and J. F. Leclmer

The tumor suppressor gene p53 has been described as the "guardian of the genome" based on its ability to

cause arrest in the G 1 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 belore 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 (EI-Deiry, W• S. et 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 p53 protein-binding sequence have been identified:
GADD45 (Kastan, M. B. et al. Cell 17: 587, 1992) and the mouse genes mdm-2 (Momand, J. et al. Cell 26:
1237, 1992), MCK (Zambetti, G. P. et al. Genes Dev. 6: 1143, 1992), and Thyl (Bayle, J. H. et al., unpublished
results)•

The focus of this project was to identify novel genes that are regulated by p53. Initially, the polymerase
chain reaction (PCR) was used to amplify a putative p53-controlled downstream gene using genomic DNA

• t . , . • . - } •prepared from normal human lung tissue. The 5 pnmer for this amphfJcatlon was the downstream hall (I the
dimeric consensus p53 protein-binding sequence (YGACATGCCTG y or 5'GACTTGCCTGY) that was described

previously (Kern, S. E. et aL Science 252: 1708, 1991). The 3' primer was the 5' end of the highly re_)etitive
Aiu sequence (5'ACCACGCCC3'). Twenty-,uL reactions were prepared for PCR using 0.5 U AmpliTaq '_ DNA
polymerase (Perkin Elmer Cetus, Norwalk, CT), 2 ,uL of 10X PCR buffer (Perkin Ehner Cetus, Norwalk, CT),
0.2 mM of each dNTP, 1 uM of each primer, and 100 ng of DNA. The reaction mixtures were overlaid with
oil, and the putative p53-regulated sequence was amplified by 35 cycles of the following thermal cycling

program: 94°C for 5 sec (denaturing of DNA), 36°C for 1.5 rain (primer annealing), and 72°C for 1 rain
(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 thai the final concentration of each dNTP

was 2.0 ,uM, 1 ,uCi of ct-[32p]-dATP was added, and 2 pL 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.e., both the 5' and 3' primers were used). By
autoradiography, six bands were detected in the products o1"specific PCR that were not detected in the products
of arbitrary PCR. These bands were excised from the gel, eluled into buffer, and rcamplified. The products
were then cloned using the TA Cloning TM system (lnvitrogcn, San Diego, CA). Subsequently, the cloned inserts
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 (13oehringer
Mannheim, Indianapolis, IN) and used to screen a human placenta geqomic cosmid DNA library (Cionetech, 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 BamHl, EcoR1, and Pstl
(Promega, Madison, WI); all six showed the same restriction pattents. The Pstl endonuclease-digcstcd DNA
from cosmid clone 2-8 was transferred to a Nytran membrane (Schleicher & Schuell, Kecne, NH) and pr(_bed
with clone 2-5 to determine which fragment contained the original PCR product. An 1100 bp fragment was
detected, isolated, and subcloned into a Biuescript KS+ cloning vector. Four of the resulting subcloncs (2-13

to 2-16) were fot,nd to hybridize with the original PCR product that contained the DNA scqucncc between the
3 half of the dJmenc consensus p5_ protein-binding sequence and Alu (clone 2-5). One of thcse (clone 2-13)
was sequenced using the Sequenase __kit (USB, Cleveland, OH) to determine if it conlaincd the complete dimcric

consensus p53 protein-binding sequence.
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These results are compared Io the published consensus p53 proteia-binding sequence identified previ_usly
by EI-Deiry et al. (1992) in Table 1. These workers characterized 18 human genomic clones thai bind p53 in
vitro and determined the base possibilities Ik_r tile different positions of the binding sequence. Only the G at
the seventh position was found to be conserved in all 18 clones. In clone 2-13, a C was detected at this
position suggesting tha! if this gene is controlled by p53, it is the firs! such gene to be reported Ihal contains
a base other than G at lhe seventh position of lhe binding sequence,

Table 1

Consensus p53 Protein-Binding Sequences

Position a 1 2 3 4 5 6 7 8 9 10

Life ratureb A/Glt/c G/A/t/c A/G/c C/t A/T/c/g T/A/g G T/C C/T T/C/a/g

2-13 c A G G C G T C C C T

2-13 d o G A C A A G C C T

apositions 1 and 10 are the 5' and 3' ends, respectively, of one-half of the dinleric consensus p53

protein-binding sequence.
bHalf-consensus p53 protein-binding sequence of EI-Diery et al. (1992). Capital letters indicate the

bases present in the majority of the clones, while small letters refer to bases present in only a
small fraction (< 10%) of the clones.

CThis sequence is the 5' end of the putative dimeric p53-protcin binding sequence detected in clone
2-13.

dThis sequence is the 3' end of the putative dimeric p53 protein-binding sequence detcctcd in clone
2-13. The o refers to the fact that the two half-sequences run together (i.e., a total of 19 bases

instead of 20); similar base omissions were noted in the consensus p53 protein-bindi|lg sequences
reported by EI-Diery et 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 p53-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 screen other
cosmid libraries in order to isolate their cognate genes. Ultimately, the role of these p53-regulatcd 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-239-1NDUCED CANINE LUNG NEOPLASIA

L. A. Tierney*, F. F. Hahn, atut 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 ill the U.S. (Samct, J. M. West.
J. Med. 156: 25, 1992). Underground miners are particularly at risk for acquiring lung 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 (crbB2 and K-ras)
and tumor suppressor gene (p53) alterations have been identified in lung cancer putatively caused by smoking,
and to a lesser extent, by high-LET irradiation (Vahakangas, K. H. et al. Lancet 339: 576, 1992; Stegelmcier,
B. L. et al. Mol. Carcinog. 4: 43, 1991; this report, p. 87).

The intent of this study was to determine if these gene dystunctions are evident in high-LET radiation-

induced or spontaneously occurring lung tumors of dogs. Therefore, 117 primary canine lung tumols from
unexposed Beagle dogs and from animals exposed to 239puO2 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 protooncogem and the p53 tumor suppressor gene.

The canine form of the p53 protein was visualized by immunohistochemistry using SV40 virus T-antigen
gene transfomled canhe airway epithelial cells developed by infection with a murine retrovirai shuttle vector
(pZipNeoSV(X)) (Pfeit-r, A. M. et. aL Proc. Natl. Acad. Sci. 90: 5123, 1993). The T-antigen protein binds the
p53 protein and increases its cellular half-lile. Thus, the cells constitutively overexpress canine i)53 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 fonus of p53 protein. Bound antibody was detected by the avidin-biotin
complex immunoperoxidase technique. The results showed that the polyclonal 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 tunmrs and a formalin-fixed, paraffin-embedded preparation of a known

erbB2 overexpressing human lung cell tumor line (A549, American Tissue Type Collection) were used to
determine if these antibodies would also recognize canine erbB2. The results of these experiments showed that
a monocional antibody p:cpalation (Clone CBll, Signet Laboratories) would decorate canine erbB2.

Upon validating that these antibodies would recognize the canine l'orms of these proteins,
immunohistochemistry for the detection of canine p53 and erbB2 in 5 um paraffin sections was pertbrmed as

previously described (Bennett, W. P. et. al. Oncogene 6: 1779, 1991; Kern, J. A. et. al. Cancer Res. 50: 5184,
1990) for p53 and erbB2 in human tissues, respectively. Overexpression of p53 protein in paraffin scctiolts of
lung tumor was considered indicative of a missense mutation in the coltserved 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 inappropr'ate expression of this oncoprotein, since it is expressed only at low levels
in normal lung airway epithelium.

To analyze lbr activating mutatiotts in the 12th, 13th, and 61st codons of K-ras, the coding sequences
flanking exotts 1 and 2 were amplified by polymerasc chain reaction (PCR) from DNA extracted from paraffin
sections containing predominately tumor tissue. The oligonuclcotidc primers and PCR conditions wcrc as

described by Kraegel, S. A. et al. (Cancer Res. 52: 4724, 1992). The canine PCR amplilication products wcrc
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

*UNM/ITRI Inhalation Toxicology Graduate Student

81



sequencing procedures. When the code was broken, the sequence resulls nlalched those reported by Kracgt'l and
associates (Kraegel et c11., 10921.

Twenty-eight lung tumors representing a spectra of hislolypcs from dogs with spontaneous tumors (n = t))
and 23°PuO, (n = 19)-exposed dogs were selected for axmlysis of activating mutations in t't_dons 12, 13, or 61
of the K-ras oncogcne. No K-ras nlulalions were detected in codons 12, 13, or 61 of either unexposed _r
23°PuO-,-induced lung lunlors. In contrast, 14% (16/1171 of the lung neopl_lsms showed elevated nucle;ir
accumulation of p53 (Table 11. Adenosquamous and squamous cell histolypcs were the mosl frequently perturbed
regardless of exposure history and con)prised 85% of all p53 dysfunctional lunl(irs.

Table 1

ErbB2 and p53 Dysfunction in Caninc Lung Tumors as Detcnnined by lmmunohistochemistry

Genc Dysfunction

Histologic Phenotype Exposure Status p53 % crbB2 _5_.

Papillary adcnocarcinoma 239PUO2 exposed 0/'26 (()) 5/25 (2(})
Unexposed 0/24 (0) 1/24 (4)

Bronchioloalveolar carcinoma 23°PuO_ exposed 0/21 (0) 0/22 (0)
Unexposed 1/7 (14) 2/7 (2t,_)

Squamous cell carcinoma 23°PUO2 exposed 6/19 (32) 5/19 (26)
Unexposed 2/2 (100) 0/2 (01

Adenosquamous carcinoma 23°PuO_ exposed 4/12 (33)_ 6/13 (46)
Unexposed 3/4 (25) 1/4 (25)

Adenoca rcinoma a 230PuO_ exposed (1/1 (1)) 1/1 (1(10)
Unexposed 0/() - 0/() -

_Undilferentiated adenocarcinoma = hislotyt)e not represented in the unexl)osed dogs examined.

Twenty-three percent (25/111) of all tumors had evidence of erbB2 overexpression, and four of these co-

overcxpressed p53 protein, as well. Intrapulmonar2¢ metastasis from primary tumors ovcrcxprcssing crbB2 also
showed evidence of crbB2 gene dysfunction. No dift_rcnces in crbB2 exprcssion wcre noted bctwccn
spontaneously occurring and plutonium-induced lung tum_,rs nor was there a relationship between the total
.)

"39puO2 lung dose at death and altered erbB2 or p53 expression.

In summary, these data indicate that p53 and K-ras gcne dysfunction, as a result ill misscnse tnutation, arc
, "_ 0 •

infrequent events Jn spontaneous and .3 PuO2.mduce d lung neoplasia of laboratory-raised Beagle dogs. These
results contrast human lung cancer observations, i.e., 30-40% of examined adcnocarcinomas have K-ras-aclivaling
mutations (Bos, J. L. Cancer Res. 49: 4682, 1990), and 50-70_:_ of all primary lung lu|ut, rs show evidence of
p53 gene dysfunction (lggo, R. Lancet 335: 675, 19901. The results are comparable, however, with recenl

findings in other animal modcls of carcinogenesis in which mutations in p53 are, wilh I'ex_,'exceptions, infrequent.

On the other hand, thc lack of evidence for K-ras mulalit_ns in spontaneously cwcurring ;tad 23C)PuO2-induccd
lung cancer of dogs in this study contrasts markedly with the relatively high frcquencv of activating K-ras

") , , r .

mutations in "39PuO2-Jnduced lung tumors of rats (Stegelincicr et al., 19911. ErbB2 ovcrcxpression, howcvcr,
compares favorably with that describcd in the literature lbr human lung malignancies, where approximately one-
third of non-small-cell lung cancers overcxpress this oncoprotcin (Wether, D. B. et al. Cance, Bes. 50: 421,
1990). Overall, when compared and contrasted with existing human and rat data, the r/'sults ill"our investigatiott_;

suggest that high-LET radiation causes cancer by mechanisms thai may be predominantly species-specific.

(Research sponsored by the Office of Health and Environmcnlal Rose.arch, U.S. Dci_arlmenl of Encrgy, under
Contract Nix. DE-AC04-76EV01013.)
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p53 ALTERATIONS IN 239pu-lNDUCED 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 239puO2
frequently contain activating mutations in the Ki-ras oncogene (Stegelmeier, B. L. et al. Mol. Carcinog. 4: 43,
I991). In addition, those tumors exhibiting a squamous morphology overexpress the epidermal growth factor
receptor and its ligand, transforming growth factor _t. These same genetic aberrations are frequently tbund 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 p53 tumor suppressor gene (Caamano,
J. et al. Am. J. Pathol. 139: 839, 1991). The p53 protein plays a critical role in a cell's response to DNA

damage by inducing a pause or block at the G l to S boundary of the cell cycle (Kastan, M. B. et al. Cancer
Res. 5l: 6304, 1991; Lin, D. et al. Proc. Natl. Acad. Sci. USA 89: 9210, 1992). This G 1 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 p53 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 now.small-cell lung cancer and alpha-particle-induced rat lung tumors by

")9
examining 38 .3 PuO2.induced rat lung tumors for increased levels of the p53 protein using
immunohistochemistry.

Animal exposures, necropsies, and tissue preparation were as previously described (Herbert, R. A. et al.

Radiat. Res. 134: 29, 1993!. Briefly, 360 13 ± 2 wk old F344/N female rats from the lnstitute's colony were
exposed by inhalation to a 239puO2 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 thereafter for 24 too. 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 N2 and stored at -70°C.

Random 4 mm sections from the left lobe were embedded in paraffin, sectioned at 4 ,urn, 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 lmmunohistopathology:
A Practical Approach, ASCP Press Inc., Chicago, p. 12, 1990). Endogenous peroxidase activity was blocked

by treating the tissue with H20 2 at room temperature. Nonspecific antibody binding was blocked by incubating
each slide with 2% normal goat serum for 30 min at room temperature, p53 specific immunoreactivity was then

determined by incubation with anti-p53 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 fibrosarcon'|a. 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 I x 106 RAT2 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. et al. Toxicology 27: 257,
1983) served as negative controls for p53 expression. Nornlal 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 polycional 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 aerosols of 23_'pu contained intensely staining nuclei indicative of elevated p53 protein levels. None of the
remaining tumors expressed detectable levels of the p53 protein (Table 1).
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Table 1

Summary of p53 Immunohistochemistry

Numbe r Number Pcroent

Puhnonary 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, tnutations in the p53 tumor suppressor gene arc not a
frequent genetic alteration in plutonium-induced rat lung tumors (similar results have been noted for dog tumors

caused by 239puO2 inhalation; p. 81, this report). There is a strong correlation between elevated
immunohistochemicai staining and point mutations in the p53 gene. This suggests that rodent lung 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 interactiolm between ras and the serinc/threoninc 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 eflk_rtsare 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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WILD-TYPE p53 EXPRESSION IN CULTURED
LUNG EPITHELIAL CELLS EXPOSED TO ALPtlA 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 1 and G 2 phases of the cell cycle. Recent studies have shown that the cell-cycle delay in

G 1 induced by X rays is associated with elevated levels of the p53 protein (Kasten, M. B. et al. Cancer Res.
51: 6304, 1991). Wild-type p53 protein acts as a "checkpoint" protein to control transit of cells through the

restriction point in the late G 1 phase of the cell cycle. The induced cell-cycle block lollowing 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 rcsulls in increased expression of the p53 prolcin
in a manner similar to that seen with exposure :o X rays and to delincalc whether such a response is dose-

dependent.

Three experiments were coqducted 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 cuilured in Ham's

F-12 media supplemented with 10% fetal call" serum at 37°C in 5% carbon dioxide and air.

The purpose of the initial experiment was to determine the apl)ropriate time to irradiate the cells after

inoculating the culture dishes. Cells were trypsinizcd and rcinoculated into dishes for set cullurc periods (2, 4,

6, 8, 12, 24, 36, 48, 60 or 72 h), trypsinized, and fixed in 70% methanol at -20°C for immunocylochcmistry

and flow cytometry. The fixed cells were stained with a monoclonal antibody that recognizes wild-type p53

protein (Oncogene Science, Inc., Uniondale, NY) or an immunoglobulin isolype antibody that recognizes a

nonmammalian protein (Dako Corp., Carpinteria, CA). The antibody was detected using a biolinylaled secondary

antibody and a streptavidi|t/fluorescein fluorochrome. The p_sitive conlrol used was a rat fibroblast cell line

derived by immortalization with the SV-40 large T antigen (B_,J+_g, 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 lbr p53 protein expression after irradiation.

LECs were cultured for 48 h (70%-80% confluent), then exposed to 0.5 Gy alpha particles from a 238pu

electroplated copper disc (Thomassen, D. G. et al. Radial. Prot. Dosim.. 8: 65, 1991), trypsinie.cd, fixed at set

periods after irradiation (2, 4, 6, 8, or 12 h), and stained as described above.

The third experiment was to determine the dose-response relationship. LECs were plated for 48 h, irradialed

with graded doses of alpha particles (0, 0.01, 0.05, 0.1, 0.5, 1.0, or 2.0 Gy), trypsini_ed, and fixed 6 h afler
irradiation. The cells were stained as descritx_d atx)ve.

The cells stained lot p53 and DNA content were analyzed by flow cylomelry. Siglmls from forward light

scatter, side-angle light scalier, and the fluorescence detectors were collected and stored for analysis. Only events

associated with cells containing DNA were analyzed for p53 conlenl. The number of p53-positive cells was

determined by subtracting the number of events in each channel for conlroJ hislograms from lh()se for lesl

histograms and correcting the figure for the number of events in each file.

The number of cells containing elevaled levels of p53 protein increased following in_wulalion of ihe cells

onto the culture dishes. The expression was maximal aflcr 4-6 h and returned to background levels by 4_ h.

Cells that had been cultured h_r 48 h and exposed t_ 0.5 Gy alpha parlicles showed a maximal expression of

p53 protein 4-6 h after irradiation. There was a nonlinear, dose-dependent incrca:_e in the number of cells

expressing elevated levels of p53 protein following exposure to graded doses of alpha particles (Fig. 1). Cells

containing increased levels of p53 protein were found in both the G 1 and G 2 phases of the cell cycle. A
response was detected at the lowest dose used (0.01 Gv). At lhis dose, 9 5czl-.. /_ of lhe cells in the G 1 phase of
the cell cycle had increased Icvels of p53 protein,

*UNMflTRI Inhalation Toxicology Graduate Student
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Figure 1. Percentage of cells staining positive for the t)53 protein as a function of alpha-particle dose and

ceil-cycle phase (G 1 and G2). Analyses arc from two separate experiments (GI: ["], C); G2: I, O).

The presence of cells with increased levels of p53 protein in both G] and G 2 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 particles 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-particle damage. The estimated number (_I"nuclei

traversed by an alpha particle at 0.01 Gy is less than 3.5%. The difference belwet'll lhe mlmt×'r of cells

expressing increased levels of p53 and the estim,_led number of nuclei hit suggests thai Ihe target for ;tlpha

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 sislcr chromatid cxch_tngc were

greater than the number of nuclei traversed by an alpha particle (Nagasawa, t-I. and J. B. Little. Cancer Rcs.

52: 6394, 1992).

This latter study was also conduclcd at doses where only a small lractintl of the nuclei wcrc hit by an alplm

particle, and dosc-r_te phenomena wouhl be inoperative. Under these CXl)erime|_tal conditions, a cell receives

the lowest dose possible, i.e., orie hit during the cell's life span. These rcsulls show Ihal p53 expression m_,y

be a very sensitive indicator of DNA damage. In addition, there appear to bc differences in the expression of

t)53 protein following alpha particle and X-ray exposure. Understanding Ihese 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 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 X IRRADIATION

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

The mutagenic properties of ionizing radiation have been demonstrated in many different in vitro 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 ill 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

are present in approximately 50% of human lung cancers (Hollstein, M. et al. Sc&nce 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 p53 genes.

Lung tumors were induced in F344 rats from the lnstitute'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 p53 gene dysfunctions was initially
determined by imnlunohistochemistry using a polyclonal antibody (CM1) to the p53 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 _he 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 p53 protein (Table 1). The
p53 staining characteristics differed among the three squamous cell tumors. In one tumor, the majority of
squamous epithelium appeared to stain for p53 protein, while very local 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 paralormaldehyde fixed tissue was amplified by PCR. SSCP analysis of exolts 4-9 did not detect
mutations in these three tumors. SSCP alterations in electrophoretic moblility were, however, delected in two
other tumors (Table 1). One adenocarcinoma may have mutations in both exons 6 and 7, while an exon 5

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 p53 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 hmg tumors induced in the rat by high

linear energy transfer radiation (plutonium) and tetranitromethane, respectively (Stegelmeier, B. L. et 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 mutatio_ts exist in other member genes of the p53 pathway (e.g., mdmll; Oliner, J. D.

et aL Nature 358: 80, 1992). The positive immunostaining of three squamous cell carcinomas suggests the
potential tot alterations within ':e p53 pathway. Future studies will focus on the identification of novel
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oncogenes and tumor suppressor genes ill 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

i

Positive Immunostaining SSCP a

Tumor Type (Frequency) (Frequency)

Adenocarcinoma b 0/18 1/18

Squamous cell carcinoma 3/18 1/18

aExons 4-9 of the p53 gene were evaluated by SSCP.
bThis 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.)

88



K-ras AND p53 ALTERATIONS IN LUNG TUMORS INDUCED IN
THE F344 RAT BY DIESEL EXHAUST OR CARBON BI,ACK

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

The results of a study completed at ITRI (1991-92 Annual Report, p. 105) suggest that a high lung burden
of carixmaceous particles, rather than mutagenic parlicle-associaled organic compounds, is principally resp_n,,;ible
l'or the carcinogenicity of inhaled diesel exhausl (DE) in rats. This conclusion is based on lilt' failure c_l"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 frcc of adsort_d organic conlpotlnds. In Ihc currcnl

investigation, tumors from F344,rN rats from the lnstitute's colony thai were chronically exposed to eilher DE
or CB were analyzed to determine if either activation of the K-ras oucogcnc or inactivation of the p53 lum¢_r
suppressor gcne plays a role in the carcinogenicily of these particulates in the rat lung, and to determine whether
patterns of genetic damage in these tumors support the hypothesis that parliclc-associalcd mutagenic COml_ounds
arc not principally responsible for the induction of rat lung tumors by DE.

The K-ras protooncogene is frequently activated in human lung tumors and in experimentally induced tumors

in rats and mice (Barbacid, M. Ann. Rev. Biochem. 56: 779, 1987). K-ras activation results from point mutation,
usually in codons 12, 13, or 61. [n animal m6dels, compound-specific mutational profiles are often observed
thai are consistent with the base-mispaifing effects of adducls between DNA and the experimental carcinogen.
Variations in mutational spectra within the K-ras oncogene may thus rc[]ccl mechanistic properties of Ihe
initiating agent. In this system, a specific pattern of point mutations would suggest the parlicipalion of
de-adsorbed mutagenic organic compounds in the carcinogenic cfl'ect of DE. The p53 tumor suppressor gent
is also frequently altered in human lung tumors, and has been shown to bc inactivated in experimentally induced
tumors of the rat (Ohgaki, H. G. et al. Cancer Res. 52: 2995, 1992). The inaclivation of this gcne can result
from point mutations, particularly within the conserved region of Ihe gene (exons 4 through 9), although deleliolts

and rearrangements elsewhere in the genc can also resul_ 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 allcFalions in these
two genes in lung tumors induced by DE or CB should provide insight into the molecular mechanisms associalcd
with the development of DE-caused tumors.

Tumor DNA was isolated I'rom paraMn-embedded tissue seclions using a quick-lvsis melh¢_d (Levi, S. eta/.

Cancer Res. 51: 3497, 1991), and specific gcne fragments were amplified using Ihe polymerase chain reacliol|
(PCR) procedure. Because of the low etmccntration (< 100 pg) and subslanlial dcgradalion of largel DNA
obtained from formalin-fixed, parafl'in-cmbcdded tissues and the need for high-purity gcnc fragment products l¢_r
sequence analysis, a second PCR amplification was performed ibr each sample. Ex¢_ns4 through q c_l"the p53
gene were then analyzed using the single-strand conlbrmational polymoq)hism assay (SSCP) (Orila, M. et al.

Proc. Natl. Acad. Sci. 86: 2766, 1989). Some samples, including those with apparent mulalions, were sequenced
by the dideoxy method (Tindal, K. R. and L. F. Slankowski. Murat. Res. 220:241 1989). Sequence data l'¢_r
p53 were compared io both the published sequence of the rat t753 genc and to samples of normal rat lung DNA
isolated from paraffin-embedded sections by the same method used for the tumors.

Gene sequence inlormation was corroborated by immunohistochenlical (IHC) staining l'_r the p53 protein.
Point mutations within exorts 5 through 8 result in an increased protein half-life which alh_ws detection by IHC
staining. Mutations in codon 12 of the K-vas gene were detected by BstN1 restriclicm cndonuclcasc analysi'_
(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 Io dale are summarized in
Tables 1 and 2.

These data suggest that the p53 and K-ras genes are infrequently altered in adenocarcinon_as (AC) induced
by either DE or CB. In squamous cell carcinomas (SCC), alterations in Ihe K-ras gene appcaz to occtlr al a
similar frequency to that seen in AC. Results indicate that the t753 gent is commonly inaclivalcd in SCC (6/9),

*UNM/ITRI Inhalation Toxicology Graduate Student
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and studies are ill progress to identify the mutations within these samples. Ill addition, tire number of tumor

samples analyzed will be increased to 40 fl_r AC (2(I induced by DE and 20 induced by CB), and 10 for SCC.
Furthermore, five AC obtained from unexposed F344/N nits will Ix'. included in the analysis to determine whe|her

the pattern of alleratiol_s seen in the DE- or CB-induced tumors parallels that secn ill spontaneous tunlors with

respect In these two genes. Although these results are prelinlinary, 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 p53 alterations detected in SCC indicatcs a potcntial role ['or

inactivation of this gcnc in the development of tumors with squamous differentiation.

Table 1

Mutations Found in thc K-ras and p53 Genes in

Rat Lung Tumors Arising from Exposure to DE or CB a

K-ras

p53 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 0/8 lb/8 0/8 5b/9
carcinonla

aValues indicate number of tumors containing mulalions ovcr number of tumors cvalualed. For IHC data,

number of tumors with positive p53-dependenl inmlunostaining is shown over the number of tumors
evaluated.

blndicates that number includes one mixed phenotype tumor (adenosquamous carcinoma). Only the portion

of this tumor with squamous differentiation stained positive for p53 protein by IHC staining. Apparent

alterations in p53 sequence are reported here when identified either by dircct sequencing or by SSCP

analysis. The K-ras mutations in codon 12 wcrc confirmed by lx)th direct sequencing and by BstN1

restriction endonucleasc analysis.

Table 2

Comparison of K-ras and p53 Mutalion Frequency

ill Tumors Arising l'mm Exposure to DE or CB a

p53 K-ras

Codon 12 Codon 13 Codon 61

Exposure Exons 4-9 (GGT) (GGC) (CAA)

DE 6/21 1/21 (GAT) 0/21 1/16 (CAT)

CB 2/8 1/8 (G'I'I') 0/8 0/8

aValues shown indicate mutations detected by any of the methods used over the total number of

samples evaluated. For the K-ras mutations, the sequence of the mutant is shown.

(Research sponsored by lhe 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. Nikuht 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 rats. It is known that filtcrcd 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 cart"_)'naceous

parliculate that is virtually free of adsorbed organic compounds, showed that the carcinogenic potencies of lhe

two materials were nearly identical. This result suggested that the high lung burden of carbonaceous particles,

rather than the mutagenic, soot-associated organic compounds, is principally responsible l't_r the carcinogcnicilv

of DE in rats (1991-92 Annual Report, p. 105).

Exposure-induced, sustained cell proliferation has been corrclatcd with the induction of cancer (Buttcrworlh,

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 human exposures lead to increased cell proliferation, which accounls for much of lhc

excess tumor incidence observed in bioassays, and (2) this carcinogenicily ix not predictive for human cancer

risk (Ames, B. N. and L. S. Gold, Science 249: 970, 1990).

To better understand the pathogencsis of the hypcq)lastic and neoplastic lung lesions induced by exposure

to DE and CB, rcplicalivc and proliferative indices wcrc quantilalcd in terminal bronchiolar epithelia, alveolar

epithelia of lbcal hypeq)iastic lesions (referred to as focal lesions), which occur in the ccntriacinar region of the

lung, and alveolar epithelia not included in the focal lesions (referred to as nonl'ocal lung). These data will show

(1) if DE and CB induce the same or different prolifcralive responses wilh 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, wcrc cxposed 16 h/day, 5 days/wk

lor 3, 6, or 12 mo to DE or CB at particle concentrations of 6.5 mg/m 3, or to filtered air (controls). To lalwl

S-phase nuclei, 0.78 mCi of lritiatcd thymidine (80.0 Ci/mmolc) was delivered to each rat, via c__nlinuous

infusion, over the last 6.5 days prior to sacrifice. Slandard moq)homclric techniques were used !o fix and

sample the lungs and to determine the relative volume densities of a number ,_1"componenls of the alveolar

parcnchyma and indices of cell replication and proliferation (Elias, H. M. and D. M. Hyde. Practical Stereology,

Karger, New York, 1983; Herbert, R. A. et al. Radiat. Res. 134: 29, 1993). The unil length labeling index
(labeled epithelial nuclei/ram basal lamina) and the numeric dcnsily of epithelial nuclei (cpilhtrlial nuclei/ram basal

lamina) were dclcrmincd in the terminal bronchiolcs. The type I1 cell laheliag index expressed as a percent

(Type 1I LI; calculated fronl the ratio of labeled type II cells Io Ihe number of lypc II cells counlcd), the percent

type I1 cells (calculaled from the ratio of type II cclls to the number of type 11, type !, endothelial, and fixed

interstitial cells), and the number of labeled type I1 cells per 4,000 lung cells (lalwled 11 cells/4()O() cells) were

determined in the focal lesions and nonfocal lung. Unit length labeling index, Type 11 12, and labeled !1

ceils/4000 cells are indices of replication. These three indices are used with lhe numeric densily of epithelial

nuclei or the percent type II cells Io evaluate ceil prolifcralion. In a preliminary slalislical analysis, differences

in unit lenbqh labeling indices and numeric densities I×'twccn groups were It'sled using a t lest with a Bc,_ferroni

correction for multiple comparisons. Significance was set at an overall p value of less lhan 0.05. Slalistical

analyses of the data for lhe focal lesions and nonfocal lung have nol been done.

The data for the terminal bronchioles, nonfocal lung, and tile focal lesions arc presented in Table 1. In the

lcnninal bronchiolar epithelium, the unil lcnglh labeling indices of DE- and CB-cxposcd rals were significanlly

greater than th<_se cd"controls at 3, 6, and 12 too. 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-expensed rats were grealer lh;lll

lhose of CB-exposed rats at 3 and 6 too, but not at 12 too. Tile numeric densilies in lhe terminal hronchicdcs

were similar in all groups at all limes.
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Table 1

Indices of Cell Replication and Proliferation in the Lungs of Rats that Inhaled Diesel Exhaust or Carbon Black

Exposure Duration Type II LI d % II Cells e L II/4000 Cells f

Atmosphere a (too) ULLI t' ND c NF"g FL h NF FL NF FL

Air 3 4.0 -,- 0.7 i 146.4 4- 3.5 8.8 _ 0.8 10.5 __.0.2 37.4 _ 7.4

DE 3 16.1 +__1.6 167.6 ± 17.0 11.8 __.1.1 24.2 ± 0.6 15.3 __.0.5 39.4 _+ 0.7 69.0 _ 13.5 380.6 ± 18.1

CB 3 10.9 -,- 0.6 161.2 _ 8.9 13.7 ± 0.6 27.1 ± 1.4 12.8 +_.0.4 38.5 4- 0.7 69.4 -,- 7.8 411.4 ± 35.2

Air 6 1.9 ± 0.3 144.7 ± 7.9 6.3 __.1.0 10.6 -,- 0.5 27.4 ± 4.8

DE 6 9.0 ± 0.8 138.5 ± 7.4 7.9 ± 0.3 13.4 ± 0.4 21.4 ± 0.6 45.0 -,- 0.8 67.4 ± 4.6 239.8 ± 17.8
,e

CB 6 5.9 ± 0.4 158.4 ± 6.2 8.8 ± 1.1 15.3 +_ 0.3 16.0 ± 0.3 46.9 +__0.1 56.1 -,- 15.6 287.2 ± 11.1

Air 12 1.2 __.0.2 148.6 ± 6.6 3.2 _ 0.7 11.4 ± 0.15 14.5 -,- 3.2

DE 12 8.4 ± 0.6 186.7 ___9.6 5.1 + 0.4 14.4 ± 1.0 24.0 _ 0.2 38.8 ± 0.7 48.8 ± 8.7 223.2 ± 16.9

CB 12 6.8 ___0.6 164.0 _ 9.0 3.3 + 0.3 11.1 ± 0.4 19.6 __.0.4 40.6 ± 0.4 26.5 ± 5.2 180.5 ± 16.7

aExposurcs were for 16 h/day, 5 daysAvk to filtered air, diese! exhaust (DE), or carbon black (CB) at particle concentrations of 6.5 mg/m 3.
bUnit length labeling index defined as the labeled epithelial nuclei/ram terminal bronchiolar basal lamina.

CNumcric density defined as the number of epithelial nuclei/ram terminal bronchiolar basal lamina.

dType I1 cell labeling index (ratio of labeled type II cells to the numN'r of typc II cells counted cxpressed as a percent).
ePcrccm type II cclis (ratio of type II cclls to the number of type II, typc I, endothelial, and fixed interstitial cells expressed as a percent).

tNumber of lat_led type II cells per 4,000 lung cells.

gNonfocal defined as areas of the pulmonary parenchyma that are not parl of discrete focal lesions.

hFocal lesions defined as hyperplastic and inflammatory lesions principally located in the centriacinar pulmona O, parenchyma. There were no EL.,; in
air-exposed rats.

iMean _+ standard error, n = 5.



Ill tile nonflwal lung, tile Type II Lls were similar ill rats exposed to filtered air, CB, or DE al 3, ¢_, al_d

12 too; the Type II Lls decreased in all groups over lime, The percent type !1 cells was greater in rals cxponcd

to DE or CB than in controls at 3, 6, and 12 too, and the percent type II cells was grealer in DE- lhan CB-
exposed rats at each time. The percent type II cells increased in rats exposcd 1o DE or CB over tinw. The

relatively large standard errors make the labeled II cells/4000 cells data difficult to interpret for the nonfocal

lung, but the data arc similar for the DE- and CB-exposed rats. The labeled It cells/4()00 cells appeared t_ lw
greater in the DE-exposed rat.,; compared to controls at 6 and 12 too. The labeled II cells/4000 cells in Ihc

nonfocal lung decreased in all groups over time.

Focal lesions were not present in the control lungs. In the rats exposed to DE or CB, the Type I1 LIs in

the focal lesions were two- to three-fold greater than the Type 11 Lis in the nonfocal lung of controls al each

time. There was no consistent differcncc in Type II Lls between DE- and CB-exposed rats at any time. The

percentages of type II cells in the focal icsions of the DE- and CB-expt_sed rats were similar at all times and

wcrc three- to four-lold greater than the pcrcent type I1 cells in the nonl'ocal lung of conlrols. The labeled Ii

cells/4000 cells in the focal lesions were (1) I0- io 15-1old greater than the labeled I1 cells/400() cell._ ill Ihe

nonfocal lung of controls, (2) were similar in the DE- and CB-cxposcd rats at each lime, and (3) dccrea.,,ed over
time.

The greater unit length labeling indices in DE- than CB-cxposed rals at 3 and 6 mo suggest that DE induces
a greater rcplicativc respott,_c thall CB ill the terminal bronchioles at earlier tinlcs, but IlOt after 12 m_ _f'

exposure. The lack of increase in the numeric densities of epilhelial nuclei, especially Ihc lack of increase at

3 and 6 too, shows that although both DE and CB induce replication, neither DE nor CB cause prolil'eration.

The unit length labeling index and numeric density of epithelial nuclei data suggest that DE and CB induce cell

injury that leads to regenerative replication in the tcrminal bronchioles, and that thc am_tJnt of injury azld

subsequent regeneration is greater for DE than CB at 3 and 6 mo of expc_sure.

In the nonfocal lung, the Type II LI data indicate that type I1 cell replicalion was not enhanced by DE _r

CB exposure, and that replication decreased in all groups over lime. The labcled I1 cells/4()O() cells index, which

can be a more sensitive indicator of type II ccll replication whorl there is concomitant hypcq_lasia, suggests that
DE exposure caused a lllodesl increase in replication compared to COlllrois at 6 al|d 12 too; these data also show

that type II cell replication decreased in all groups by 12 too. The percenl type II cell dala show thai both DE

and CB exposure caused type II cell hypeq_lasia in the nonl'ocal lung. The amcmnl ofhylwrplasia increased ¢_vcr

lime and was greater for DE than CB. These percent type 11 cell data, in t'c_n.junctic_n with ihc Type !I Lls alld

the labeled II ceils/4000 cells, indicate Ihal a lack of diffcrenlialic_n of type I1 cells t_ lypc I cells, ralhcr 111;111

enhanced replication of type 11 cells, rainy have been a siguificanl factor in the lypc II cell hylwrplasia in Ihc

nonfocal lung. Preliminary examination o[the pcrccnl type 1 cells (data nol showi 0 supl_orls lifts speculation.

All three indices of replication and proliferation show lhal DE and CB induce similar, suslained proliferalive

responses in the focal lesiolts. The vc_lume percent of the luxlg composed c_l" interstilium c_l focal lesicms

increased in the DE- and CB-exposed rats (data ilOI sho\vll), further stnppc_rting the c¢_xwltJsioxl t|lal the grealcM
sustained proliferation was in the focal lesions.

In the carcinogen|city study (1991-92 Annual Report, p. 105), the Jleoi)lasms induced by DE c_r C13 t'xp_nurt'

in rats appeared to arise from the alveolar epithelium of hypeq)lantic loci. The t'quivalclll replicative alld

proliferative responscs induced by DE and CB in these regions where the neoplasms aPl_arcnllv arise t'orrcd_ralc
the lunlor incidence and tumor site data from the carcin_genesis bi_assav.

(Rcscarch sponsored by the Office of Heallh and Environmental Research, U.S. Department _I"Exwrgy, umlcr

Contract No. DE-AC04-76EV()1013,)



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

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

Ras mutations are found in a large :lumber of epithelial cell cancers and in st, btypcs of leukemia. The role
of ras in the early stages of cancers as well as the interaction of ras genes with additional genetic altcralions
are areas of active investigation. A recent breakthrough has been nladc in detecting ras mutations with the use
of the BstN1 endonuclease restriction fragment polymorphism (RFLP) assay (Kahn, S. M. eta/. Oncogene 6:
1079, 1991). Although this assay can detect one mutant gene in a total populatiotl of 10,0()0 cells, it is labor-
intensive, time-consuming, and nonquantitative.

Capillary gel electrophoresis (CE) is another recent innovation in the analysis of DNA fragments (Mayer,

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 scparatc and quantilatc K-ras nlulalll and wild-type
(WT) alleles following selection by BstNl endonuclease digestion.

DNA was isolated from the Ibiiowing tumor cell lines: SW480, A549, Calu-l, SKlu-I, and H345. These

cell lines were either homozygous or hclerozygous lbr K-ras codon 12 nlulations. Slandard condilio|ls lbr tile
polymerase chain reaction (PCR) amplificatio|l and BstN1 endolluclcase tligcslions were used Io alnl_lif.v DNA
and obtain the digestion fragmctlls for analyses (Jiang, W. et al. Oncogene 4: 923, !_989). Following
amplification and digestion, mutant and WT bands of 157 and 128 base pairs were fornlcd, rcspcclivcly. In Ihe
original RFLP procedure, these fragnlcnts were separated and a|lalyzcd by acrylanlidc gel (8%) eleclrophort'sis.
The gel fragments were then recognized by staining with clhidiu|ll bromide and pholographed, and the relative
concentrations of DNA in each band were estimated visually. Our new system uses CE analysis instead t_f
acrylamidc gel electrophoresis. Aliquols of the PCR amplification products are first added to Ccnlricon 30 spin
colun'tzts Io remove sails and low-molecular-weight materials. The purified inalcriai is lhcn separated on a fused
silica capillary column filled with a hydrophilic low viscosity polymer by an Applied Biosystcm Model 27(I-HT
CE irtstrument and analyzed using a Model 600 data analyzing package.

Figure l shows the slab gel analysis ot" BstN1 fragments td" SW4,_(L Calu-1, SKlu-I, A549, and WT DNA.

One-stage of 30 rounds of PCR amplification (single-stage PCR) v,,as used I(_ amplify lilt' DNA. Mulanl and
WT bands in Calu-1 and SKlu-1 were clearly separated, hi addit;,¢_n, h¢_mozygosity for lht' K-ras codlin 12
mutation in SW-480 and A-549 cell lines was evident. Differences in Iht' i|llensilit's of lht' slained bands were

also observed; however, it was not possible to accur',lely dclcrmint, lilt' pt'rct'|il of tilt' IIItllalll b;lild rt.lalivt' It_
the WT band.

°'7,'7,

Mutant
Normal- -

Figure 1. Polyacrylamide gel analysis of K-ras codon 12 nlulanl and wild-type (WT) BsIN! fragnwnls of
SW480, Calu-1, SKlu-I, A549, and WT. DNA was separated on a 8r_ acrylamidt, gel, slaincd with
clhidium bromide, and ph(_logral)hcd. Mutant and WT fragmenls arc 157 and 12_ base pairs insizc,
respectively.
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In Figure 2, a representative CE electropherogram of BstN1 endonuclease digestion fragments of Calu-1 is
depicted. The mutant and WT fragments in Calu-1 were both resolved. Thc OX174 fragments ranging from
72 to 1353 base pairs were also resolved by CE (data not shown). A volume integration was donc oil both
mutant and WT bands, and the volume of the 157-bp band (mutanl) was divided by the total volume. This
value multiplied by 100 reflects the percentage of the mutant alleles in the population. Thcsc calculations
showed that the percentages of mutant alleles in Calu-1 and SKIu-1 w,ere 86 and 79%, rcspectivcly. It was also
determined by multiple analysis of individu_',l PCRs that the reproducibility of the an;tlysis had an average
coefficient of variation of-,- 2.3%.

_L
p,.

___ SJL
I I I I I I I I

0.0 24.2
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Figure 2. Electropherogram of BsIN1 fragments from Calu-1. The DNA sample was sel)araled on a fused
silica capillary column filled with a hydrophilic low viscosity polymer. DNA was elcclrokinelically
iniected for 5 sec at -5 kV and separated at 12 kV. Dclccti_ n of DNA was at 260 am.

Results from this study show the applicability of CE to separate and, parlicularly, quantitalc BsIN1 K-ras
codon 12 mutant and WT fragments. The reproducibilily of the assay was evident over several experimcnts,
and the percentages of mutant genes in the different cell line populations wcre similar to vnlucs rcimrtcd by

others using direct sequencing (Capon, D. et al. Nature 304:507 1983). AIIhough the single-stage PCR
protocols using the BstN1 RFLP procedure can detect mutant alleles to the 1% I,.'vcl, studies to examine the role

of ras gene mutalioxts as early events in the initiation of cancer rcquirc a detcction scnsilivity c_l'- 0.01%. To
achieve this sensitivity, a second PCR following the BstNl endonuclcasc digestion can bc pcribrmcd Io
selectively reamplify the mutant species which were left uncut by lhe BsINI endonucleasc.

Future studies will concentrate on using thc two-stage PCR pmccdurc in conjunclion wilh thc CE analysis
to detect mutant alleles that occur at low frequencies. The cell iincs in the prcscnt study will bc used to

validate the accuracy of the two-stage procedure in ordcr to quantitate the pcrccnt of mutant alleles in Ihc
presence of WT alleles. Experiments with dilutions of mutant and WT DNA will bc rcconlslructcd to achieve

a calibration curve with a sensitivity ef 10.4. Thus, the combincd high scnsilivily and quantitative capabililics
of the CE should make it possible to quantitatc the frequency of K-ras nlulations in largel and ncmlargel lung
ccll populations in animal models following exposure to carcinogens. This lechnolc_gy will _nls_)be _lpplicd _ts
a scrceh lor K-ras mutations in exfoliated cells collected in sputum _r in _l hr_nchial wash Irc,n i)ersuns al risk
for lung canccr.

(Research sponsored by the Office of Health and Envirc,nmcnlal Research, U.S. Del_;irlmcnl _I Exlergy, utldcr
Contr,_ct No. DE-AC04-76EV01013.)
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AN IMPROVED METHOD FOR THE ISOLATION OF
TYPE 11 AND CLARA CELLS FROM A/J MICE

S. A. Belinsl_.,, J. F. Lechner, and N. F. Johnson

The lung contains over 40 different types of cells (Sorokin, J. P. In Morphology of Ea7_erimental Respiratory
Carcinogenesis, Oak Ridge, TN, AEC Syn_posium Series, p. 3, 1970). However, by identifying and isolating
target cells for neoplasia, the effect of enviromnental and occupational exposures on nontarget cells can be
eliminated. Previous studies have identified the alveolar type II cell and the Clara cell as progenitor cells for
the development of human adenocarcinoma of the peripheral lung (Gazdar, A. F. and R. I. Linnoila, Semin.
Oncol. 15: 215, 1988). In contrast, lung tumors appear to originate from the alveolar type lI cell in the A/J
mouse (Belinsky, S. A. et al. Cancer Res. 52: 3164, ,_,9_.). Thus, the comparison of the frequency and the
nature of gene alterations between type II cells and Clara cells isolated from the A/J m¢mse may uncover factors

seminal in the initiation and clonal expansion of neoplastic cells. The purpose of this study was to improve
current procedures for isolating purified preparations of type II and Clara cells from mice for cellular and
molecular analyses.

Current pJ'otocols for the sequential isolation of type II and Clara cells rely on protease digestion l'olh_wed
by centrifugal elutriation (Belinsky et al., 1992). The process of centrifugal elutriation separates cells based on
size and density. This isolation procedure routinely results in a type II cell preparation with a purity of 4g%.
The contaminating cells include Clara cells (16%), macrophages (20%), and small cells (16%). The typical
purity of the Clara cell preparation is 43% with contamination by type II cells (20%), macrophages (20%), avid
small cells (17%). The low purity obtained by this approach is due primarily to the size distribution of mouse
lung cells which overlap each other. Thus, while it was possible to enrich for type I] c_rClara cells c_utof the
initial lung cell digest, high purity fractions have not been obtained.

The strategy used in the current study was to collect type II apld Clara ceil fractioxt'_ using the previous

elutriation protocol (Belinsky et al., 1992) and furlher purify these fractions with an additional eltitriatio|_ step
using a different elutriation chamber. The flow diagram depicted in Figure 1 illustrates the complete elutriation

procedure. Lung perfusion and digestion are essentially as described previously (Belinsky et al., 1992). Lungs
from 12 to 16 A/J mice were pooled for isolation of cells. The cell digest was injected into a standard
elutriation chamber which can separate populations whose diameters differ by 2.5 to 5 am. Femurfractions were
collected during this elutriation (Table 1). Fraction 1, which was collected at a rotor speed of 2500 q_m and
a flow rate of 9.0 mL/min, was comprised mainly of cellular debris. Fraction 2, which was collected at 2300
rpm and a flow rate of 14 mL/min, consisted mainly of endothelial cells and lymphocytes (small cells). Type
It cells were recovered in the third fraction at a rotor speed of 1200 q_m and allow rate of 13 mL/min. The
elutriator was then turned off, and the Clara cells (fraction 4) were collected as a pellet remaining within the
standard chamber. Type II and Clara cells were concentrated by centrifugalion at 2000 rpm for 10 rain.

In the second part of the method, the Standard chamber was replaced with the Sanderson chamber which can
elule populations whose diameter vary by only 1.5 to 2.5 urn. This chamber accolnmodales fewer cells than the

Standard chamber (a factor of 3). The type II cells from the first elutriation were then injected into the chamber,
and the first and second fractions were collected at a rotor speed of 2500 q)m and 8 mL/min. The first and second
fractions contained debris and small cells, respectively. The type lI cells were collected in fraction 3 al a speed of
1800 rpm and a flow rate of 10 mL/min. Clara cells originally contaminating Ihe type I1 cell prel_aralion were
collected as a cell pellet remaining in the chamber; they were combined wilh the Clara cell fraction from the I'irsl
elutriation (Fig. 1). This Clara cell fraclion was further purified by elulrialion using lhe same protcwol for
purification of the type II cells with the Sanderson chamber. Cell purity and yield during all Ihree elulrialions are
indicated in Table 1. Type Iland Clara cells were identified aflerstainingwilh the modified Papanicc_lac_ustain
(Kikkawa, Y. and K. Yoneda, Lab. Invest. 30: 76, 1974) and the nitr¢_blue telrazc_lium slain (Devereux, T. R. and

J. R. Fouls, Methods Eno, mol. 77: 147, 1981), respectively. The purily of the lype II cell preparali¢_n was increased
from 48% to 73%, while the Clara cell contamination was reduced from 16% to 2.5% (Table 1). The purily of the
Clara cell preparation was increased from 43% to 73%, and contamination by type _I cells decreased from 2()_ to
12%. Viability of both cell populations was greater than 95% based ¢_ntrypan blue exclu_.i,,ll.
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Elutrlation #1: Standard Chamber

Cell Digest

Fraction 1E1 Debris

Fraction 1E2 Small Cells

Fraction 1E3 Type II Cells

Fraction 1E4 Clara Cells

Elutrlatlon #2: Sanderson Elutrlatlon #3: Sanderson
Chamber Chamber

Fractlon 1E3 Fraction 1E4 + 2E4

Fraction 2E1 Debris Fraction 3E1 Debris

Fraction 2E2 Small Cells Fraction 3E2 Small Cells

Fraction 2E3 Type II Cells Fraction 3E3 Type II Cells

Fraction 2E4 Clara Cells Fraction 3E4 Clara Cells

Figure 1. Flow diagram for isolation of type II and Clara cells from the mouse. High purity populations
indicated by italicized type for type II and Clara cells are obtained in fractions 2E3 and 3E4,
respectively.

Table 1

Purity and Yield of Type II and Clara Cells Isolated by Centrifugal Elutriation

TotaJ Cells/Lung Type II Clara

Cell Fraction (x 106) (%) (%)

Cell Digest 31 __2.0 a 22 ± 2.0 16 ± 2.0

1E3 5 ± 0.2 48 ± 2.0 16 ± 2.0

1E4 3 ± 0.3 20 ± 7.0 43 ± 2.0

2E3 4 ± 0.6 73 ± 2.0 2 ± 1.0

3E4 1 ± 0.3 12 ± 2.6 73 ± 2.6

aMean ± SEM from tbur cell isolations.
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The ability of isolated type II and Clara cells to grow in culture was also examined. Cclls were seeded on
60 mm polystyrene plates at a density of 50,000 cells. Prior to seeding, the plates were coatcd with FNC
coating medium (BRFF, Inc., Rockville, MD). Growth of the cells in four different media (MCDB 151, M199,
LHCg, and ITRI 1) known to promote growth of lung ainvay epithelial cell was assessed. All media were
supplcmented with insulin, traltsferrin, selenium, and cholera toxin and cont_lined 2% or less fetal bovine serum.
LHC9 and ITRI I contained pituitary growth extract and retinoic acid at concentnllions also known !_ pr_mole
airway epithelial cell growth. Cells were fixed and stained with Giemsa 1 and 7 days after inoculating to
determine colony-forming efficiency. Colonies of 5-6 Clara cells wcrc observed l'rcquenlly in ITRI I medium,
and to a lesser extent with the other media. In contrast, type II cells did not replicate in any media; the cells
appeared stellate with fine, long pseudopodia. These results suggest that Clara cells will undergo at least limited
replication in vitro. Future studies will use DNA and RNA obtained from isolated type II and Clara cells to
elucidate pathways involved in cell transformation following exposure to environmental carcinogens.

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

9S



V. NONCARCINOGENIC RESPONSES

TO INHALED TOXICANTS



INDUCTION OF NASAL CARBOXYLESTERASE IN F344 RATS

FOLLOWING INHALATION EXPOSURE TO PYRIDINE

K. J. Nikula, R. Novak*, 1. Y. Chang, A. R. Dahl, and J. L. Lewis

Heterocyclic amines such as pyridine constitute an important class of xenobiotics that is frequently used as
solvents, intenuediates in the productinn of agricultur,'tl chemicals (insecticides, herbicides), and in the
manufacture of pharmaccuticals. Pyfidine is a amphipalhic solvent that is readily absorbed through inhalation,
ingestion, or cutaneous exposure. A major metabolic pathway for pyridinc is via cytot'hrt_|ne P-450 oxidalion,

and pyridine has been shown to induce cytochmnles P-45f, CYPIAI and IA2 in nasal tissues f¢_ll,w¢ing
inhalation exposures.

Carboxylestcrases (CEs), which have high levels of activity in the olfactory mucosa, metabolize inhaled esters
to toxic metabolites. The distribution of these estcrases within the olfactory epithelium is known to bc cell
specific with the major localization occurring in the acinar cclls of Bowman's glands and the apical cytoplasn_
of the sustentacular cells (1991-92 Annual Rcporl, p. 190). Although CE,s are not involved in the metabolism
of pyridine, previous research suggested an increase in CE cxpression in hepatic microsomes fidlowing pyridinc
exposure. Because inhalation is a primau' route of exposure to pyridinc and because CE is sensitive to
modulation by chemical exposure and mucosai lesions, wc have cxamined the cffect of pyridine inhalation on
CE expression in the olfactory mucosa.

Twenty male F344/N rats (13-15 wk; 210-285 g) from Ihe lnstilute's colony were used in lhis study. The
nose-oxfly exposures werc conducted in two sets. In the first, five rats wcrc exposed to filtered air (controls)

and five to 444.0 -,- 16.0 ppm pyridine 6 h/day for 4 days. In the sccond set, fivc rats wcre cxposcd to filleted
air (controls) and five to 5.1 *- 0.4 ppm pyridine 6 h/day for 4 days.

Approximately 18 h following their final exposuJ'e to air or pyridine, the rats wcrc sacrificcd, and the nasal

cavities were formalin fixed, decalcified, and sectioned transversely into four blocks (Young, J. T. et al.
Fundam. AppL Toxicol. 1: 309, 1981). The fourth block, which contains the caudal ethmolurbinates and caudal
portion of the nasal septum, was paraffin embedded and cut into serial 5 pm sections. One section frc_m each
rat was stained with hematoxylin and eosin. Additional serial sections were immure,stained for CE using
Vectastain ABC immunoperoxidase reagents (Vcctor Laboratories, Burlingamc, CA), diaminobenzidinc chromogen,
and primary antibody concentrations of 1:1000, 1:2000, 1:4000, 1:8000, 1:16,000, 1:32,()()0, 1:64,000, 1:12S.00(),

1:256,000, 1:512,000 CE-immunized goat sofa. Serial sections (normal goat scra INGS I controls) were rcacled
with the same 10 concentrations of NGS substituted for immunized goal scra in the primary incubation. One

slide from each rat was stained according to the same proccdurc, but neither immunized n,_r NGS was applied
(negative control slide for calibration of background optical dcnsity).

lmmunostained nasal sections were analyzed by light microscopy and a semi-automatic image analysis
system. The optical density of the CE-dcpendent ixnmunoperoxidase reaction product was quantitalcd using the
microdosimctry capabilities of an image analysis software package (Image Measure, Phoenix Tcchnr,logics, Inc.,

Seattle, WA). The system was rccalibraled (maximal [no lighl] and background oplica] densily) for each rat.

The optical demities were determined bilaterally at 15 contiguous silos ill the lamina propria on each side
of the nasal septum. The data were used to devise a single dcscriplivc value (mean t,_lal optical density)
representing the average density of the imnmnopcroxidase rcaclion product at each primary antibody diluli_n for
each animal. The process was repeated l_r the corresponding NGS slidc. The mean total optical density for
the NGS slide was subtracted from the mean total optical dcnsity for the immunized-g_at sera slide to oblain
a net mean total optical density at each serum dilution for each rat. The net mean values at each serum diltlti_,n
wcre analyzed using a repeated measures analysis of variance.

*Institute of Chemical Toxicology, Wayne Slate University, Detroit, Michigan
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Immunostaining of nasal tissue from air-exposed control rats with anti-CE (1:8000 dilution) showed a
moderate positive staining of most cells of Bowman's glands that wcre located deep ill the lamina propria. The

majority of gland and duct cells that were located more superficially in the lamina propria were faintly stained.

The apices of a few sustentacular cells lining the ethmoturbinates and septum were also faintly stained. At

higher antibody concentrations, the immunostaining of the gland and duct cells increased in intensity, and all

gland and duct cells showed at least some immunorcactivity. The gradient of immunostaining remained, so that

the deeper glandular cells were more strongly immunorcactivc than the superficial gland and duct cells. At the

higher antibody concentrations, more of the sustcntacular cells were positively immunostaincd. As the antibody

concentrations decreased, the staining at all mucosal site_ became less intense. At lhc highest dilutions, few to

none of the gland or duct cells and none of the sustentacular cells were immunostaincd.

Immunostained nasal sections from rats exposed to 444 ppm pyridine vapor exhibited a cellular distribution

of immunoreactive CE that was similar to that observed in air-exposed controls. However, there were exposure-

related differences in the level of CE expression and in the extent of the immunostaining in Bowman's glands

and the surface epithelium. There. was strongly positive immunorcactivity oi the dccp glandular cells and strong

to moderate positive immunoreactivity of the superficial glands and ducts wilh a 1:8000 concentration of anti-CE.

Most fields did not exhibit an immunostaining gradient between the deep and superficial gland cells; they were

equally immunoreactive throughout the depth of the lamina propria. Most suslcntacular cells were immuno-

stained; the intensity of the reaction varied from faint to strong. At higher antibody concentrations, all Bowman's

gland and duct cells were strongly immunoreactivc, and there was no gradient between the deep and superficial
cells. The immunoreactivity of the sustentacular cells also became more intense and uniform. At weaker

antibody concentrations, the intensity of the staining reaction decreased. Some fields exhibited a gradient

between the superficial and deep gland or duct cells, but most did not.

At each antibody concentration, immunostained sections from rats exposed to 5 ppm pyridinc vapor showed

increased immunostaining of the superficial Bowman's gland and duct cclls, as compared to controls, but the

staining was not as intense as in the rats exposed to 444 ppm pyridine vapor. The immunostaining of the apices

of the sustentacular cells was more intense and involved more of the epithelium than was the case for either

the controls or the rats exposed to 444 ppm pyridine vapor.

The effect of pyridine exposure on the relative levels of immunoreactive CE is illustrated in Figure 1. The

curve of optical density for the 444 ppm pyridine-exposed rats was significantly different from controls (F1, 8 =
12.5, p = 0.0083). The statistical analysis has not been completed for the dilution curve for the 5 ppm pyridine-

exposed rats.
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chemical staining density in olfactory mucosae
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These results indicate that CE can be induced in tile nasal mucosa and describe tile potential lot toxic
substances to induce enzymes not directly involved in their own metabolism, even following low-dose, short-tenu

exposu_. Increased expression of CE occurred in the rats exposcd to the threshold limit value (5 ppm) for
pyridine vapor in the workplace. Lastly, these results emphasize the importance ot" exposure history in predicting
the metabolism of toxic substances.

(Research sponsored by the National Institutes of Health under Grant 5R01-ES03656-07 from the NIEHS
by subcontract with Wayne State University under Funds-ln-Agreement No. DE-FI04-89AL58635 with the U.S.
Department of Energy under Contract No. DE-AC04-76EV01013.)
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TOBACCO SMOKE-INDUCED ALTERATIONS OF RHODANESE AND
CARBOXYLESTERASE IN THE OLFACTORY MUCOSAE OF F344 RATS

K. J. Nikula, L. A. Sachetti*, G. L. Finch, B. T. Chen, and J. L. Lewis

Nasal olfactory mucosa is often the first tissue to be exposed to inhalants. This mucosa contains enzymes
that can detoxicate or activate inhaled toxicants. Inhalants may, in turn, alter the olfactory mucosa in numerous
ways such as causing morphologic lesions, altering the cellular localization of enzymes, or altering enzyme

activity. Rhodanese (RH) and carboxylesterase (CE) arc two enzymes that are present in high lcvcls in olfactory
tissues, and their activities may protect the olfactory tissue, may protect other tissues, or, in the case of CE, may
lead to local tissue damage. RH metabolizes cyanide to the less toxic thiocyanate ion (Westly, J. In Advances
in En_mology [E. F. Nordand and A. Meister, eds.], Wiley, New York, p. 327, 1973). Nasal CE can bc
protective, as in the metabolism of malathion. Alternatively, CE metabolizes inhaled acrylate esters and acetates
to carboxylic acids and alcohols, which are known to be toxic to olfactory epithelium (Miller, R. R. et al.
Toxicol. Appl. Pharmacol. 75: 521, 1984). Acetates, acrylate esters, and cyanide are constituents of tobacco
smoke, which is a common nasal toxicant. RH activity is decreased in the nasal respiratory tissues of human

smokers 0.,ewis, J. L. et al. Toxicol. Appl. Pharmacol. 108: 114, 1991). The effect of tobacco smoke exposure
on the amount or activity of CE in human nasal mucosae is unknown. The amount of CE, as detected by
immunohistochemical techniques, decreases in metaplastic and hyperplastic lesions of human respiratory mucosae
(1991-92 A_nual Report, p. 190). Based on these data, we hypothesized that tobacco smoke would induce
lesions in rat nasal olfactory mucosae which would correlate with a decrease in the amount and activity of RH
and CE.

We used 30 CDV_(F344)/CriBR rats purchased from Charles River Laboratories (equal numbers of males
and females) exposed in whole body chambers to filtered air (controls) or mainstream 1R3 research cigarette
smoke at concentrations of I00 (low smoke, LS) or 250 (high smoke, HS) mg total particulate matter/m 3. The

exposure methods have been described in detail (Chen, B. T. et al. J. Aerosol Med. 5: 19, 1992). Six-week old
rats were exposed for 6 h/day, 5 days/wk, for 32 wk.

Formalin-fixed, paraffin-embedded, transverse sections of rat nasal olfactory tissue (level 3 as described in
Young, J. T. Fundam. Appl. Toxicol. 1: 309, 1981) from three males and three females per exposure group were
used for histopathologic and immunohistochemical analyses. Serial sections were stained with hematoxylin, eosin,

and alcian blue or reacted with polyclonai antibodies to RH (rabbit origin, 1:1200) or CE (goat origin, 1:8000).
We used the same concentrations of normal rabbit or goat sera in place of the primary antibodies for the
corresponding negative control slides. Vectastain ABC (Vector Laboratories, Burlingame, CA) immunoperoxidase
reagents and diaminobenzidine chromagen were used to detect the immunoreactivity.

The biochemical assays for RH and CE activities were perfornted on tissue homogenates of rat

ethmoturbinates, which are lined by olfactory mucosa. For each assay, two tissue pools, each composed of
etbmoturbinates from two rats (n = 2) were used per exposure level. Mitochondrial and S-9 (cytoplasmic and
microsomal) preparations were used for the RH and CE assays, respectively. RH biochemical activity was
determined by measuring the rate of formation of thiocyanate (cyanide metabolism), whereas the CE biochemical

activity was determined by measuring the rate of formation of p-nitrophenol (4-nitrophenyl butyrate metabolism).
From these data we determined maximum velocity (Vmax), the enzyme affinity for its substrate (1/Kin), and the
capacity of each enzyme to metabolize its substrate at low substrate concentrations (Vmax/Km).

No histopathologic lesions were observed in the filtered air control olfactory mucosae. Both the LS-exposed
and HS-exposed olfactory mucosae had proteinaceous _lobules in many of the sustentacular cells, particularly
in lateral regions of the ethmoturbinates. There was a concomitant loss of neurons in the portions of the
epithelium with extensive proteinaceous globules. In addition, the HS-exposed olfactory mucosa lining the dorsal
nasal septum and dorsal meatus exhibited total epithelial necrosis, attenuation, and loss of Bowman's gland acini
in some sections.

*Department of Energy/Associated Western Universities Teacher Research Associates Program (TRAC)
Panicipan!
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The filtered air conlrol olfactory mucosae exhibited a fine, brown, granular RH-specific immunoreactivily
thai was most intense ill the apical portions of suslenlacular cells. Bowman's gland acinar and dutl cells, and
basal cells also showed RH-specific immunostaining, but fewer cells were affected, and the staining was less
intense than in the suslentacular cells. Overall, LS-exposed olfactory mucosae exhibiled a decrease in RH-

specific immunoreactivily compared to controls. The decreased immunoreactivily was parlicularly evident in
susientacular cells. There was no RH immunoreaclivity in the proleinaceous globules, and generally the
sustentacular cells, with or without globules, exhibited less inlmunoreaclivily. HS-exposed olfactory mucosae
exhibited an increase in RH-specific immunoreactivity compared to controls. This increase was observed

particularly in the apical porlions of suslentacular cells. As in the LS mucosae, no RH immunoreaclivily was
detected in the proteinaceous globules of sustenlacular cells, but sustentacular cells adjacent 1o those with globules
and sustenlacular cells in areas without globules were inle_sely imnmnoreactive.

The filtered air control olfactory mucosae exhibited inlense, brown, granular CE-sl;ecific immunoreactivily
primarily in the acinar cells of Bowman's glands. Immunostainin_, was also observed to a lesser extent in the

apical portions of sustentacular cells, basal cells, and Bowman's duct cells. The LS-exposed olfactory mucosae
exhibited intense inlmunoreactivily in Bowmau's glands, as seen in controls, and there was intense

immunostaining of the proleinaceous globules, resulting in more immunoreaclivily in the LS mucosae compared
to controls. The HS-exposed olfactory mucosae exhibited intense CE-specific immunostaining in the
proleinaceous globules of the susteniacular cells. However, there was a significant loss of acinar cells of
Bowman's glands in areas of epithelial necrosis and attenuation, and a loss of CE immunosiaining that
corresponded directly to the loss of Bowman's gland cells.

Compared to the filtered air control group, _he Vmax of RH for cyanide metabolism decreased in LS-exposed
olfactory mucosae and increased in the HS-exposed olfactory mucosae (Fig. 1). The LS-exposed ollhctory
mucosae exhibited a slight increase in affinity of RH for cyanide (decreased Km) as compared to the filtered

air controls. The HS-exposed olfactory mucosae exhibited a slight decrease in affinity (increased Kin) as
compared to the controls. Overall, Ihe ability of RH to metabolize cyanide at low concentralions (Vmax/Km)
was similar among the three exposure groups.

2.0-"

Figure 1. Maximum velocity of rhodanese for cyanide metabolism. Mean values arc shown. Two tissue pools,

each composed of mitochondrial preparations of ethmolurbinates from two rats (n = 2) were used
for each exposure level. Actual rate values were 1.00, 0.66 [controls (C)]; 0.39, 0.37 [low smoke
(LS)]; and 1.13, 1.83 [high smoke (HS)I.
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The Vmax of CE for 4-nitrophenyl butyrate metabolism ill LS-exposed olfactory mucosae increased compared
to the filtered air control group, whereas the Vmax of CE in the HS-exposed olfactory mucosae was similar to
the control group (Fig. 2). The LS-exposed olfactory mucosae exhibited a slight decrease ill affinity of CE for

its substrate (increased Kin) as compared to the controls. The aMnity of CE for its substrate did not change
in the HS-exposed mucosae compared to the controls. Overall, the Vmax/Km values for CE did not differ
among the three exposure groups.
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Figure 2. Maximum velocity of carboxylesterase for 4-nitrophenyi butyrate metabolism. Mean values are
shown. Two tissue pools,each composedof S-9 preparationsof ethmoturbinates from two rats (n =
2) were used for each exposure level. Actual rate values were 649.35, 710.73 [control (C)]; 1524.40,
1106.40 [low smoke (LS)]; and 646.00, 448.43 [high smoke (HS)].

In summary, RH appears to have been induced in those sustentacular cells without proteinaceous globules

in the HS-exposed olfactory mucosae. On the other hand, RH immunoreactivity was either lost or significantly
decreased, particularly in sustentacular cells, in the LS-exposed olfactory mucosae. Changes in RH Vmax

corresponded to these differences in immunoreactivity. Although these alterations were observed in RH
immunoreactivity and maximal velocity, there were inverse changes in Km such that the capacity of RH to
metabolize its substrate at low substrate concentrations did not change overall. CE appears to have been induced
in the proteinaceous globules of sustentacular cells in both LS- and HS-exposed olfactory mucosae. In the LS
mucosae, the induction of CE in the globules correlated with an increase in Vmax. In the HS mucosae, the
induction of CE in the globules was balanced by the loss of CE in the glands, which are the greatest reservoir
of CE in normal mucosae, resulting in no change in Vmax. In conclusion, inhalation of tobacco smoke induces
complex lesions that result in enzyme induction or loss of enzyme from specific cells found in the olfactory
mucosae of rats. Despite these alterations, the capacities of RH or CE at low substrate concentrations were not
changed in smoke-exposed rats compared to controls.

(Research spoiL,;ored by the Office of Health and Environmental Research, U.S. Department of Energy under
Contract No. DE-AC04-76EV01013 and by the PHSfNIH under Grant R01-DC01714-01 from the National
Institute on Deafness and Other Communication Disorders.)
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EFFECTS OF INHALED ENDOTOXIN ON INTRAEPITItELIAL
MUCOSUBSTANCES IN F344 RAT NASAL AND TRACHEOBRONCHIAL AIRWAYS

J. R. Harkema and T. Gordon*

Gram-negative bacteria and their cell wall component endotoxin arc ubiquitous in the environment. Exposure
to airborne endotoxin can occur both occupationally (e.g., organic dusts ill textile mills, swine confinement, and

poultry buildings) and at home (e.g., inadvertent bacterial contamination of aerosols produced by ultrasonic
humidifiers and evaporative coolers). Increased sputum production and chronic bronchitis are associated with
occupational exposure to endotoxin-contaminated organic dusts (Dosman, J. A. et al. Am. Rev. Respir. Dis. 126:
75, 1980; Donham, K. et al. Br. J. Ind. Med. 46: 31, 1989; Rooke, G. B. Chest 79: 67S, 1981). Recent
experiments in laboratory animals have suggested that airway-instilled endotoxin can increase the amount of
stored mucosubstances in airway epithelium in the upper and lower respiratory tracts of rats (Harkema, J. R. and
J. A. Hotchkiss. Exp. Lung. Res. 17: 743, 1991; Harkema, J. R. and J. A. Hotchkiss. Am. J. PathoL 141: 307,

1992). Although these studies demonstrate that large amounts of endotoxin instilled in the airways of rats will
increase mucous production, the effects of inhaled endotoxin at occupational concentrations have not been
investigated. The present study was performed to (1) determine whether repeated exposure to occupationally
relevant concentrations (0.3-50 ,ug/m3) of inhaled endotoxin can alter the presence of stored mucosubstances in
the rat and (2) establish a convenient in vi_,o animal model for studying the mechanisms involved in the
production and release of mucosubstances.

Male CDR® (F344)/CrlBR rats (purchased from Charles River Laboratories) were exposed in whole-body
inhalation chambers to either aerosolized, pyrogen-free saline (n = 9) or 0.3, 3.1, or 52.4 ,ug/m 3 endotoxin (n =
6 per group) for 3 h/day for 3 days with the exposure time starting at 24-h intervals. Endotoxin and saline
aerosols were generated with a Babington-type nebulizer driven by medical-grade breathing air at 9 psi.
Solutions of endotoxin, 0.35, 3.5, or 35 ,ug/mL (E. coli 0127:B8), were made up with pyrogen-free, isotonic

saline immediately prior to exposure. Exposure concentrations were determined by sampling the chamber
atmosphere in the breathing zone of the animals twice during each exposure (Gordon, T. et al. Appl. Occup.
Environ. Hyg. 7: 472, 1902). Chamber air was sampled at 1.07 L/min through 47 mm filters. Endotoxin was

extracted from the filters, and the concentrations of endotoxin in the collected extracts were quantitated with a
Limulus amebocyte lysate assay using a spectrophotometric microplate method.

At 24 h after the final inhalation exposure, rats were anesthetized with ketamine and exsanguinated via the
heart. The nose, trachea, and lung,s from each animal were fixed in 10% neutral buffered formalin. The
tracheobronchial airways were fixed at a constant pressure of 25 cm of fixative. After fixation the nasal cavities

were decalcified and coronally sectioned by methods previously described in detail (Harkema J. R. et al. Toxicol.
Pathol. 17: 525, 1989; Young, J. T. Fundam. AppL ToxicoL 1: 309, 1981). The most proximal nasal tissue
section taken at the level immediately posterior to the upper incisor teeth was embedded in glycol methacrylate.

One ,urn thick sections we_'e cut from the embedded tissue and stained with Alcian Blue (pH 2.5)/Periodic Acid
Schiff (AB/PAS) to identify acidic and neutral mucosubstances in surface epithelium lining the septum. Tissues
from the mid-trachea and the intrapulmonary axial airway (generation 3) in the left lung lobe were similarly
processed and stained for identification of intraepithelial mucosubstances.

The amount of AB/PAS-stained mucosubstances in (1) the surface epithelium lining both sides of the mid-
nasal septum in the proximal nasal airway; (2) the surface epithelium overlying the cartilaginous and
noncartilaginous regions of the mid-trachea; and (3) the surface epithelium lining the intrapulmonary axial airway
of the left lung lobe in each rat were determined by image analysis and standard morphometric techniques

(Harkema et al., 1989). The data were expressed as the mean (± SE) volume density (Vs = nL/mm 2 basal
lamina) of AB/PAS-positive mucosubstances within the epithelium.

Exposure to endotoxin produced a conspicuous mucous cell metaplasia and a dose-dependent increase in Vs
in the surface epithelium lining the intrapuhnonary airways (Fig. 1). Of the three regions of the respiratory tract

*Institute of Environmental Medicine, New York University Medical Center, Tuxedo, New York
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examined, the surface epithelium of the intrapulmonary airways was the most sensitive to the mucosubstance-

inducing effect of inhaled endotoxin. The quantity of Vs in the intrapulmonary airways was significantly
increased (2.5-fold greater than saline-exposed controls) in rats exposed to as little as 0.3 /tg/m 3 endotoxin.
Intrapulmonary airways in rats exposed to 52.4 ,ug/m 3 and 3.1 ,ug/m 3 endotoxin had Vs seven- and four-fold

greater, respectively, than controls. Significant increases in Vs were observed in the surface epithelium overlying
the noncartilaginous portions of the mid-trachea only afler exposure to 3.1 ,ug/m 3 or 52.4 /_g/m3 cndoloxin
(Fig. 2), while no significant changes were observed in the cartilaginous portions of the mid-trachea or in the
nasal airways even at concentrations as high as 52.4 ,t_g/m3.
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Figure 1. The effects of inhaled endotoxin aerosols on the anaount of stored epithelial mucosubstances (mean

± SE) in the intrapulmonary airways (generation 3). Vs = Volume density of stored AB/PAS-stained
mucosubstances in airway surface epithelium (Vs); * = Significantly greater from saline-exposed
group, p < 0.05. :I: = Significantly greater from 0.3 ug/m 3 cndotoxin-exposed group, p < 0.05.

The results of the present study demonstrate a site-dependent difference in the degree of increase in the
intraepithelial Vs induced by inhalation of endotoxin. Two possible explanations for the site-specific increase
in intraepithelial Vs in response to aerosolized endotoxin are: (1) differential deposition of the inhaled particles
throughout the conducting airways and (2) differences in the responsiveness of specific epithelial tissues to
deposited aerosols of endotoxin. A difference in the sensitivity of the epithelial lining of a particular airway
segment to endotoxin is probably a major factor contributing to the observed tissue-dependent response.

Estimates of the minute ventilation (0.1 L/min; Stahl, W. R. J. Appl. PhysioL 22: 453, 1967) and total deposition
of inhaled 2.5 /_m particles in the respiratory tract (50%; Raabe, O. G. et al. In Inhaled Particles IV, P,,rt 1
[W. H. Walton, ed.], Pergamon, Oxlord, p. 3, 1977) predict that approximately 9 to 900 ng endotoxin/rat were
retained in the lungs during _l 3-h exposure to 0.3 to 52.4 ,ug/m 3 endotoxin. Moreover, estimates of regional
deposition of 2.5 um particles in a rat suggest that most of the deposition would occur in the upper respiratory
tract, and less than 10% of the inhaled particles would have impacted in the tracheobronchiai rcsian. Thus, the
present results demonstrate that the epithelium of the tracheobronchial tree is extremely sensitive and the nasal
septum is relatively insensitive in terms of the mucosubstance response to minute amounLs of endotoxin. "/'his

difference in sensitivity could be due in part to different populations of epithelial cells in the various regions.
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Figure 2. The effects of inhaled endotoxin aerosols on the amount of stored epithelial mucosubstances (mean

± SE) in the noncartilaginous portion of the mid-trachea. * = Significantly greater from saline-
exposed group, p .,: 0.05.

In summary, the present study denlom;trated that the control mechanisms rcgul_tting the stores of

mucosubstances in the surface epithelium of rodeni airways are very sensitive t(, tile effects of inhaled eildotoxin.

The results of this study suggest that bacterial endotoxin, which contaminates organic dusts, may play an

important role in the increase of sputum and the induction of throttle bronchilis reported for agriculturally and

industrially exposed workers. In addition, endotoxin appears to Ix_ a rapid inducer of airway mucin production.

Therefore, the present rat exposure regimen may provide an excellent in vivo model for studying the cclluhJr

signals involved in the induction of mucin glycoprotein production and secrelion by intrapulmonary airavay
mucous goblet cells.

(Research sponsored by the Office of Health and Environmental Research, U.S. Departnlcnt of Energy, under

Contract No. DE-AC04-76EV01013, and by Public Health Service Grants ES-00260 and ES-04947.)
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EFFECTS OF CHRONIC OZONE EXPOSURE
ON AIRWAY MUCOSUBSTANCES IN THE F344 RAT

J. R. Harkema, K. E. Pinkerton*, and C. G. Plopper*

Acute exposures to ozone induce secretory cell metaplasia and increased intraepithelial mucosubstances (IM)
in nasal airways of rats (Harkema, J. R. et al. Toxicol. Pattwl. 17: 525, 1989). The present study examined the

effects of chronic ozone exposure on IM in nasal and tracheobronchial airways of F344/N (Simonsen
Laboratories, Gilroy, CA) rats. Female and male rats were exposed to 0 (controls), 0.12, 0.5, or 1.0 ppm ozone,

6 h/day, 5 days/wk, for 20 mo. All rats were killed 1 wk after the end of the exposure. Tissues from (1) the
proximal nasal passages (mid-lateral wall), (2)the mid-trachea (generation 0), (3)the left extrapulmonary
bronchus (generation 1), (4) a small diameter, intrapulmonary airway in the left lobe (generations 5), (5) a large
diameter, axial airway in the left lobe (generations 5), and (6) a small diameter, axial airway in the left lobe
(generations 11) were processed for light microscopy and stained with Alcian Blue/Periodic Acid Schiff

(AB/PAS) for detection of IM, as previously described in detail (Harkema et al., 1989; Harkema J. R. and J. A.
Hotchkiss. Am. J. Pathol. 141: 307, 1992). The amount of IM was quantitated by image analysis and standard
morphometric techniques (Harkema et al., 1989).

Intraepithelial mucosubstances in the mid-lateral wall of the proximal nasal passages of the 0.5 and 1.0 ppm
ozone-exposed rats were 20-40 times greater than controls. IM in small diameter airways at generations 5 and
10 in the left lobe were 5-6 times greater in rats exposed to 1 ppm compared to controls. There was a 50%

decrease in IM within the mid-trachea of rats exposed to 1 ppm compared to controls. No changes in the
amount of IM were present in ailways exposed to 0.12 ppm ozone. In addition, no changes in tracheobronchial

IM were evident in rats exposed to 0.5 ppm. A summary of the effects of 1 ppm ozone on the IM throughout
the respiratory tract is presented graphically in Figure 1.

The results of this study indicate that ozone-induced changes in IM are dependent on the concentration of
ozone and the region of the airway examined. The nasal mucosa was significantly more responsive to the ozone

exposures, in respect to induced changes in mucosubstance production, than all the other regions in the
respiratory tract. Significant, but less dramatic increases in IM were also identified in distal pulmonary airways.
This is the first study to demonstrate that chronic ozone exposures can induce alterations in the amount of IM

in pulmonary airways as well as in nasal airways. The reason(s) for this regional difference in response is
unknown, but is probably due in part to both tissue sensitivity and differences in dose to the airway tissue.

The ozone-induced lesions identified in this study may reflect deleterious effects on the normal functions

of the macocilary apparatus (e.g., mucociliary clearance) of upper and lower airways. If there is significant

functional imp;airment to upper airway clearance mechanisms, this may allow more potentially harmful agents
to reach distal airways. It has been suggested that chronic alteratior,± in normal upper airway function may have
a significant role in the development of small airway disease in the lungs (Proctor D. F. et al. Ciba Found.
Symp. 54: 2i9, 1978). Ozone-induced changes in airway mucosubstances may lead to insufficient modification

of inhaled air, which would then result in greater burdens of airborne pollutants to the lung parenchyma.

*School of Veterinary Medicine, University of California, Davis, California
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Figure 1. Ozone-induced changes in intraepithelial mucosubstances (IM) throughout the respiratory tract of

F344/N rats. Vs = volume/surface area of IM expressed as nL of AB/PAS stained mucosubstance
in the surface epithelium of the airway per mm'_ of underlying basal lamina. Group means are
plotted. Bars are standard errors of the means. NLW = nasal lateral wall; TRA = mid-trachea;

EPB = extrapuimonary bronchus; LD5 = large diameter intrapulmonary airway (generation 5); SD5 =
small diameter intrapulmonary airway (generation 5); SDll = small diameter intrapuimonary airway
(generation 11). The natural logarithms of the morphometric data were used for statistical analyses.
Data were tested for equality of group means by using an unpaired Student's t test with Bonferroni
correction for multiple comparisons.

(Research supported by the Health Effects Institute under the Funds-In-Agreement DE-FI04-91AL75007 with
the U.S. Department of Energy under Contract No. DE-AC04-76EV01013.)
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COMPARISON OF TYPE I! CELL AND
NEUTROPHIL ALKALINE PHOSPtlATASES

R. F. Henderson, G. Kelly, G. G. Scott*, and J. J. Waide

The analysis of bronchoalveolar lavage fluid (BALF) has been used to detect an inllammatory response ill
the lung. In addition to the usual markers of intlanuuatory response thai are measured (neulrophil count, protcin,
lactate dehydrogenase activity), some investigators assay for alkaline phosphatasc (AP) activily on the assumplion
thai most of the AP comes from the type II cells as part ot'a sccrclory process or by lysis of the type 1I culls.
Such an assumption is based on the fact that histochemical staining for AP indicates thai the apical portion of
the type II cell is the major site within the alveoli where AP is located (Miller, 13. E. et al. Exp. Lung Res. 12:

135, 1987). Staining of AP in type II cells is used to help quantitate type !1 cell hyperplasia (Miller et al.,
1987). However, there arc no published data to indicate the aclual source of the AP thai is in the epithelial
lining fluid and sampled by BAL. If the BALF AP is actually coming from type I1 culls, the enzyme levels
in BALF might be a valuable marker of type 11cell activation leading to hypertrophy and hypeq_lasia, a c(,umt,i
response to many inhaled toxicants (Miller, B. E. et al. Lab Invest. 55: 153, 198,6). The first step in testing
such an hypothesis is to determine if the type II cells are lhc primary source of AP in BALF.

To characterize Ihe source(s) of AP in BALF, we h_Jve compared tile APs in BALF with the APs in lype
II cells, neutrophils, serum, and various c_ther org_tn sources of AP. The isocleclric fc,cusing (IEF) pattern c_l'
AP in BALF from F344/N rats (Harlan Spraguc Dawley, Indianapolis, IN) treated with ct-quartz was cc_mparcd
with the IEF pattern of APs from ral serum, lung, heart, kidney, l×,le, liver, inlcslitlc, pulmt,mry lypc II cells,
and neutrophils. Then the APs that had similar IEF palterns were chan_clcrizcd by heal stability prot'ilcs and
diffcrenlial inhibition by amino acids and chelating agents.

The IEF studies indicated that the BALF AP had two predominate bands thai ran toward the anode. These
same bands were observed as major bands in heart, lung, type 11 cell, and ncutrophil samples, but were nc_t
observed or only faintly observed in kidney, liver, intestine, serum, or tx_nc samples (1991-92 Annual Report,

p. 67). Neutrophils are an imporlant potential source of BALF AP because neulrophiis art' present in the alveoli
during acute inflammatory responses.

Heat slabilily profiles and differential inhibition with amino acids and chclaling agents were Ihcn used to
characterize the AP in BALF, type II cells, and neulrophils to determine Ihc most likely sc_urcc of AP in BALF.

The APs in all three samples were heat labile at 65°C for 10 rain, bul the BALF AP _lppcarcd Io bc mr,re
resistant than the other two AP samples to healing at 56°C (Table 1). None of the AP samples were inhihilcd
by up to 40 mM L-phenylalaninc or L-Icucine (Table 1). L-homoargininc was more inhibitory toward BALI--
AP than the ALPfrom ncutrophils or type II ceils. The BALF AP was also more sensitive to inhibition by tile
chelating agent (Table 1).

The results suggest that multiple isoenzymes of AP may be prcsenl in the s;imples. We will conlinue our
research by fractionating lhc neutrophils and the type I1 cells intt, sulwcllular l'racliojls Ic_determine if the AP

in one subccllular fraction malchcs thai in |he BALF AP. Wc will alst_ isc_lalc mRNA from the lypc 11 cells
and from the neutrophils, and obtain eDNA clones of both type 11 cell axld iwulrcq)hil AP. DNA sequence
analysis of the eDNA clones will help establish Ihc origin t_l"Ihc AP Ii_rms in BALI'.

*UNM/ITRI Inhalation Toxiccdogy Gradunle Student
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Table 1

Alkaline Phosphatase Activity (nllU/mg Protein)in BALF and
Lung Cell Supernatants Chemically Inhibited or Heat Inactivated;'

Cone b

Inhibitor/Heat (raM) BALF Type II Neutrophils

Control 197 888 22

L-Phenyla lanine 5.0 206 955 23
10.0 192 910 24
20.0 193 900 23
40.0 189 919 23

L-Leucine 5.0 198 919 23
10.0 198 886 22
20.0 193 874 23
40.0 179 846 22

L-Homoarginine 10.0 137 769 19
20.0 62 655 17

30.0 46 579 15
40.0 43 515 13

EDTA Disodium 1.0 36 558 17
2.5 16 282 11
5.0 11 190 9

56°C, 10 rain 84 48 4

65°C, 10 rain 7 28; 3

aType II cells (0.9 x 106) and neutrophils (1.66 x 106) were incubaled with phospholipase

C, phosphatidylinositol specific (0.16 units) for 60 rain at 37°C.
bConc = concentration; BALF = bronchoavelolar lavage fluid.

(Research supported by the Office of Health and Environmental Research, U.S. Department of Energy,
Contract No. DE-AC04-76EV01013.)
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VI. MECHANISMS OF NONCARCINOGENIC

RESPONSES TO INHALED TOXICANTS



CONSTRUCTION OF F344 RAT AND HUMAN eDNA LIBRARIES AND

ISOLATION OF SPECIES-SPECIFIC CYTOCHROME P450 FAMILY 4 cDNAs

J. A. Hotchkiss, S. H. Lowell*, and A. R. Dahl

The cytochromes P450 are a supeffamily of proteins that catalyze monooxygenation of xenobiotics and
endogenous substrates. Isozymes of cytochrome P450 exhibit organ, tissue, and ceil-type specificity which
correlates with observed organ- and tissue-specific injury resulting from exposure to toxicants. In recent years,
major progress has been made in the identification and localization of cytochromes P450 in the nasal cavities
of laboratory animals and the determination of cytochrome P450-mediated metabolism in human nasal tissues.
Because nasal metabolism can affect both the uptake and toxicity of inhalants, it is essential that differences in
nasal metabolism between experimental animals and humans be evaluated so that expected effects in humans can
be accurately predicted from animal data.

This report describes our approach to examine nasal metabolism ill humans and F344 rats. Although it is
possible to obtain sufficient nasal tissues from rats to purify specific e_ymes of interest for in vitro metabolism
studies, this approach cannot be routinely used for analyses of human nasal enzymes because of the quantities
of tissues required. To minimize the ongoing need for rat and human nasal tissue samples, we have constructed
rat and human nasal-tissue-specific cDNA libraries. These libraries will serve as the source of enzyme-specific
cDNAs that will be used to express proteins of interest in vitro in quantities sufficient to perform metabolic
analyses.

We have constructed two cDNA libraries from rat nasal tissues and one library from human nasal tissues.
Ten male and 10 female F344/N (Taconic) rats (14 wk old) were used to obtain nasal tissue-specific RNA for

construction of the eDNA libraries. Rats were deeply anesthetized with CO2 and killed by exsan_,nJination.
Immediately after death, the heads were removed, depelted, and the nasal cavity was exposed by splitting the
head longitudinally along the midline cranial suture. Tissues from two anatomic regions were dissected from
the nasal cavity and immediately processed for isolation of total RNA according to the method of Chomzynski,
G. and R. Sacchi (Anal. Biochem. 162: 156, 1987). The ethmoid turbinates and the posterior third of the nasal

septum from each rat were removed and used as the source of olfactory epithelium. Nasal respiratory (e.g.,
mucociliary) and nasal transitional (e.g., nonciliated, nonsecretory) epithelia were obtained by removing the nasal
septum, naso- and maxilloturbinates, and lateral wall mucosa from the region between the incisor teeth and the
first molar teeth of the hard palate.

Human nasal tissue from the nasal septum and middle and inferior turbinates was obtained from 10 male

(6 to 73 yr of age) and 10 female (24 to 51 yr of age) subjects undergoing therapeutic nasal tissue reductions
at the Lovelace Medical Center, Albuquerque, New Mexico. The surface epithelium was primarily mucociliary

respiratory epithelium with focal regions of squamous metaplasia and occasional inflammatory cell infiltrates.
The cDNA libraries were constructed by Clontech Laboratories, Inc. (Palo Alto, CA) in the Lambda ZAP II
(Stratagene; La Joila, CA) bacteriophage cloning vector. Lambda ZAP I1 is an insertion vector that can accept

up to 10 Kb of foreign DNA at six unique cloning sites located in the N-terminal region of the lacZ gene.
Thus, recombinant phage may be recognized with blue/white color identification when plated o11 lac- hosts in
the presence of IPTG and X-gal. In addition, DNA sequences cloned into the multiple cloning site may be
expressed as fusion proteins under the control of the lac promoter. The cDNA libraries were prepared using
unidirectional priming (Oligo dT-Xho I primer) to increase the number of clones that can be detected using
antibody screening. The characteristics of the three eDNA libraries are summarized in Table 1.

We initially screened the rat nasal respiratory/transitional and human nasal respiratory libraries lor P450
family 4 isozymes. Our interest in P450 family 4 stems from its potential role in termination of inflammation,

the importance of the 4B subfamily in the activation of aminoaromatic compounds to mutagens, and thc reports
of 4B in rabbit nasal tissues (Dahl, A. R. and W. M. Hadley. CRC Crit. Rev. Toxicol. 21: 345, 1991).

*Director, ENT Department, l_xwelace Medical Center, Albuquerque, New Mexico
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Consistent with this observation, 2-aminoanlhracene, an aminoaronlatic, is a polenl mulagen when aclivatcd by

either rat or rabbit nasal homogcnates (Dahl, A. R. Mulat. Res. 1.8:141 1985).

Table 1

Summary of the Characteristics (,f the
F344 Rat and Human Nasal cDNA Libraries

No. Independent Insert Size Average
Libra ry Na me Clones Range Insen Size

Rat Respiratory/Transitional 1.6 x 106 (1.8 to 5 K !.6 K

Ral Olfaclory 1.5 x 1(16 0.6 to 5 K 1.6 K

Human Respiratory 1.7 x 106 1.0 to 5 K 1.5 K

The libraries were screened with a P450 family 4-specific eDNA fragmcnl using standard procedures

(Sambrook, F. et al. Molecuhtr Cloning: A Laboratory Manual, 8th Ed. Cold Spring Harbor Lmboratory, Cold

Spring Harbor, 1989). The P450 family 4-specific eDNA was made as follows. We synlhesizcd a degenerate

oligonucleotide (Model 391 PCR-MaIe DNA synthesizer; Applied Biosystems, Inc., Foster City, CA)

corresponding to the possible mRNA sequences coding for cight amino acids (Phe-Mct-Phe-Glu-Gly-His-His-Asp-

Thr) of a 16-amino acid sequence present in lOOtT_,of all published P450 family 4 sequences, but with less ihan

a 5(}% identity with all other P45() families. A 585 bp eDNA fragment was synthesized by combined reverse

transcription and polymerase chain reaction (PCR) amplification using h_lal F344 rat liver RNA as the lcmplate

for first-strand synthesis using an oligo-dT primer and the degeilerale oligonuclcolidc sis the 5'-amt_limcr. The

eDNA lragment was iigated into a plasmid designed to accept PCR /ragmcnls (pCRII; Invilrogcn, L,a Jolla, CA),
amplified in E. coil, and both strands wcrc sequenced (Scqucnase; United States Bicwhcmical, Cleveland, Ot4).

The sequence was compared to all DNA sequences present in the Genbank and EMBL databanks using a DNA

sequence analysis program (GCG DNA Sequence Analysis Version 7; Genetics Computer Group, Madison, WI).

The top 25 sequences with the greatest degree of homology to Ihe family 4 cDNA probe were sill cytochrcmic

P450 family 4 menlbers lhat have bcen identified in rats, hum,ins, mice, rabbits, and guinea i)igs, Table 2

summarizes the degree of homology of our familv 4-specific cDNA probe with i)ul_lishcd rat and hunmn P45()
family 4 members.

Table "_

Homology of P450 Family 4-Specific eDNA Prtd_e wilh

Published Rat and Human P45(1 Family 4 Sequences

P450 r_

Species Tissue lsozyme t-hmmlc_gy

Rat Liver 4A3 95

Not Reported 4A2 85

Kidney 4A I 75

Lung 4B2 70

Human Kidney 4A a 81)

Not Rcp_rlcd 4AI 1 78

Lung 4BI 7()

aSpecific fcmn not reporled.
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The degree of homology of lhc family 4-specific eDNA clone is great enough to prcfcrcnlially hybridize wilh

rat and human lamily 4 cDNAs presen! in the libraries, but should Ix, general enough Io hybridize wilh b_lh
4A and 4B subfamilies if present.

We have periormed Ihe inilial rounds of screening of Ihe ral and human nasal rcspirat,_ry libraries. Wc have

isolated eDNA clones ['rom both the human (3 positive/105 plaques screened) and rat (35 posilive/105 plaques

screened) libraries that range in size from 0.4 to 2 Kb. The ]argesl clones from each library will be sequcm'cd

to delermine their identity. Our goal is to isolate or conslrucl full-lenglh, species-specific, P450 family 4 cDNAs.

We will subclone lhese cDNAs inlo a eukaryolic vector such as pSVL or pCMV4 for expression in vitro. B,_lh

vectors have been successfully used to express cloned helcrologous P450 cDNAs in Cos 1 cells (Clank, B. J.

and M. R. Waterman. Methods EnzymoL 206: 454, 1991).

In summary, we have produced F344/N rat and human nasal eDNA libraries. These libraries arc being

used as the source of species/tissue-specific cDNAs encoding xenobiolic-mclalxdizing enzymes such as

cylochrome P450 family 4. The long-term goal of this project is Io compare the xcnobiolic-melabtdizing

activities of orlhoiogous nasal P450 isozymcs froni rats and humans. We believe that Ihe lechnique of cDNA-

direcled expression of specific P450 isozymes is essenlial in meeting Ihis goal. These kinds of dclailed melabt_lic

analyses will help to provide a rational basis for predicting potential risks to humans based on pharmac<_kinclic

data obtained from rodenl exposures.

(Research sponsored by the O['fice of Health and Enviromnenlal Research, U.S. Dcparlmcnl of Energy, under
Contract No. DE-AC04-76EVOI013.)
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EFFECT OF NEUTROPHIL DEPLETION ON ENDOTOXIN-INDUCED
MUCOUS CELL METAPLASIA IN PULMONARY AIRWAYS OF F344 RATS

J. A. Hotchkiss anti J. R. Harkema

Endotoxins are major constituents of gram-negative bacterial cell walls and are presumed to induce injury
to the lungs in gram-negative sepsis and bacterial bronchopneunionia. Although not directly chemotactic for
neutrophils, endotoxins are more potent on a molar basis in inducing neutrophil influx than all other chcmo|actic
factors tested. In addition, endotoxins are ubiquitous substances found in the domestic and occupational
environment.

Intratracheal instillation of bacterial endotoxin results in an inllux of neutrophils and an increase in epithelial
cell DNA synthesis in intrapulmonary airways of F344 rats (1991-92 Annual Rcporl, p. 160). Endoloxin
iltstillation also results in a significant increase in both the number of mucous goblet cells in intrapulmonary
airways and the amount of stored mucosubstances within these cells (Harkema, J. R. and J. A. Hotchkiss. Am.
J. Pathol. 141(2)" 307, 1992). The mechanism of endotoxin-induced mucous ceil mctaplasia is unknown.

However, othe'r inhaled irritants that induce inflammatory cell infiltration, such as tobacco smoke, sulfur dioxide,
and ozone, also increase the numbers of secretory cells in rat intrapuhnonary airways, lntratracheal
administration of neutrophil-derived elastase has also been shown to induce increases in intraepithelial
mucosubstanccs and secretory cell numbers in rodent airways (Snider, G. 1,. et al. Am. Rev. Re.wir. Dis. 129:
155, 1984).

The purpose of this study was to examine the influence of inllammatory culls (i.e., neutrophils) on the
induction of mucous cull mclaplasia after endotoxin exposure. A total of 72 male F344/NHsd were randomly
assigned to one of 12 experimental groups. Thirty-six rats were depicted of circulating neutrophils (ncutmphii-
deficient; ND) by intrapcritoncal injection (i.p.) of a rabbit anti-rat neutrophil antiscra (ANA; Accurate Chemical
Co., Wcstbury, NY). The other 36 rats (neutrophil-sufficient; NS) wcrc injected i.p. with normal rabbit serum
(NRS). Eighteen hours after i.p. injection with ANA or NRS, the rat,; were briefly anesthetized with 4%

halothane in 02 and intratracheally instilled with 50 ug endotoxin (E. coli scrotype 0111'B, Sigma Chemical Co.,
St. Louis, MO) in 500 ktL sterile pyrogen-free saline (n = 12 NS and n = 12 ND), 500 pL of saline alone (n =

12 NS and n = 12 ND), or were not intratracheally instilled (n = 12 NS and n = 12 ND). Rats were sacrificed
24 or 48 h at'tcr intratrachcal iltstillation. A blood sample was taken from the left ventricle at the time of
sacrifice and analyzed for total and differential white blood cell counts. Immediately after death the lungs were

removed and the left cxtnlpulmonary bronchus temporarily clamped off, while the right lung lobes were lavagcd
with saline. The lavage lluid was recovered and analyzed l'_r total and differential cell counts. The clamp was
removed, and the entire lung was fixed with 1(1% neutral buffered formalin by intratracheal pcrfusion at a

constant pressure of 30 cm of fixative. The left lobe was reinoved, a tissue block was removed by culling
perpendicular Io the main (axial) intrapuhnonary airway al a level corresponding to airway generation 2 and
processed for light microscopy.

Scctiorts from the proximal lace of each tissue block were stained with Alcian Bluc (pH 2.5)/Periodic Acid
Schifl's sequence to identify acidic and neutral mucosubslanccs or with hemaloxylin/eosin and Alcian blue (pH

2.5) for qualitative assessment of ncutrophilic influx into the pulmonary airway epithelium. The main (axial)
intrapuhnonary airway at a level corresponding to airway generation 2 from each rat was analyzed with a

computerized image analysis system (Harkcma and Hotchkiss, 1992) to determine the volume density (Vs) of
stored inlracpithclial mucosubslanccs. Data wcre tested for equality of group means by using an unpaired
Student's t-test with Bonferroni correction for multiple comparisons. The criterion lbr statistical significance, was
scl at p < 0.05.

I.P. i1_jcction of ANA resulted in an 8(1 to 9(1% decrease in the number of all circulating white blood cells
at bolh the 24 and 48 h sacrifice times. Rats injected with ANA had no delectable circulating nculrophils at

either sacrilicc time. The mean number of ncutmphiis (_ SEM) recovered from the lcti lung lobe from each
experimental group is presented in Figure 1. Inlralracheai ilt,_lillation of cndoloxin resulted in a significant
increase in neulmphils lavaged from the lungs of NS, but not ND, rats 24 and 48 h after instillation. Saline
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instillation alone induced an inl]ux of ncutrophils into the lungs of NS rats sacrifice 24 h after instillation.
However, 48 h after instillation the numbers of neutrophils recovered by lavage in saline-instilled NS rats were
similar to non-instilled NS control aninlals.
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Figure 1. Number of neutrophils recovered by bronchoalveolar lavage from left lung lobes of NS and ND rats
intratracheally instilled with endotoxin in saline, saline alone, or not instilled and sacrificed 24 or 48

h after instillation. Bars indicate the mean ± SEM. * = significantly different from similarly

instilled, NS, group 0a s 0.05). + = significantly different from non-instilled rats (p s 0.05).

Depletion of circulating neutrophiis had no effect on the volume density of stored mucosubstances in non-
instilled or saline-instilled rats. Therefore, at each sacrifice time, the data were combined and are presented as
a single non-instilled or saline-instilled control group (Fig. 2). Endotoxin induced a significant increase in the
volume density of mucosubstances 48 h after instillation in both NS and ND rats. However, endotoxin-instilled
ND rats had an endotoxin-induced increase in IM that was only 40% of that observed in endotoxin-instilled NS
rats.

In summary, we have examined the influence of inflammatory cell influx on endotoxin-induced mucous

goblet-cell metaplasia in rat intrapulmonary airways. A single intratracheal instillation of 50 ug of endotoxin
resultcd in a large influx of neutrophils and an approximately nine-fold increase in stored mucosubstances.

Depletion of circulating neutrophils by i.p. injection of ANA eliminated the endotoxin-induced ncutrophil influx
and markedly attenuated (approximately 50%), but did not prevent, the endotoxin-induced increase in stored
mucosubstances. This suggests that infiltrating neutrophils contribute to the secretory cell metaplastic response
of rat pulmonary airway epithelium exposed to bacterial endotoxin. This contribution might be made through

direct interaction with the epithelium or indirectly through the release of soluble mediators (e.g., elastase).

In the future wc will expose pulmonary airway explants to endotoxin in vitro. This will also prevent
endotoxin-induced inflammatory cell influx and will determine if systemic factors are involved in endotoxin-

induced mucous cell metaplasia. Results from these studies will help us to understand the pathogencsis of
toxicant-induced mucous goblet cell metaplasia.
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Figure 2. Amount of stored mucosubstances in the surface epithelium of pulmonary airways of NS and ND

rats intratracheally instilled with endotoxin in saline, saline alone, or not instilled and sacrificed 24

or 48 h after instillation. Bars indicate the mean ± SEM. * = significantly different from non-
instilled control (p _ 0.05).

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

IN TIlE DEVELOPMENT OF PULMONARY IMMUNE MEMORY

D. E. Bice, M. E. Cunniffe*, G. E. Snow**, .rid B. A. M.gtccnh.rL.,

Antibody-torming cells (AFC) arc recruited from the I_lo¢_d inl¢_ lung Iotws exl)_scd to antigen (Bicc, D. [-.

et aL Am. Rev. Respir. Dis. 126: 635, 1982). These AFC prodtlt'c antigen-specific anlibc_dy in Ihc lung,

providing an important pulmonary defense. In addition to AFC, imnlune menlory cells arc also i)rcsent ill tile

lung after a primary exposure to antigcn (Mason, M. J. et al. Rt%,. lmmunol. 2: 149, 1989; Jones, S. E. ct al.

Mech. Ageing Dev. 68: 191, 1993). The response of pulmonary immune memory ceils to antigen challenge

would help prevent repeated pulmonary infectiom. Although imnlu|le memory cells would bc protective, Ihe

production of immune tuemory cells to inhaled allergelts could also be pivotal in the production of lung diseases
(e.g., asthma).

The mechanisms responsible for the development of immune memory in the lung are not underslt_od. It
is possible thai immune memory cells are recruited into the lung from lhe blood as arc AFC. Howcver, il is

also possible that immune memory cells are produced, or their nund_cr amplified, in the lung by inler;tclions of

immune cells with antigen retained in the lung. The goal of this study was Io determine if Ihe cxpt_surc of lhe

lung to antigen is important in the recruitment and/or the devel(_pnleut of pulnmnary imnmne luenmrv cells.

To study the role of antigen in the developmt.'nt of pulmonary im|uunc memory, wc used five female Bcagle

dogs. Based on the results of previous studies, primary immunization of two lung Ic_bcs with ;tntigen and lilt'

exposure of one lung lobe to particles that induce inl]ammalion were used to induced pulmonary immune

nlemory cells in three lung lobes. If immune memory ceils arc recruilcd inlo tile lung l'rmn blood like AFC,

we hypothesized that these cells would enter not only lung lobes exposed to antigen, bul also Ihc lung lobe
instilled with particles to induce inllamnlation. In contrast, ifa|ltigcn is important in lhe rccruilnlcnl ofimnlunc

memory cells into the lung and/or if antigen rclained ill Ihe lung ;iflcr primary imnluni/;llion is imporl_nl ill the

development of immune memory cells, immune memory cells wtmld bc I't_und only in lhe lung Io|w exlm_cd
to antigen.

The antigen selected Ior this study was keyhole limpet hemocyanin (KLH), while ragweed pollen (Ambrosi,

artemisiifolia) (RWP) was instilled to induce inflammation. In a prelimin;Iry sludy, wc determined that the Ic\,cl

of inflamnmtion produced by instillation of KLH or RWP was the same as indicated by tile number of

neulrophils and total protein in lung lavage fluid after exposure. For primary immunization, KLH was instilled

(10 mg in 1 mL saline) into the left cardiac and left diaphragmatic lung lobes, while RWP was instilled (1(I mg

in 1 mL saline) into the right diaphragmatic lung lobe. The right inlermediale lung lobe was instilled with 1

mL saline as a control. The levels of anti-KLH lgG in all four lung lobes and in blood wcrc determined bv

an enzyme-linked immunosorbant assay (ELISA) evaluation of lung I_ivage and blood samples al 1, 4, 6, 8, 11,

13, 15, and 18 days after immunization (Jones et al., 1993).

We have previously shown thai the recruitment of AFC illlo lhc lung is n_l anligcll-spccific and Ihal AFC

enter lung lobes exposed to particles that induce inl]anmlation (Bloc et ,I., 1982). Therefore, equally high level.,,

of anti-KLH antibody were expected and observed in all three lung lobes instilled with cilhcr KI.H t_r RWP

(Fig. 1). The levels of anti-KLH lgG antibody in these three lung lobes wcrc significanlly higher lhan the level

in lavage fluid from the saline control lung lobe (Fig. 1). The localized production of anti-KLH anlibodv ill

the lung lobes exposed to KLH as well as RWP sui)porls the conlenliol_ Ill;It AFC producing anlibody ill Ihc

lung after a primary immunizalion arc not produced in the lung, but arc rccruilcd lr(_m lilt bl()od (Bicc et al.,

1982). These observations also show thai immune cells enlcr lung lobes exposed lo anligcn or agents lh;ll induce

intlammation, regardless of the anligcn-specificily of the immune cells (Bicc et al., IO,N2).

*Department of Energy/A.,,sociated Weslcrn Universities Sutumcr SludeJlt Resc;Irch Parlicil_anl

**Deparlmenl of Energy/Associated Western Universities Facully Parlicipanl
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Figure 1. Levels (mean ± S.E.) of anti-keyhole limpet hemocyanin (KLH) IgG antibody present in lavage fluid

from the left cardiac and left diaphragmatic lung lobes (LC, LD) instilled with KLH, the right

diaphragmatic lung lobe (RD) exposed to ragweed pollen (RWP), and the right intermediate lung lobe

(RI) instilled with 1 mL saline.

To evaluate the role of antigen in the recruitment and/or amt)lification of immune memory ceils in the lung,

the left cardiac (immunized with KLH) and the right diaphrabmatic (exposed initially to RWP) lung lobes were

challenged with KLH, while the left diaphragmatic (immunized with KLH) was challenged by instillation of

RWP. All challenges were with 1.0 mg KLH in 1.0 mL saline. Blood and lavage sanlples were collected at

1, 4, 6, 8, 11, 13, and 15 days after challenge exposures, and the level of anti-KLH lgG was determined by
ELISA.

The same level of anti-KLH lgG antibody was found in I_,vage fluid in the left cardiac lung lobe (initially

exposed _o KLH) and the right diaphragmatic lung lobe (initially exposed to RWP) after challenge with KLH

(Fig. 2). ['he observation that an immune memory response was produced by a KLH challenge of a lung lobe

exposed to RWP supports several conclusions. First, immune memory cells in the lung after primary

immunization are recruited from the blond. If immune memory cells were produced in the lung during the

development of a primary immune response, they would bc antigen-specific, and no anti-KLH immune memory

response would have been observed in a lung lobe initially exposed to RWP. Second, Ihe recruitment of

immune memory cells into the lung is not antigen-specific. Otherwise, no immune memory response would have

been observed by KLH challenge of the lung lobe exposed to RWP. Third, there is no amplification of immune

memory cells recruited into the lung by interaction with antigen retained in the lung. If immune memory

functions were amplified by interactions of immune cells with antigen retained in the lung, a lower response

would have been observed after challenge of the RWP lobe with KLH than observed after KLH challenge of

the lung lobe immunized with KLH.

The level of anti-KLH IgG antibody in the Icfl diaphragmatic lung lobe challenged with RWP was

significantly lower than observed in either the left cardiac or right diaphragmatic challenged with KLH at 6

through 15 days after challenge (Fig. 2), although the level ol" anli-KLH antibody in this lung lobe was

significantly higher Ihan in the right intermediate control lung lobe. Based on previous obserwiliolls, the elevated

response in the left diaphragmatic lung lobe, in comparison to the level of anli-KLH igG in the right

intermediate control lung lobe, represents continued anli-KLH antibody pr¢_duction by AFC recruited int¢_ the luug

after primary immunization. It is also possible that some AFC and antil_ody were recruited from Ihc blood in
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rcspouse to the inflamnl_lti(_n produced by tile challenge instillation of RWP. Tilt' clcvltlcd immune rcsl)_ns¢

obsc_'cd in the left cardiac and right diaphragnlalic lung h_l×'s conlpared to thai (d_scrvt'd ill lilt' It'll

diaphragmatic rei)resenls the response of anti-KLH Ine|uory t'¢ll,,, in lilt' lung (Mason et ,I., it)S[); Jollt!s et al.,
1993).
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Figure 2. Levels (mean -,- S.E.) of anti-keyhole limpet hcmocyanin (KLH) lgG antibody present in lavagc fluid

from the left cardiac lung lobe (LC) immunized with KLH and challenged with KLH, Ihe right

diaphragmatic lung lobe (RD) exposed to ragweed pollen (RWP) and challenged with KLH, and the

left diaphragmatic lung lobe (LD) immunized with KLH and challengcd with RWP. The right

intermediate lung lobe (RI) was instilled with 1 mL saline.

We conclude from these evaluations thai immune memory cells in the t_lood elllCr the lung rand(_mly, but

at a higher frequency into any site of pulmonary inflanlmation. There is no further development or amplificalicm

of immune memory cells in Ihe lung in response to conlacl , :'h retainwd anligen. Tile hwal rt.sponse of immune

memory lymphocytes significantly elcvatcs the level of pulmonary immunity ab_wc the response that t'(_uld bt'

produced only by the recruitmcnl of AFC and antibody l'ronl the blood into _ silt' of inl'lammali(_n in lilt' lung.

(Research sponsored by the Office of Health and Environmcnlal Rest'arch, U.S. Dei)_nrlnlt.nl (_I Energy, ulldcr
Contract No. DE-AC04-76EV01013).

121



PROGRESS TOWARD A MURINE MODEL OF GRANULOMATOUS
LUNG DISEASE FROM INHALED BERYLLIUM

G. L. Finch, K. J. Nikula, D. S. Swafford*, M. D. Hoover, and D. E. Bice

The accidental inhalation exposure of people to beryllium (Be) call result in a spectrum of toxicologic
responses. Of concern to this project is the induction of chronic beryllium disease (CBD) that typically occurs
in a small percentage of exposed individuals. This disease is characterized by a Be-specific, imnlunoiogically
mediated formation of granulomas within the lung (Haley, P. J. Toxicol. Pathol. 19: 514, 1991). Our efforts
are oriented toward understanding the relationship between toxicity, immunologic responsiveness, and the
physicochemicai form of the Be to which an individual is exposed, as well as other extx, sure-related factors such
as single versus repeated exposure. Central to this goal is the development of a laboratory animal model having
Be-specific immune responses and pulmonary lesions typical of those seen in CBD.

Our previous efforts have involved studies of Beagle dogs, cynomolgus monkeys, and F344/N rats. We
demonstrated that Be-exposed dogs and monkeys, but not rats, develop Be-specific cell immune responses and
immune granulomatous lung lesions (Haley, 1991). Mole recently, we demonstrated thal Strain A/J or C3H/HeJ
mice that inhale Be metal develop a variety of lung le'dons typical of CBD (1991-92 Anqual Report, p. 171).
Exposed mice formed puhnonary granuiomas with a substantial component of T-helper lymphocytes. In addition,
we observed a substantial degree of lymphocyte proliferation in situ, although we were no! able to demonstrate
the Be-specificity of this response using in vitro assays.

Development of a murine model that mimics human CBD would have a number of advantages over the use
of dogs and monkeys. These include the availabilily of a number of syngcneic strains of mice, the existence
of a wide range of cell markers and molecular probes, and more practical reasons such as the number of animals
that can be studied. To this end, recent efforts have been oriented toward (1) evaluating the time course of
pulmonary lesions in C3H mice exposed to a range of lung burdens of Be metal, (2) examining the development
and potential resolution of Be-metal-induced lung lesions in Strain A/J versus C3H/HeJ mice, and
(3) characterizing baseline lylnphocyte proliferation characteristics in unexposed A/J and C3H mice.

To this end, we have collaborated with the project "Cancer Risks from Inhaled Beryllium Metal and

239puO2" in a dose-response toxicity study of inhaled Be metal in female C3H/HcJ mice (1991-92 Annual
Report, p. 169). Beryllium was administered by a single, nose-only inh,_lation exposure to result in estimated
initial lung burdens of 1, 4, 15, and 60 /.tg Be, and groups of six mice per exposure level were sacrificed

periodically through 365 days post-exposure (dpe). In mice exposed to 15 or 613 ,ug, an analysis of
broachoalveolar lavage fluids revealed elevated numbers of neutrophils, increased amounts of total protein, and

elevated activities of the enzymes lactate dehydrogenase and [5-glucuronidase, all indicators of a chronic
inflammatory response (Henderson, R. F. In Concepts in Inhalation ToxicoloK,y, Hcnlisphcre Publishing Corp.,
New York, p. 415, 1989). Through 210 dpe, the numbers of lavagable lymphocytes were also significantly
elevated in the 15 and 60 gg groups (Fig. 1).

Histologic analysis of lungs at 210 dpe revealed a minimal to mild increase in interstitial aggregates of
lymphocytes and granuiomas in the 1 ,ug group compared to controls. At the 4 ,ug burden, three of six mice
were similar to controls, while the other three mice had mild increases in interstitial lymphocyte aggregates,

discrete interstitial granulomas and mild granulomatous pneumonia characterized by alveolar macrophage
hyperplasia, interstitial inflammation and fibrosis, and alveolar epithelial hyperplasia. The discrete interstitial
lesions were moderate in severity in all mice at the 15 ,ug burden, and there was severe granulonmtous
pneumonia. All mice in the 60 ,ug group had severe granulomatous pneumonia and a marked increase in
interstitial lymphocyte aggregates and discrete granulomas.

We are also collaborating on the project "Mechanisms of Chemically Induced Carcinogenesis" in a

com.',':rative study of the effects of inhaled Be in female Strain A/J and C3H/HeJ mice. Bolh slrains received

*UNM/ITRI Inhalation Toxicology Graduate Student
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Be initial lung burdens of 60 ,ug. Ten months after exposure, all 10 Be-exposed mice of lx_th strains had similar
lung lesions that consisted of severe granuiomatous pneumonia. We concluded that either there wcrc no strain-
related differences, or that the lesions ill the C3H/HeJ mice had a slightly reduced macrophage conlponenl and
apparent toxic reaction to Be.
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Figure 1. Absolute number of lymphocytes observed in bronchoaivcolar lavage fluids l'r(,n right lung lobes of
mice exposed to a range of lung burdens of Be metal and sacrificed through 210 days aflcr exposure.
For each sacrifice time, asterisks denote the level of significance of difference bclwccn cxp()scd
groups and controls (*, p < 0.05; **, p < 0.01) using a Sludenl's t-lest with a Bonfcrroni correction
for multiple comparisons.

To understand splenic lymphocyte proliferation characteristics in these two strains, A/J and C3H/HcJ mice
were sacrificed between 20 and 22 mo after exposure. Spleen cells were harvested and placed in culture with

BeSO 4 (1, 10, or 100 pM), phytohemagglutinin (PHA; 10 yg/mL), or cullurc medium alone. Cells were cultured
for 3, 5, or 7 days, pulsed with tritiated thymidine (3H-T), then harvested 18 h later for measurement of 3H-T
incorporation to indicate DNA synthesis. All cultures were run in triplicate. Proliferation was expressed as the

stimulation index (SI; radioactivity in culture with BeSO 4 or PHA/rndioactivity in cultures with nledium alone).

Preliminary data have been obtained from splenic iymphocytes from two control A/J mice, three exposed
A/J mice, three control C3H/HeJ mice, and one exposed C3H/HeJ mouse. No consistent, Be-specific responses
have been observed in any of the mice, although borderline SI values of 4.6 and 5.9 were observed in cells

stimulated by 1 ,uM BeSO 4 harvested at 7 days in an exposed C3H and an exposed A/J mouse, respectively.
Substantial proliferation in response to the mitogen PHA was observed in all mice except for one control

C3H/HeJ. With the exception of this mouse, there were no apparent differences in responses to BeSO 4 or PHA
between control and exposed mice of either strain. Stimulation indices in respoltse to PHA were greatest at 3
days, markedly reduced by 5 days, and lowest by 7 days in culture (data not shown).

Taken together, results from these experiments suggest that mice may rcacl to Bc exposure with many of
the features of CBD. Work at the highest doses of Be metal, 60 ,t_g, indicalcs thai a prcmounccd, chronic, tc)xic

reaction to Be predominates the pulmonary responses. Future cfforls will use lower lung burdens, in the r_nge
of 4 to 15 pg, in an effort to decrease the magnitude of the toxic resp(mse, while still maintaining some
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component of the lymphocytic response. Tcchniques such as lung cell elulriation of digested lung will provide
populations of lung T-lymphocytes thought most likely to respond to Be. Because few differences ill the n_llurc
and magnitude of pulmonary lesions or in the proliferative capabilities of cultured lymphocytes arc evident
belween the AJJ and C3H/HeJ mouse, and in light of thc work of Huang, H. et al. (Lab. Invest. 67: 138, 1992),
who demonstrated transient indicatiolts of Be-specificity in the reactions of Strain A/J mice, our future efforts
will use this strain. We believe the use of these approaches will maximizc fne likelihood of dcvcloping a routine
model that mimics the salient features of human CBD.

(Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy, under
Contract No. DE-AC-04-76EV01013.)
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VII. DEVELOPMENT OF THERAPEUTIC

MODALITIES



TREATMENT OF THE PROSTATE GLAND USING A DIODE LASER

B. A. Muggenburg, F. F. Hahn, W. C. Griffith, V. Esch*, and R. L. Conn**

Chronic prostatic hypertrophy is a conunon disease in older men. The hypertrophy of the prostatic lissue
surrounding the urethra will often cause urinary retention and difficulty in miclurilion. Untreated, the disease
can result in obstruction of the prostatic urethra. Currcnl treatments include castration, surgical removal of

prostatic tissue through the urethra, and yttrium-aluminum-garnctt (YAG) laser treatment with the laser fiber
placed in the prostatic urethra. The surgical and YAG laser treatment usually require hospitali:tztion for several
days. Because of the hospitalization, and the high cost of the YAG laser, a simpler and less cxpemivc treatment
modality is desirable.

An age-associated, chronic prostatic hyperplasia also occurs in dogs. The distribulion of the hypcrplastic
tissue in the dog is more generalized and results in an enlargement of the gland. Although urethral narrowing
or obstruction is rare, chronic infection within the hypeq)lastic areas is the most prevalent problem in the dog.

However, the dog does provide a useful model for studies on the treatment of prostate problems in man because
of the size, shape, and location of the prostate within the pelvis. These similarities provide the ol)portunity to
use the same medical devices in the dog as in man. Because the landmarks for identifying locations wilhin the
prostate are present in the dog, procedures developed in the dog can bc directly applied to man.

Indigo Medical, Inc. and ITRI have tbrmed a collaborative research project to develop the diode laser I'_:
use in prostate surgery. Los Alamos National Laboratory and the Phillips Laboratory have contributed
significantly to the development of the diode laser, the laser fibers, and difl'using lips. The studies wcrc
conducted at ITRI because of its unique laboratory animal facilities and staff.

The puq_ose of this study was to evaluate the safety of using a small diode laser to treat the prostate gland.
The Beagle dog was selected for use lbr the reasons discussed above. The diode laser selected (Indigo Medical,

Inc.) for evaluation has a power output of less than 10 waits (compared lo approximalely 1()0 watts from a YAG
laser). In addition to small power output, the laser diffusing tip call actually be placed within the prostatic
tissue. It is also expected that this system may bc used on an oulpalicnt basis.

The first studies, which were directed to establish "proof of principle," wcrc performed as open surgical

procedures through a laparotomy incision. The laser diffusing tips were placed in tile prostate gland with
temperature probes to establish a temperature profile around the tip during lrcalment and Io correlate temperature
with tissue damage using gross and histopathoiogy methods.

A study was then conducted in dogs to establish the safety of treatment with 3 watts of power for 10 rain
in the right and left lobes of the prostate. The laser fiber was posilioned in tile proslalc gland from the prostatic
urethra using a rigid cystoscope. The dogs were serially sacrificed from 3 to 84 days after treatment. The d_gs
were clinically observed daily, and the body temperature and appelilc wcrc recorded during the first 3 days Io
establish morbidity during the immediale post-treatment period. Periodically, blood samples were taken for
evaluation of blood loss post surgery, signs of infections or tissue damage, and recovery. The urethra and
bladder were evaluated visually by cystoscopy, and the prostate gland was examined by ultrasound. The size

of the prostate gland was also eslimaled by ultrasound. At sacrifice, the urinary tract and surrounding iissucs
were exanfined, photographed, and evaluated by histopalhology.

For the first 3 days after treatment, all of the dogs had normal to above normal output of urine indicating
tissue swelling did not obstruct the urethra. Body temperature was within normal range t',_r all bul one dog.
Appetite was normal, and the dogs were active. Absolute monocyle and neulrol_hil numbers and alkaline
phosphatase values in the peripheral blood were elevated on day 3 aflcr Ircalmcnl but wcrc gencr_llly within the
normal range by day 10. Prostatic wflumc lendcd to increase on day 3 afler Irealmcnl but decreased ill size

*Indigo Medical, Incorporated, Paio Allo, California

**L_welace Medical Center, Albuquerque, New Mexico

125



thereafter until day 84 when the measurements were not statistically different from the b;_sclinc measurements

(Fig. 1). Prostatic volume was analyzed using an estimate of variance pooled across ;ill times. The 95%
confidence intervals were calculated based upon the number of measurements available for each dog, _ind tile
mean of dogs at a particular lime were weighted averages with the weight based upon lhe dogs' variance.
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Figure 1. Prostatic" volume as measured by ultrasound using a rcct_il probe. Average individual change l'mm
baseline. The straight line represents the volun_e bel'(_re laser lrealmenl.

Gross and histopathology showed large foci of coagulation necrosis around the arca of treatment. AI later
times, this resulted in epithelial cyst formation in a few days, but more frcquenlly atrophy and fibrosis wcre
observed. Areas of moderate chronic inflammation were noted in some dogs at later times. These areas were

sometimes distant to the treatment area. Based on these pathology findings, the increase in prostatic sizc
immediately aftex treatment was interpreted as tissue reaction (inflammalion and edema) to the laser-induced
necrosis. As the prostate gland healed, the size decreased due to atrophy and fibrosis. The trend to increased

size again at 84 days may have occurred because only three dogs were measured at thal time, and one of lhese
dogs had a very large prostate due to chronic prostatic hypcq)lasi_, a condilion thai prc-daled the study.

These studies have shown that diode laser treatment of the proslale gland in dogs, using 3 watts for 11)rain,

results in necrosis of the prostate tissue, due to increased tissue leml_cr_tlurcs around the laser diffusing lip. "File
dogs were clinically normal immediately after treatment except for signs of tissue injury as detected by
hematology and clinical chemistry. As a result of treatment, the prostate gi_mnddecreased in size by atrophy and
fibrosis, although in some dogs, cysls were formed in the gland. These studies suppc_rl the ptUential use of di_de
laser treatment using the low power lot treatment of benign prostatic hypertrc_l_hY in m_ln.

(Research sponsored by Indigo Medical, Inc., under a Cooperative Research and Development Agreement
No. IC91-20003 with the U.S. Department of Energy under Cozllracl No. DE-AC04-76EV()1013.)
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VIII. THE APPLICATION OF MATHEMATICAL

MODELING TO HEALTH ISSUES



MATHEMATICAL MODEL OF PARTICLE DEPOSITION
FROM INHALED POLYDISPERSE AEROSOLS

H. C. Yell, Y. Zhuang*, and 1. Y. Chang

Mathematical modeling is an efficient and comparatively inexpensive approach in scientific research.
Mathematical models for predicting respiratory tract deposition have been developed (Yeh, H. C. and G. M.
Schum. Bull. Math. Biol. 42: 461, 1980). A previously developed deposition model has been incorporated into
the proposed National Council on Radiation Protection Dosimetry model that describes particle deposition,
clearance, and dosimetry in the human respiratory tract for inhaled radioactive materials (Chang, I. Y. et al.
Radiat. Prot. Dosim. 38 No. l/3: 193, 1991; Yeh, H. C. et aL In Proceedings o]" the First Symposium on

Pollution and Health Effects of Aerosols, National Tsing Hua University, Taiwan, Republic of China, p. 44,

1991). As part of this model, a computer program was written to facilitate tile model calculations for inhaled
monodisperse particles. However, in the home or workplace, the aerosols are usually polydisperse, and the size
distributions are likely to vary from environment to environment. The predicted inhaled particle deposition based
on the mean (or median) particle diameter may not adequately describe the true exposure to polydisperse
aerosols. In this report, we describe an update of our previous deposition model (Yeh and Schum, 1980) to
compute the initial regional respiratory tract deposition pattern from inhaling polydisperse aerosols.

In that model, the respiratory tract was divided into three main regions, the naso-oro-pharyngo-laryngeal

(NOPL), tracheobronchial (TB), and pulmonary (P) regions (Yeh, H. C. and J. R. Harkema. In Gross
Morphometry of Airways, 2nd Ed. ID. E. Gardner et al., eds.], Raven Press, New York, p. 55, 1993). The
division of these regions is partially based on the functionality of the region and partially for convenience. In
inhalation toxicology, the range of aerosol particle sizes of interest falls between 0.001 and 100 ,urn in diameter.
The size distribution of these particles can, generally, be described by a log-normal function with a median

diameter (e.g., mass median diameter [MMD]) and a geometric standard deviation (GSD), og.

The modified model and its associated computer program involved the following steps: (1) faking into
account the entrance effect of a tube on the diffusional deposition mechanism (Yeh, H. C. Bull. Math. Biol. 36:

105, 1972); (2) taking into account the inhalability of particles (American Conference of Governmental Industrial
Hygienists Technical Committee. Particle Size-Selective Sampling in the Workplace, Cincinnati, OH, 1985);

(3) using the latest data on nasal deposition (Cheng, Y. S. et al. Radiat. Prot. Dosim. 38: 41, 1991); and
(4) facilitating computation of polydisperse aerosol deposition by integrating the deposition over the size
distribution. The first threc items involved the modification of deposition equations and minor computer coding
update. The fourth item required the user to enter MMD and GSD data in addition to other usual parameters

(such as breathing frequency, tidal volume, pause between breaths, etc.). For a given size distribution (i.e., an

MMD and Og), the range of particle sizes ol" interest was set to MMD -,- 4 og, and that range covered 99.96%
of all particles within the distribution. This range was subsequently divided into 40 equal size intervals on a
log scale, and the mass (or number) fractions of particles for each interval were calculated. The mid-point of
each interval was then taken as the particle size of interest tbr the deposition calculation. The regional
deposition fractions thus calculated were multiplied by the mass fraction of that size inlerval of aerosols. Finally,
the calculated results from all 40 intervals were summed together 1o obtain the regional dcposition from inhaling
a polydisperse aerosol.

Statistically, the polydispersities of aerosols arc expressed by the GSDs, wilh the GSD = 1 for an ideal

monodispcrse aerosol. The GSDs o1"1, 2, and 4 were chosen for sample calculations, and MMDs ranging from

0.001 and 100 um were uscd 1o compute the regional dct)ositions for investigating the clTcct of og on deposition.
The results of the total depositions are plotted on Figure 1. The results show that the total respiratory tract

deposition increascs with increasing polydispersily (i.e., increasing og) for particles with MMDs between 0.5 and
2.0 ,urn, and MMD > 20 urn, and decreases for othcr particle sizes. Figure 2 shows the NOPL, TB, and P

*Department of Energy/Associated Wcstcrn Universities Teacher Research Associates Program (TRAC)
Participant
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Figure 1. Calculated total deposition in the respiratory IFdCl (tidal volume = 750 mL I_rcalhing frequency =
15/rain, GSD = geometric standard deviation).
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depositions, respectively, with Og equal to I and 4. For the NOPL region, thc deposition incrcascn with
decreasing particle size for submicronleter particles, due to the diffusional deposition Illt, chill|iSnl. On lilt' c_lhcr
hand, the deposition increases with increasing particle size for micrc_meter-sizcd particles because scdimt'nlati_n
and inertial impaction mechanisms are inlportanl in Ihis size range. |-l_wex,cr, for particles I_trger Itmn ilb_ut 5
:_m, NOPL deposition starts to decrease; this is due to the decreasing inhalabilily c_l hrger parliclcs. Fc_r
deposition of TB and P, two particle sizes are achieved (Iwo peaks ill deposition curx,cs; _trt_und 0.005 /tin and

6 pm for TB and 0.03 ,urn and 3/am for P) for monodisperse particles (e.g., ttg = 1). With increasing tt,, lhc
locations of the first peaks for lx,th TB and P shift to larger sizes, and the second pc_lk at MMD > _ ,m

disappears as the effect ot MMD on deposntnon decreases. When Cg - , the effect _1 MMD dimitfishcs.
Finally, the results show thai, for a finite value of _t., initial deposition in varit_us rcgit_ns may incrt:_|st' t_r

decrease with increasing Og depending on the inhaled _IMD. These changes in deposilionl arc ccmsislcnl xvilh
our current understanding of particle-size-specific mechanisms of deposition.

(Research sponsored by lhe Office of Health and Environmental Research, U.S. Dcparlment of Energy, under
Contract No. DE-ACO4-76EVOI013.)
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SENSITIVITY ANALYSIS OF THE ITRI 23Spu BIOKINETIC MODEL

A. W. Hickman*, W. C. Griffith, and R. A. Guilmette

Plutonium-238 is used as the heat source for radioisotope thermoelectric generators (RTGs) in spacecraft

IBennett, G. L. Nuclear Safety 32: 1, 1991). Associated with this use is the potential for human exposure to
"38pu, either occupationally as the result of an accident during manufacture of the RTGs or to the general
population as the result of a launch-pad or re-entry accident involving the spacecraft. The ITRI 238pu biokinetic
model (Hickman et al., unpublished data), an adaptation of a canine model developed at this Institute
(Mewhinney, J. A. and J. H. Diel. Health Phys. 45: 39, 1983), was developed for use following such exposures.

Inhaled particles containing 238pu undergo fragmentation in the lungs due to the high specific activity of
238pu. In the ITRI model, the rate of translocation of 238pu from the lungs to the systemic circulation, and from

there to the other body organs, is determined by the rate of fragmentation of 238pu-containing particles and the
rate of dissolution of particles and fragments. Mechanical clearance, which clears deposited material via the
gastrointestinal tract, is not discussed here.

The fragmentation rate is described by the empirically derived equation (Mewhinney and Diel, 1983)

where f is the fragmentation coxtstant, with units of days'al; t is the time in days after exposure; and a is a
dimensionless parameter. Individual particles lose mass according to the formula

dln
- -ks(t) ,dt

where k is the solubility rate constant in gcm 2 d1 and s(t) is the time-dependent surface area of the particle.
For a population of particles with a log-normal distribution of particle sizes, the dissolution rate is a function

of the following aerosol-specific parameters: k, the solubility rate constant; a_s and a_v, the particle surface and
volume shape factors, respectively, which describe particle geometry; (p), the particle density; (Din), the particle

mass median diameter; (cTs), the geometric standard deviation of Din; and (R), the relative surface area of
fragments compared to that of particles. More complete descriptions of the mathematics used to describe

fragmentation and dissolution are given by Mercer, T. T. (Health Phys. 13: 1211, 1967), Mewhinney and Diel
(1983), and Hickman, A. W. eta/. (unpublished data).

Information on the physicochemical characteristics of an aerosol is usually not available following a human
exposure incident. Therefore, the sensitivity of the model's prediction of urinary excretion to variations in the

aerosol-associated parameters was tested. This was done by simulating exposure to a unit initial lung burden
(ILB) (i.e., unit deposition of particles in the pulmonary region of the respiratory tract). All simulations were
run using SimuSolv modeling and simulation software (SimuSolv Development Group, The Dow Chemical
Company, Midland, MI) on a MicroVAX II computer (Digital Equipment Corporation, Maynard, MA). Test
values of all parameters were selected to cover a range of expected values; default settings for all model

'_

parameters were those used previously in modeling the "38pu urinary excretion patterns for seven workers
occupationally exposed to a 238pu ceramic aerosol (Hickman et al., unpublished data).

Sensitivity testing of the model indicated that the shapes of the urinary excretion curves were least sensitive

to changes in p and cTg. In each case, the activity excreted at 1 day post exposure (dpe) varied by a factor of

2 or less over the range of values tested (,o = 7 to 11 g cm3; ag = 1.1 to 3.5), and variation among the curves
was greatest at 1 dpe. The basic shape of the urinary excretion curves did not change with changes in either
parameter. All simulated urinary excretion curves converged at about 1500 dpe for both parameters.

*UNM/ITRI Inhalalion Toxicology Graduate Student
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Changes to f and a, the parameters ill the fragmenlatio,_ equation, had lillle elTecl _ul tile level (_t i)cak
excretion, which varied by 22% for./and 8% for a. The time at which lhe peak value of aclivity in tile urine
was obtained varied from 1720 to 2820 dpe for f (values tested = 5 x 1(1.5 to 5 x l(Y s d al) and from 16L;()
to 1990 dpe lbr a (values tesled = 0.25 to 2). Increasing the value of eilher parameter decreased the lime
needed to approach lhe peak value, leading to an exlended plateau for the higher values tested. All curves
converged at about 2000 dpe for bolh f and a.

The model predictions proved Io be more sensilive to changes in the value of the relative surface area of

fragments compared to panicles, R (Fig. 1). Increasing the value of R from 2 to 200 caused the level of peak
excretion to increase by a factor of 31, from 3.8 x 104% ILB d 1 Io 1.2 ×10-2% ILB dl. The time needed
to reach the peak value of activity in the urine decreased from 6080 dpe lbr R = 2 to 1240 dpe lbr R -- 200.
In addition, the curves remained divergent even at 20,000 dpe.
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Figure 1. Effect of varying R, the relative surface area of I'ragments c(_mpared to parlicles, on Ihe predicled
daily rate of urinary excrelion of 23Spu.

The rate at which panicles and fragments dissolve is proporlional Io the quantity (o£,ja,,)x(k/D,,). Often little
is known about as or a_, lot a given aerosol, and these paranlelcrs arc difficull lo measure. Therefore, sensitivity

testing was not done on Ihem. Any differences from spherical particles (a,/tx,, = 6) in an actual aerosol could
be accounted for by modifications to kiD m. However, it" infi_nualion on k and Dm was available, estimates of
o£Jot,,would be needed to fit the predicted urinary excreli(m curve Io available excretion data.

Because k and D m are inversely relalcd in the equation describing particle dissoluti(_n, an increase ill Iht'
value t_f one is equivalent to a corresponding decrease in the value of the other. Therefore, only the effects o1

modifying k are described here. Changes to k (Fig. 2) inllucnced both excretion al 1 dpc (an cffecl unique lt_
those lhctors associated with parlicle dissolution) and lime and level of peak cxcrclion. Excrelion at 1 dpc varied
by a factor of 350 over the range of values tested, from 1.9 x 105% ILB d 1 for k = 2.5 x 1(111 g cl|1-2 d 1

to 6.8 x 103% ILB d-1 tbr k = 2.5 x 10.7. The level of peak excretion prcdicled varied by a faclor of 60, lr(_m
6.2 x 104% ILB d-1 for k = 2.5 x 1011 to 3.6 x 102% ILB d1 tbr k = 2.5 x 107. These values were attained

at 5770 and 83 dpe, rcspectively. Curves for the highcst values of k leslcd converged bv aboul 10,0()0 dpe;
however, those for the lowest values remained divergent at 20,000 dpc.
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Figure 2. Effect of varying solubility rate constant k (g cm -2 d"1) on prediclcd daily rate of urinary excretion
of 238pu.

In the equation describing the dissolution rate for 23Spu-containing panicles and l'ragnucnts, the paramclcr

thai actually varies is the ratio k/D,,,. Therefore, it is possiblc to obtain thc same value of kiD m using many

different values for the individual parameters. The values of k and Do, used to obtain a given value lbr k/D,,
do not affect the estimated ILB received by an individual following exposure to 238pu. However, lilt' choice

of D,n determincs the estimated intake that would deliver that ILB, because frat'lional depositi,m ,)1"malcrial in
the regions of the respiratory tract is affected by particle size.

In conclusion, sensitivity testing of the ITRI biokinetic model for 23_qpuindicates that predictions of urinary
excretion are most sensitive to changes in the values of thc solubilily of the malcrial inhaled (k) (or equivalently
the particle size, Din) , particle geometry (aJoq,, which is coupled to k/D_), and Ihc ralio of fragment:particle
surface area (R). The model is less sensitive to changes in the paramclers governing lhe breakup of the inhaled

material (f and a) and relatively insensitive to variation in density (_1 the inhaled malerial (p) and the si;_c
distribution of the inhaled particles (og). Because several of lhese variables arc highly correlated, obtaining a
unique set of best-fit parameters to describe a given inhalation CXl)Osurc is difficult. This highlights Ihc nccd
for health protection personnel to maximize the collection of physical and chemical inl(_rmalion on the CXl)t)surc
material, cither by sampling known source matcrials or bv capturing the malcrials as so(m after an accident as
possible.

(Research sponsored by the Office of Health and Environmental Rcscarch, U.S. Department of Energy, under
Contract No. DE-AC04-76EV01013.)
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INTAKE ASSESSMENT FOR WORKERS TltAT INtlALED 238pu AEROSOLS

R. A. Guihnette, W. C. Griffith, and A. W. Hickman*

The United States space exploration program has relied on the use of radioisotope thermoelectric generators
(RTGs) since 1961 for providing long-feral depcndablc electric power to both its civilian and military spacccrali.
All 37 RTGs have bccn powered by 238pu heat sources. Several known inhalation ext)osurcs involved with the
production of the RTGs have occurred, and since the U.S. space progranl is pr()jected into the 21st century,

the potential for future worker exposures to 238pu will coatinuc to exist.

Results from studies in which dogs inhaled 238puO2 aerosols provided the basis for the development of a
mechanistically based biokinetic/dosimelric model that accounts for the fragmentation/dissolution characteristic
of high specific activity 238pu particles. This model has now been applied to urinary bioassay data obtained
from exposures that occurred at different 238pu production/fabrication facilities in the U.S.A. to predict the
intakes, and to infer the aerosol particle physicochemical properties for which measurement data were lacking
at the time of the exposure incidents.

The mathematical model used in this study was based on the original formulation of Mewhinney, J. A. and
J. H. Dicl (Health Phys. 45: 39, 1983) as modified for use in human exposure cases by Hickman, A. W. et al,
(this report, p. 130). All simulations were done using SimuSolv (Dow Chemical Co., Midland, MI) modeling
and simulation software that was implemented on a DEC MicroVAX 11 computer (Digital F.xluipment Corp.,
Mayuard, MA).

The patterns of urinary excretion of 238pu for exposure cases from two facilities differed significantly from

each other. These differences could be adequately treated by modifying only the values of variables directly
related to the aerosol particles, i.e., no modifications to the systemic portion of the model were required. The
exposure scenarios and associated urinary excretion patterns related to each facility are described separately since
they each had unique features.

Facility 1 The 238pu exposures occurred during the disassembly of a 238pu heal source in a shielded hot ceil.
A leak in the plastic boot of a manipulator ann apparently resulted in a Pu aerosol being pumped into the work
environment as a result of moving the manipulator. A ¢;ontinuous air monitm (CAM) alarm sounded, but was
ignored because of a concurrent lightning storm, and because the CAM was not externally contaminated and

could be reset manually. After 20-50 rain, the CAM sounded again, but could not be reset, causing the workers
then to use respiratory protection to finish their task. Seven workers were later determined to have had
measurable intakes of 238pu based on urinary bioassay. No decoq_oration therapy was used on any of the

workers. The inhaled 238pu aerosol was described as a "Pu ceramic," which probably means a PuO2 material
containing a Mo binder to allow the fabrication of heat source pellets. No other information on aerosol parliclc
size, air concentration, or intrinsic solubility was available.

Four of seven workers had urinary excretion patterns similar to Case 6 (illustrated in Fig. 1). Of note is
the pattern of urinary excretion during the first 200 days after exposure. In general, the lowest measured values
occurred immediately after exposure, followed by a prolonged period of about 200 days during which the 238pu
levels increased monotonically; thereafter, the 238pu levels maintained a plateau for about 4000 days. Then,
levels appeared to decrease slowly. In workers having measurable urinary 23Spu immediately after exposure, the
magnitude of the increase in 23Spu excretion was about a factor of 100. This urine excretion pattern was similar
to the patterns observed in the 238pu dog study of Mewhinney and Dicl (1983), but unlike those described for
any other documented Pu exposure cases of which we arc aware.

As can be seen, the fitted curve obtained from the ITRI model adequately describes the data for all but the

very earliest urine values (Fig. 1). The parameter values resulting from the simulations suggested lhal the
_ 8

particle size of the deposited .3 Pu aerosol was 4.4,urn activity median aerodynamic diameter (AMAD), and thai

*UNM/ITRI Inhalation Toxicology Graduate Student
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the solubility rate constant was of the order of 8 x 1010 g cm 2 d"1. These particle-related parameters are
responsible for the shape of the rising portion of the urinary excretion curve, and reprEsEnt the period during
which fragmentation of the 238pu particles and subsequent dissolution and translocation to blood wcrc occurring.
Thereafter, i.e., during the plateau period (t > 200 days), the shape of the urinary excretion curve is controlled
by the systemic portion of the model. The fitted curves are consistent with assumed bk_logical retention half
times of 25 yr lor liver and 50 yr for bone. The estimated initial lung burden (amount of 238pu deposited
beyond the ciliated portion of the lung) for the illustrated case was 1700 Bq; the corresponding intake assuming
a 4.4 /tn't AMAD aerosol was 30 kBq. The range of intakes for all seven workers was 1.4-30 kBq.
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Figure 1. Urinary excretion of 238pu in one of seven male workers exposed at Facilily 1 (closed circles).

These cases had excretion patterns characteristic of the other workers whose data are not illustrated.
The solid curve is from the model simulation.

Facility 2 A single acute exposure to 238pu occurred when a worker opened a purporledly empty 23Spu
shipping container in a laboratory. The can had not been opened for 7-20 yr. The worker carried the can to

a radiation survey meter within the room; the survey meter alarm rang simultaneously with the room CAM.
The worker replaced the lid on the can, and she and the other three workers in the room at the time evacuated

immediately. The worker was given a single intravenous injection of DTPA and a laxative at 3 h post exposure;
no other decorporation therapy was given. In vivo measurements over the thorax region were negative, and no
information on particle size, chemical l'orm or solubility of the 238pu aerosol was available.

Only urinary excretion data from the worker handling the can wcrc provided for analysis (Fig. 2). In
contrast to the urinary excretion pattern seen with the workers exposed at Facility 1, these data show a
monotonically decreasing urinary excretion pattern suggestive of a much more soluble 238pu aerosol. BEcause

the worker was treated with DTPA 3 h after exposure, the model was modified to account for the increased
urinary excretion as follows. Excluding the 238pu excreted during the first day after exposure, the remainder
of the DTPA-influenced urinary excretion was modeled by multiplying the value of the blood/urine transfer
coefficient by 50, then decaying that modified value with a half time of 14 days lthis is equivalent to expressing
the blood/urine transfer function as a(50e -bt + 1), where a is the original blood/urine transfer constant, and b =
!n(2)/14 days]. This approach to modeling the influence of DTPA on urinary excretion of Pu was based on the
data of Hall, R. M. et al. (Health Phys. 34: 419, 1978) and the summarized cases in Volf, V. (IAEA Tech. Rpl.
No. 184, 1978) in which workers exposed to Pu via wounds or inhalation were treated wilh discrcle intravEnoUS
injections of DTPA.

The fitted curve derived from the model simulations is shown in Figure 2 overlaying the urinary excretion
data. The model predictions suggest that the deposited particle size was 1.0 ,urn AMAD, the solubility rate
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constant was 2 x 10-7 g cm- d , the initial lung burden was 140 Bq, and tile intake was 560 Bq. The
dissolution rate constant is approximately equivalent to thai expected fronl a class D solubility for Pu. Because
of the lack of information on chemical fornl, it cannot be ascertained whelhcr the observed high in vivo solubility
was due to an intrinsically soluble fonn such as a nitrate, or duc to long-term aging of a stored 238PUO, powder.
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Figure 2. Urinary excretion of 238pu in a female worker exposed at Facilily 2. The triangle represents the first
day's excretion following a single DTPA injection; this data point was not included in the modeling.
The solid curve is the result of the model simulation.

The urinary excre|ion patlerns of the exposure cases from the two facilities described here were dissimilar.
All seven cases from Facility 1 showed similar patterns suggesting that each wor!'er inhaled an aerosol of similar
in vivo solubility, and that the excretion patterns were similar to those seen in previous animal studies. The
pattern for the exposure occurring in Facility 2 was better dcscribcd by Ihe traditional monotonically decreasing
functiolts, albeit with a curve shape differing from the class D, W, or Y shapes. The differences in urinary
excretion patterns in large pan must bc attributed to diffcrcnccs in in vivo solubility. Beyond that, however, it
is not possible to determine whether these differences wcrc duc to differences in particle size or shape, chemical
form, or intrinsic solubility. In general, such data arc not available aflcr accidents, but their value in

retrospective dose assessment cannot be overemphasized.

The ability of the ITRI Pu model to describe the different urinary excretion patterns seen in the at'_vc
exposure cases is confirmed by the two cases described above and reinforces the use of data from animal studies.
However, the success of the model was not surprising, as the more complex mathematical structure needed to

model the Diel/Mewhinney (1983) fragmentation mechanism provides a flexibility in manipulating the urinary
excretion curve shapes beyond that possible with the current regulatory models. On Ihc other hand, the modeling
flexibility makes it more difficult to obtain unique sets of best-fit parameters, as several of the variables arc
highly correlated. For example, according to Mercer's dissolution theory, particlc diameter and specific solubility
are linearly but inversely related, and proportionate changes in either variable will produce the same changes in
the urinary curve shape. Thus, lacking infonnalion on both will make the estimate c_fthe intake more uncerlain,
as this quantity depends strongly on particle size. It is therefore incumbent on the health protection professional
to be prepared to obtain as much physical and chemical characlcfization of Ihc exp¢,surc material as possible,
either prospectively by sampling known source materials, or by capturing the materials as s,_on after an accident
as possible.

(Research sponsored by the Office of Health and Environmental Research, U.S. Dcp;Jrlment of Energy under
Contract No. DE-AC04-76EV01013.)
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NEW TOOLS FOR EVALUATING RESPIRATORY TRACT
INTAKE OF ALPHA-EMITTING PARTICLES

B. R. Scott, M. D. Hoover, and G. J. Newton

The Department of Energy owns numerous facilities where workers routinely handle plutonium. Our research
deals mainly with obtaining improved tools for evaluating possible respiratory tract intake by workers of high-

specific-activity, alpha-emitting (HSA_) and low-specific-activity, alpha-emitting (LSAc_) particles. Our rel_rcnce.... t/. . . '9

for distinguishing between HSAct and LSAct parhcles is -39pu. Alpha-emitting particles wilh specific activity
greater than that for 239pu represent HSA,x particles. Particles with specific activity not exceeding that for 23°pu
represent LSAc_ particles.

The annual limit on intake (ALl) of a radionuclide (a secondary iimil) has been used to meet the basic limits
for occupational internal exposure to radionuclides. Associated with this limit is the derived air concentration

(DAC). Both the ALl and the DAC are based on the implied assumption that when radioactive particles are
airborne, they occur in large enough numbers that each tidal volume (TV) of air presented to a worker for
inspiration likely contains radioactive particles of the type of interest. However, this assumption is not valid
when the average concentration of radioactive particles of interest in the air is very much less than one particle

per m3, as can occur lot air concentrations at, and above, the DAC when HSA,_ parlicles are airborne. For a
short-term stay in the work area with airborne HSAct particles in such circumstances, use of DAC-h as a measure
of exposure can be considerably biased toward overestimating the exposure.

Here we provide new, generic mathematical tools to facililalc calculating expected respiratory tracl intake
of HSAct, and LSAct particles. Our approach to evaluating lhe respiratory tract inlakc of particle-associated

radioactivity includes the probability of particle inspiration (PI), particle respiratory tract deposition probabilily

(PDep), mechanical protection provided by a respirator, and other factors. Results acquired could be used to
obtain adjusted DACs for HSA a particles.

For very low concentrations of airborne radioactive particles, the number of these particles in TV of air
presented to a worker for inspiration is likely to represent a Poisson random variable (i.e., have a Poisson
distribution). Assuming a Poisson distribution of the radioactive particles of interest in TV of air presented for
inspiration, we are providing new mathematical tools for evaluating their deposition in the respiratory tract. One

tool, the particle availability, PA, represents the probability thai one or more of the radioactive particles of
interest are contained in a TV of air presented for inspiration. A second nmthematical tool is particle

unavailability, Pu = 1 - PA, which represents the probability that no particle is contained in a TV of air
presented for inspiration. PU is related to the average number v of radioactive particles of inlerest per TV of

air through PU = exp[-v]. The variable v depends on the pattern of release of radioactive material from the
source, particle size distribution, airflow patterns for the work envirot_menI, and on olhcr covariates thai include
time after release of radioactive material from lhe source.

A third tool is the attributable intake, Aii, of radioactivity in inhaled particles, specified for different parlicle-
size groups. For particles of interest in the ith aerodynamic size group, AIi is defined as the fraction of the total
respiratory tract intake of radioactivity arising from airborne particles with aerodynamic diameters in the ith size

group. The function AIi depends on the exposure time and on the parliclc-size-group specific values for Pu,

PI, PDep, and the respirator particle-removal efficiency (when a respirator is used). A discussion of the equation
for AIi is beyond the scope of this report.

A fourth tool is the particle relative specific activity, S r, a dimensionless factor that represents the specific
activity of the radioactive particle divided by the specific aclivily of a reference particle. For PuO._ particles,-_cy
we selected 239puO2, with a specific activity of 2.26 x 10° Bq/g, as a reference. Particles of _3 PuO2 will
therefore have a value for Sr of (2.26 x 109 Bq/g)/(2.26 x 10° Bq/g) or Sr = 1. For 23{'_PuO2, Sr = 280.
Activity (A) of spherical PuO._ particles can be evaluated as a function of St, aerodynamic diameter dae (ill

micrometers), and density p (g)cm 3) using
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A (in Bq) -- k(rtl6)PoSrdaeJl(plpo) 1i2 ,

where Po represents unit density (i.e., 1 g/cnl3). The constant k equals (2.26 x 10'_ Bq/g) x (I{}1' cin3//ml 3)
or 2.26 x 10.3 when particle density is in g/cm 3. Multiplying k by (_/6) and setting Po = 1 (in g/,'cnlS), leads

to the equation q

A (in Bq) = 1.183 x lO'3Srdae3/p 1/2

The Poisson variable v representing the average number of parlicics per TV was calculatcd as

v = DAC/(770A) ,

where the DAC is in Bq/m 3, and the cottstant 770 is the number of 1300 mL TV in 1 m3 of air.

Calculated values for Pll tor a 1300 mL TV of air, evaluated _! the unadjusted DAC, are provided in
.... _44 ,4_ _30 . .38 _4 ,

Fnzure 1 lor monodmperse spherical LSA ( PuO_, PuO_, and PuOg) and HSA ( PuO, PuO, and(1 . _ _ 11 _ -__3_, ......... 3
" PuO2) particles as a lunclion ol the equ,valent aerodyna,u,c dl_nletcr. A density ol 7 g/cnl u,,ns assunlcd.
The indicated particles are arranged according to increasing Sr (see Table 1) wilh the 236PuO2 particles h_ving
the highest value. At the unadjusted DAC, thcse particles are essentially unavnilablc for inspiralion for particle
sizes greater than 1 ,unl aerodynamic diameter. The ICRP intake liinilation system is b;iscd on lhe implied

assumption thai PU = 0. These results suggest thai some adjuslinenls Io DACs for HSA, particles could be
made to account for particle availability (unavailability). Without such an adjuslnlcnt, Ihe calculated inlakc of

HSAet particles could be considerably overestimated.
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Figure 1. Vertical axis represents the probability (pU) thal no particle of PuO2 of a specific type is c'onlaincd
ill a tidal volulne of air when the air activity coxlceiilralion is l DAC (unad.jusled). Resulls art'
presented for six different types of PuO_ particles. The ICRP intake-limit;_tion system is based on

PU = 0.
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Table 1

Activity Intake Overestimation Factor for Monodislwrse (1 Im 0
PuO, Particles Evaluated at Their Derived Air Conccntralion (DAC)

Specific Relative lnta ke
Type of Activity Specific DAC h Over-estimation

Particle Class Activity a (Bq/m3) PA Fact°re

244puO2 LSAc_ 2.9 x 10.4 0.2 1.0 1.()

242puO2 LSAcx 6.4 x 10.2 (1.2 1.0 1.0

239puO2 LSAc_ 1.0 0.2 0.44 2.3

24°pu O2 HSAx 3.7 0.2 0.15 6.7

238puO2 HSA a 2.8 x 102 0.3 0.003 300

236puO2 HSA_ 8.5 x 103 0.6 0.0002 5000

aSpecific activity divided by that for 239PuO_.
bUnadjusted DAC.

CApplies to number of particles or total radioactivity because the particles are monodisperse.

The International Commission on Radiological Protection (ICRP) intake-limitation system for mdionuclides,
as applied to the respiratory tract, is based on assuming a polydispcrse, particle-sizc distribution with an activity
median aerodynamic diameter of 1 14m. When the actual particle-size distribution differs from that for which
the ICRP intake limitation system is based, bias in calculated intake c,ln arise. Although a method is being
developed for evaluating this bias for polydisperse aerosols, the results arc too preliminary to prcscnt here.
However, some insights can be gained from calculations of particle inlake overestimation when the parliclc size
is monodisperse. A measure of particle intake overestimation (or radioactivity intake overestimation for a

monodisperse particle size) is the intake overestimation fitctor (IOF) cvalualed as 1/PA. Values lor IOF were
calculated for monodisperse PuO 2 particles with art aerodynamic diameter of 1 ,urn with the air activity
concentration constrained to equal the unadjusted DAC for the same radionuclidcs considered in Figure 1. The
results presented in Table 1 indicate that radioactivity intake could be considerably ovcrcstimated for 23SPuO-,

when airborne particles have aerodynamic diameters on the order of 1 ,urn and larger, and particle availability
is not accounted for. Similar conclusions apply to 236puO.," however, 236pu is seldom used in the workplace.

The problem of radioactive particle intake overestimation can arise for workers in lhe U.S. nuclear power

industry where airborne hot fS/"t particles may arise. Here, a hot ['_/yparticle refers to any particle with activity
greater than or equal to 3.7 kBq (0.1 ,uCi) that emits [_,and/or y radiations (National Council on Radiation
Protection and Measurements, NCRP Reporl No. 106, 1989). Although hot [3/y particles arc sometimes found

on surfaces and on clothing of U.S. nuclear industry workers, airborne hot []/y particles arc extremely rare. Air
concentrations of these hot 13/'11particles are therefore likely to be very much less than 1 particle per m3. Thus,
particle availability shoula be considered when calculating respiratory tract intake of these particles by workers.

The results presented suggest that the current ICRP exposure-limitation system associated DAC may be

overly conservative for HSA a particles. We recommend that the DACs for HSA,.t particles be adjusted to
account for particle availability when appropriate. We also rccommcnd that they bc adjusted for lhe actual
particle size distribution when possible. Some new research is needed to dclcrmine how best to carry out the
recommended adjustments. When calculating the respiratory tract inlakc of hot [_/¥ particles by nuclear industry

workers, it is also recommended that PA be accounted for.

(Research sponsored by the OMcc of Health Physics and Industrial Hygiene Prc_grams of the U.S.
Department of Energy, under Contract No. DE-AC04-76EV01013.)
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RISK OF LUNG CANCER MORTALITY AFTER INItALING
BETA-GAMMA- OR ALPHA-EMITTING RADIONUCI_,IDES

B. R. Scott, M. E. Mue/ler*, and B. B. Boecker

The puq_osc of this project was to obtain risk cslimales l'¢_r lung cancer mortality for chronic inlcrnal

exposure of humans to low-LET (linear energy transfer) beta and/or gamma (j'_/y) (_r high-LET all)ha i(t)

radiations arising from inhaled radioactive parlicles. The results prcscnied hcrc apply l() singlc-exp(menlial,

decaying, dose-rate patterns. Two risk projection models were used: (1) the relalivc risk Jllodel (for cenlral and

upper bound estimates) and (2) the absolute risk model (for lower bound estimates) (Nuclear Regulatory
Commission, NUREG/CR-4214, Rev. 1, Addendum 1, LMF-132, Washinglon, DC, 1991; Nuclear Rcgulalory

Commission, NUREG/CR-4214, Rev. 1, Addendum 2, LMF-136, Washington, DC, 1993). Results of cenlral risk

evaluations, based on a relative risk model, are the focus of this report. Two benefits of using the relative risk

model are (1) the ease of prospective risk evaluation (e.g., from the present to the end of the life span) and

(2) the ease of transporting risk across populations (e.g., from the Japanese to Americans).

For central risk estimation, an age-dependent relative risk model was used to estimate lifelime risk for lung

cancer morlality. With this model, the excess relative risk was 0.6 x RBE, per Gy, for persons under age 2(1

and 0.3 x RBE, per Gy, for persons 20 and older, where RBE represents relative bi(}logical effectiveness. AIs(),

it was assumed that no risk was incurred before a latent period of 10 yr or a minimu;n age (d" 40. For I_/y and

(t irradiations, RBEs of 1 and 20 wcrc used, respectively. Low-LET radiatiotl CXl)Osurcs with diffcrenl

exponentially decaying patterns were simulated to obtain estimates of lifelimc risk of lung cancer m(}rlalily as

a function of age at initial exposure.

Excess relative risk coefficients for low-LET irradialions were based on Japanese survivors ()f ihc al()lnic

bombs. A dose rate effccliveness factor of 2 was used I() exlrapolale from high dose rates to dose rates less

than 0.1 Gy per h (International Commission on Radiological Protection. Ann. ICRP 21: 1, 1991). Different age

groups (birth to 89 yr) were studied to compare the lifetime risk anlong ages at initial CXl)()sure groups. Rcsulls

of animal studies (Hahn, F. F. et al. In IRPA8, International Radiation Protection Association, Vol. 1, I). ()16,

1992) and our modeling results obtained for persons inilially exposed as young adulis (age 20 yr) were

compared. Because the dose rate pattern could influence the cslimalcd risk, differcnl CXlmnenlially decaying dc)sc

rate patterns were generated to investigate their significance. Compulcr simulalions wcrc carried out using SAS

software (SAS User's" Guide: Statistics, Version 5 Edition, SAS Institute Inc., Cary, NC, 1985).

Figure 1 shows age-specific mortality rate data used in our relative risk cvalualions. The I)oints on the curve

are actual data based on the 1978 Vital Statistics for the U.S. Population (National Center for Health Statistics:

1978 Vital Statistics of the United States, Vol. 11, Public Health Service, DHHS Pub. No. IPHS] 81-1104,

Hyatlsville, MD, 1981). An empirical model was tilted to the poinls and is rcpresenlcd by lhe smoolh curve.

Our calculations compensated for competing risks using the U.S. Decennial Life Tables for 1979-19_1 (National

Center for Health Statistics, Vo/. I, No. 1, United States Life Tables', Public Hcailh Services, DHHS Pub. No.

[PHS I 85-1150, Washington, DC, 1985).

Modeling results shown in Figure 2 indicate that the low-LET risk ft)r lung cancer m()rlalily should chat_gc

with time after initial exposure, and the lifelime risk should depend slrongly on age a! inilial exposure whcH

insoluble _/¥-emitting particles are deposited in the lung via inhalati(_n. The calculalcd lifetime risk dccrc;,sed

as the age at initial exposure increased. These results wcrc oblaincd using an effcclivc rclenli()n half time CFI;2)

of 500 days for insoluble _/¥-emitling particles in the lung and a polcnlial infinite dose (i.e., cumulalive dose

evaluated over a very long time period) of 1 Gy. When the dose u,as varied, an approxinlalely linear dose-

response curve was obtained for doses less Ihan 1 Gy.

*Department of Energy/Associated Western Universilies Teacher Research Associates Program (TRAC)

Participant
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Figure 2. Model simulated risk of lung cancer morlality as a I'um'li(,n of age at initial exposure and time after

initial exposure, for an exponentially decaying palterll of 1_/'( irradi_tli()n wilh TI/2 = 5()0 days.
Deaths from competing risks were included in simulali()n.

The results of the comparisons between different dose rate patterns sh()wcd thai l'¢_rTI/2 less than 10()0 days,
csscntiallv the same risk coeMcient was obtained. This means Ihat l'_)rCXl)C_surcal low th)se :;:_.cs,TI/2 should
not be an important factor for retention half times commonly used in risk assessment.

For exposure as a young adult to exponentially decaying dose rate l)allcrns, lhc average risk per Gy lt)r low-

LET 13/yradiation was calculated to be 0.007/Gy, and lot high-LET (t radialion, it was cah'ulated to be 0.14/Gy,

for TI/.2 less than 1000 days. The low-LET estimate, 0.007/Gy, is almosl idcillical lo lhc estimate of 0.0065/Gy
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(for usually fatal cart'inomas) derived from studies with Beagle dogs (Hahn et al., 1992). The high-LET
estimate, 0.14/Gy, is smaller by a factor of 1.6 than the estimate of 0.23/Gy (carcinoma incidence) derived from

the dog studies (Hahn et al., 1992). This larger difference for high-LET radiation appears to be mainly related
to uncerlainly in the RBE for cx radiation. We made the usual assunlplion that the RBE was 20. However, ;_n

RBE of 0.23/0.0065 = 35 is indicated by the dog data used. Using an RBE of 35 instead of 20 for ct radialion,

our risk coefficient would be 0.25/Gy in good agreement with the estimate of 0.23/Gy derived fc_r inducing
usually fatal lung carcinomas in dogs.

While central risk estimates lbr lung cancer morlality were presented lor low-LET I'_/yand high-LET c_t

radiations separately, to obtain central risk estimates for combined exposure to I'_/yand cJtradiations, simply add
the low- and high-LET risk estimates (NRC, 1993). Subjective upper and lower I_unds on risk for the
combined exposure can be used to account for uncertainties (NRC, 1991, 1993).

In conclusion, our modeling results indicate the following l't,r tile lifetime risk of n_dialion-induced lung
cancer mortality, for low dose rates, and for total doses less than 1 Gy: (1) the risk should be al)proxinmlely
a linear function of dose; (2) the risk should decrease as age at initial exposure increases; and (3) the risk should

be independent of TI/2 for TI/2 < 1000 days.

(Research sponsored by the Assistant Secretary for Defense Progntms, U.S. Deparlmenl of Energy, under
Contract No. DE-AC04-76EV01013.)
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APPENI)IX A

STATUS OF I.,ONGEVITY AND SACRIFICE EXPERIMENTS IN llEA(;LE I)()(;S

Each annual report of the Inhalation Toxicology Research Institute from LF-38, 1967, through LMF-121,
1987-1988 included an appendix containing detailed tabular information on all dogs in the life-span studies of inhaled
radionuclides and many sacrifices series associated with these studies. In LMF-121, similar kinds of summary tables
were also included for dogs in long-term and life-span studies of injected actinides thai were conducted at the
University of Utah. All dogs remaining alive in the Utah studies were transferred to ITRI on September 15, 1987,
where they are being maintained and studied for the remainder of their life spans. Responsibility for managing the
completion of the Utah life-span studies has been assigned to ITRI. A small team of investigators at the University
of Utah and investigators at ITRI are working together to complete the observations and summaries.

Along with other changes made in the regular ITR1 Annual Report beginning with Report LMF-126, lnluflation
Toxicology Research Institute Annual Report, 1988-1989, it was decided that the growing body of detailed
information on these studies in dogs would no longer be included. Instead, separate periodic reports are being

prepared that contain specific updated information on all ITRI and University of Utah long-term and life-span studies
in Beagle dogs. The first three of these reports, entitled Annual Report on Long-Term Dose-Resl_onse Studies of

Inhaled or Injected Radionuclides have been published lor 1988-1989 as Report LMF-128, for 1989-1990 as Report
LMF-130, and for 1990-91 as Report LMF-135. They describe the studies, updated experimental design charts,

survival plots, pathology summaries and detailed tabular infonnation on all dogs in a manner consistent with past
practices. A similar report tot the 1991-1993 period is now in preparation.

Recognizing that these data are of interest to a limited number of individuals, these reports are provided without
charge to individuals requesting them. To obtain these reports, please send a request to:

Director

Inhalation Toxicology Research Institute
P. O. Box 5890

Albuquerque, NM 87185
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M. B. Morgan Administrative Associate L K. Brookins, BS St. Research Technologist

A. R. Dahl, PhD Toxicologist

AEROSOL SCIENCE GROUP k B. Galloway, BS Research Technologist

H. C. Yeh, PhD Supervisor/Aerosol Scientist P.M. Gerde, PhD* Chemical Engineer

B. T. Chen, PhD Aerosol Scientist D.A. Kracko, BS Research Technologist

Y. S. Cheng, PhD Aerosol Scientist M.R. Strunk, BA Research Technologist

G. A. Feather, BS Research Technologist J.R. Thornton-Manning, PhD Toxicologist

A. F. Fencl, BS Research Tech.nologist J.J. Waide, MS Sr. Research Technologist

T. D. Holmes, BS Sr. Research Technologist

M. D. Hoover, PhD Aerosol Scientist Analytical Chemistry Section

M. Marcinkovich Rest.arch Technologist W.E. Bechtold, PhD Supervisor/Chemist

M. M. Murphy, BS Research Technologist K.R. Ahlert Technical Specialist

G. J. Newton, BS Aerosol Scientist k I. Archuleta Laboratory Technician

K. D. Rohrbacher, BS* Graduate Participant D.M. Sugino Laboratory Technician

S. M. Smith, BS Graduate Participant

J. A. Stephens Sr. Research Technologist MOLECULAR AND CELLULAR TOXICOLOGY GROUP

D. Yazzie Research Technologist N.F. Johnson, PhD Supervisor/Exptl. Pathologist

S. A. Belinsky, PhD Molecular Biologist

Exposure Section T.R. Carpenter, DVM Graduate Participant

E. B. Barr, MSEE Supervisor/Aerosol Scientist C.A. Carter, PhD Cell Biologist

R. D. Brodbeck Technical Specialist X.P. Galarza, BS Research Technologist

S. N. Lucas Laboratory Technician A.W. Hickman, Jr., MS Graduate Participant

H. A. Sanchez Laboratory Technician R.J. Jaramillo, BS St. Research Technologist

R. K. White, BS Technical Specialist G. Kelly, PhD Molecular Biologist

K. k Williamson Laboratory Technician C.H. Kennedy, PhD Molecular Toxicologist

T. L. Zimmerman Research Technologist D.M. Kiinge, BS Sr. Research Technologist

J. k Lane, BS Research Technologist

BIOMATHEMATICS SECTION F.T. Lauer Research Technologist

B. B. Boecker, PhD Assistant Director A.D. Magallanez, BS Research Technologist

I. Y. Chang, MS Biostatistician S.K. Middleton, BS Research Technologist

W. C. Griffith, Jr., BS Biomathematician C.E. Mitchell, PhD Molecular Biologist

C. k Sanders, PhD Radiobiologist W. k Pabich, BA Research Technologist

B. R. Scott, PhD Biophysicist M.M. Padilla Research Technologist

W. A. Palmisano, PhD Postdoctoral Participant

D. S. Swafford, BS Graduate Participant

L. A. Tierney, DVM Graduate Participant

*Part-time employee.



PATHOLOGY GROUP PATHOPHYSIOLOGY GROUP

F. F. Hahn, DVM, PhD Supervisor/Exptl. Pathologist J.M. Benson, PhD Supervisor/Toxicologist

D. H. Aguilar Clerical Specialist L.F. Blair Research Technologist

D. E. Bice, PhD Immunologist D.C. Esparza, BS Sr. Research Technologist

C. J. Bresee, BS Research Technologist G. L Finch, PhD Toxicologist

P. Y. Cossey, BS Sr. Research Technologist K.G. Gillett, BS St. Research Technologist

K. M. Garcia, BA Sr. Research Technologist R.A. Guilmette, PhD Radiobiologist

J. R. tiarkema, DVM, PhD Experimental Pathologist A.M. Holmes Research Technologist

H. J. Harms, BS Research Technologist D. L Lundgren, PhD Radiobiologist

J. A. Hotchkiss, PhD Cell Biologist E.J. Salas Research Technologist

J. L. Lewis, PhD* Toxicologist M.B. Snipes, PhD Radiobioiogist

K. J. Nikula, DVM, PhD Experimental Pathologist B.M. Tibbetts, BA Research Technologist

G. G. Scott, BS* Graduate Participant C.P. Vigil, BS Research Technologist

A. J. Williams, I1, BS Sr. Research Technologist

Chronic Studies Section

Clinical Pathology Section J.M. Benson, PhD Supervisor/Toxicologist

F. F. Hahn, DVM, PhD Supervisor/Exptl. Pathologist C.A. Dison Research Technologist

--J D.A. Angerstein, AA Research Technologist

Clinical Section

Histopathology Section B.A. Muggenburg, DVM, PhD Supervisor/Physiologist

R. A. Smith Supervisor/Chief Res. Technologist M.A. Berry, DVM* Clinical Veterinarian

S. C. Barnett Research Technologist T.R. Carpenter, DVM Graduate Participant

R. B. Garlick Laboratory Technician M.A. Weinhoid, AS Research Technologist

Y. N. Knight, on Laboratory Technician M.E. Thompson Laboratory Techniciae

Necropsy Section

J. Hogan, BA Supervisor/Chief Res. Technologist

K. Avila, BS Laboratory Technician-Trainee

B. Pacheco Laboratory Technician-Trainee

J. L. Pitcher Laboratory Technician

P. R. Romero-Stagg Laboratory Technician

*Part-time employee.



ANIMAL CARE UNIT ENGINEERING AND FACILITIES UNIT

D. G. Burt, DVM Supervisor/Attending Veterinarian J.A. Lopez, BChE Supervisor/Facilities Engineer

B. K. Barnes* Animal Caretaker E. Anzures Electrical Maintenance Worker

S. L. Batson, BS Chief Animal Technologist D. Aragon Lead Janitor

D. M. Bolton Animal Technician W.F. Beierman, BSEE Assistant Facilities Engineer

F. Campbell, Jr. Animal Technician R.T. Cossey, ASEE Instrum. & Controls Maint. Worker/Tech. Specialist

D. M. Chavez Animal Technician F.D. Cox _ Machinist, St. Research Technologist

D. T. Cordaro Sr. Animal Technician J.A. Detmer Technical Secretary

M. O. Crenner* Animal Caretaker A.R. Espalin General Maintenance Worker

F. E. Delgado Animal Technician D. Griego Laboratory Assistant

J. M. Duran Sr. Animal Technician J.C. Hawkins* Laboratory Assistant

E. Garcia Animal Technician W.J. Jennings Heating & Refrig. Maintenance Worker

L. M. Martinez* Animal Caretaker T.A. Knowlton* Laborer

A. D. Murrin Clerical Specialist A.F. Monnin Sr. Research Technologist

,_ J.L. Portillo-Paimer* Animal Caretaker S.J. Moya* Laboratory Assistantoo

J. Renard Sr. Animal Technician T.B. Orwat Technical Specialist

C. G. Romero Animal Technician B.D. Romero Janitor

P. J. Ryan Animal Technician G.A. Saiz* Laboratory Assistant

S. Walker Animal Technician F.R. Torrez HVAC Mechanic & Central Plant Operator

C. C. Ynostroza, AS Sr. Animal Technician

FINANCIAL MANAGEMENT UNIT

COMPUTER UNIT K.M. Aragon, MBA Supervisor/Budget Officer

J. H. Diel, PhD Supervisor/Computer Scientist M.M. Gurule Clerical Specialist

M. F. Conrad, AS Research Technologist A.I. Medrano Clerical Speciahst

J. L. Holmes, BS Software Specialist P.S. Ohl, BS Accountant

R. L. Lucero-Maldonado Laboratory Technician

E. Taplin, BBA Software Specialist

*Part-time employee.



ttEALTIt PROTECTION UNIT LIBRARY UNIT

J. J. Thompson, PhD Supervisor/ltealth Protection Mgr. S.E. Spurlock, MLS, MIS Supervisor/Technical Librarian

A. C. Grace, MS Environmental Restoration Coordinator C.S. Snidow Clerical Specialist

L. C. Haling Executive Secretary

M S. Hall, MS Environmental Specialist PROCUREMENT UNIT

J. R. Lackey St. Research Technologist G.A. Allen Supervisor

J. M. Mauser, MS Environmental Restoration Engineer V.K. Aragon Clerical Specialist

K. L. Moline, AA Research Technologist L Vigil Clerical Specialist

G. R. Moore Clerical Specialist

C. W. Pohl Research Technologist PROPERTY MANAGEMENT UNIT

A. A. Powell* Laboratory Assistant P.F. Kaplan Supervisor

P. S. Puckett * Laboratory Assistant A.J. Garcia Clerical Specialist

P. E. Sanchez Clerical Specialist K. Perales Clerical Specialist

W. C. Schleyer, !11, MS iteaith Physicist

T. T. Simpson Research Technologist QUALITY ASSURANCE UNIT

D. L. Harris, MS Supervisor/Quality Assurance Officer

ttUMAN RESOURCES UNIT T.A. Ahlert, BA Administrative Specialist

B. K. Solari, BA Supervisor/Human Resources Manager

A. F. Baca Surveillance Worker-Trainee TECHNICAL COMMUNICATIONS UNIT

J. A. Davis, BS Assistant Human Resources Manager P.L. Bradley, MA Supervisor/Technical Editor

C. J. Dunsworth* Clerical Specialist C.M. Herrera Clerical Specialist

T. J. ltoskins Clerical Specialist S.L. Perez Clerical Specialist

J. T. Nunez Clerical Specialist W.L. Piper, BA Clerical Specialist

P. Padilla Surveillance Worker S.F. Randock, BA Clerical Specialist

G. J. Quintana Surveillance Worker-Trainee

R. L. Ripple Clerical Specialist

i. J. Salinas Surveillance Worker-Trainee

*Part-time employee.
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13. B. Boecker, Phi) Assistant Director

M. (;. ('ampos Clerical Specialist

1. Y. (;hang, MS Biostatistician

M. F. Conrad, AS Research Techm,logist

J. ii. Diel, PhD Computer Scientist

K. M. Garcia, BA Sr. Research Technologist

K. G. Gillett, BS St. Research Technologist

W. C. C;rit[ith, Jr., BS Biomathematician

R. A. Guilmette, PhD Radiobie.logist

F. F. Hahn, DVM, PhD Experimental Pathologist

B. A. Muggenburg, DVM, PhD Physiologist

K. J. Nikula, DVM, PhD Experimental Pathologist

M. B. Snipes. Phi) I,LIdt,_biologist

**Individuals have primary assignment in Scientific Groups or UniLs on preceding pages.
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EDUCATIONAL PARTICIPANTS

Name School/University ITRI Group/Unit/Section

Department of Energy/Associated Western Universities Summer Student Research Participants

Catherine J. Bresee University of CA-Santa Cruz, CA Molecular & Cellular Toxicology Group
Marie E. Cunniffe Mount St. Mary's College, CA Pathology Group
Ned Shane Cutler The University of Utah, UT Pathophysiology Group
Sara E. Dempster Bryn Mawr College, PA Chemistry & Biochemical Toxicology Group
Vivien Lim Purdue University, IN Pathology Group
Eloy E. Martinez University of New Mexico, NM Aerosol Science Group
Sandra J. Montano University of New Mexico, NM Aerosol Science Group
Marvin Oey University of New Mexico, NM Aerosol Science Group
Marcus Shoub University of Arizona, AZ Health Protection Unit
Devon J. Zastrow New Mexico State University, NM Chemistry & Biochemical Toxicology Group

- Department of Energy/Associated Western Universities Teacher Research Associates Program (TRAC) Participants

Thomas P. Carroll St. Albans School, DC Molecular & Cellular Toxicology Group
Donna L. Cassie Palm Beach County, FL Pathophysiology Group
Maureen A. Foutz James A. Shank's High, FL Chemistry & Biochemical Toxicology Group
Sandra J. Matthews Eldorado High School, NM Pathophysioiogy Group

Margie E. Mueller Highland High School, NM Biomathematics Section
Larry W. Rogers Del Norte High School, NM Engineering & Facilities Unit
Laurel A. Sachetti Yorktown High School, NY Pathology Group
Ying Zhuang New Mexico Military Institute, NM Aerosol Science Group

Department of Energy/Associated Western Universities Faculty Participant

George E. Snow Mount St. Mary's College, CA Pathology Group

Department of Energy/Health Physics Fellows

Michelle Lyn Hart The Ohio State University, OH Health Protection Unit
Mark N. Nel University of Missouri, Columbia, MO Aerosol Science Group



EDUCATIONAL PARTICIPANTS

Name School/University ITRI Group/Unit/Section

Student Employees - Summer 1993

Laura A. Baca University of New Mexico Engineering & Facilities Unit
Brenda K. Barnes University of New Mexico Animal Care Unit
Nolan K. Bennett NM Institute of Mining & Technology Health Protection Unit
Gilbert Chavez Occidental College, CA Engineering & Facilities Unit
Mary O. Crenner University of New Mexico Animal Care Unit
Steven R. Figgc University of New Mexico Animal Care Unit
Adam Gonzales Colorado State University, CO Animal Care Unit
Jarod T. Hage Albuquerque Academy High School Animal Care Unit
Jonathan C. Hawkitu University of New Mexico Engineering & Facilities Unit
Felix P. Jiminez Valley High School Molecular & Cellular Toxicology Group
Paul P. Jones Rio Grande High School Animal Care Unit
Thomas A. Knowlton University of New Mexico Engineering & Facilities Unit
Dana M. Korczak University of New Mexico Animal Care Unit
Mark D. Manzanares Valley High School Library Unit
Leo M. Martinez University of New Mexico Animal Care Unit
Salomon J. Moya University of New Mexico Engineering & Facilities Unit
Luis Armar,.do Najera New Mexico State University Engineering & Facilities Unit
Douglas J. Podzemny University of New Mexico Engineering & Facilities Unit
Jennifer L. Portillo-Palmer University of New Mexico Animal Care Unit

L_

Adam A. Powell University of New Mexico Health Protection Unit
Paul S. Puckett Albuquerque Technical Vocational Institute Health Protection Unit
Donna M. Saavedra University of New Mexico Quality Assurance Unit
Gregory A. Saiz University of New Mexico Engineering & Facilities Unit
Jerold J. Sanchez New Mexico State University Health Protection Unit
Maria G. Sanchez University of New Mexico Animal Care Unit
John E. Schultz University of New Mexico Engineering & Facilities Unit
H. Denise Smith University of New Mexico Computer Unit
David J. Stichman University of New Mexico Animal Care Unit
Kyle Taylor New Mexico State University Health Protection Unit
Robert F. Valdez University of New Mexico Animal Care Unit

Brian S. Winkenweder University of New Mexico Pathophysiology Group

UNM/qTRI Inhalation Toxicology Graduate Students Postdoctoral Fellows

Thomas R. Carpenter, DVM Courtney Nickell, PhD
Jennifer L. Francis William A. Palmisano, PhD
Albert W. Hickman, Jr.
Carlo M. Padilla
Kevin D. Rohrbacher

Gary G. Scott
Shawna _ ____'nith

Nicole D. Stephens
Deborah S. Swafford

Lauren A. Tierney, DVM



PROGRAM AND PROJECT TITLES SPONSOR* COORDINATOR

BRUCE B. BOECKER, ASSISTANT DIRECTOR

Radiation Toxicology - R. A. Guilmette, Program Manager

Effective Dose from Inhaled Nuclear Energy Materials DOE/OHER R.A. Guilmette

Dose-Response Relationships for Inhaled Radionuclides DOE/OHER B.A. Muggenburg

Radiation Dose and Injury to Critical Cells from Radon DOE/OHER N.F. Johnson

Deposition of Radon and Radon Progeny in the Respirator), Tract DOE/OHER H.C. Yeh

Toxicity of Injected Radionuclides - ITRI Efforl DOE/OHER B.B. Boecker

Toxicity of Injected Radionuclides - Utah Effort DOE/OHER S.C. Miller C

Health Effect Model for Reactor Accidents NRC B.B. Boecker _

ZINSRP/BEES Panel BNL M.D. Hoover _ .,

Internal Dosimetry WSRC R.A. Guiimette _

..-- ©

CHARLES H. HOBBS, ASSISTANT DIRECTOR _ z >

... Aerosols - Y. S. Cheng, Program Manager _, _ _

Biologically Relevant Properties of Energy Related Aerosols DOE/OHER H.C. Yeh Z

Dynamics of Radon Daughter Interactions with Indoor Aerosols DOE/PHYS Y.S. Cheng _ _.
Underground Aerosol Characterization at the WlPP Site DOE/AL G.J. Newton _

Y-12 Radiological Protection Program DOE/Y-12 M.D. Hoover

HQ Continuous Air Monitor Study DOE/HQ M.D. Hoover _ _p,

Inhalation Hazards for Uranium Mill Tailings DOE/UMTRAP G. J Newton --• ,,_
Characterization of Aerosols Produced by Surgical Procedures NIOSH H.C. Yeh

Evaluation of Respirators - II for Asbestos Fibers NIOSH Y.S. Cheng

Experimental Tests on Continuous Air Monitors EG&G M.D. Hoover

Idaho Gas Contamination INEL G.J. Newton

Plutonium Dispersal Study SNL G.J. Newton

Air Sampling Program at SNL Area V SNL G.J. Newton

Dissolution of Metal Tritides in Biological Systems SNL Y.S. Cheng

Russian Topaz-II Study SNL M.D. Hoover

NESHAP Studies SNL G.J. Newton

Independent Testing and Evaluation of SRS DOE/WSRC M.D. Hoover



PROGRAM ,aND PROJECT TITLES SPONSOR* COORDINATOR

Chemical Toxicology - A. R. Dahl, Program Manager

Influence of Respiratory Tract Metabolism on Effective Dose DOE/OHER A.R. Dahl

Biological Markers of Human Exposure to Organic Compounds DOE/OHER W.E. Bechtold

Mechanisms of Granulomatous Disease from Inhaled Beryllium DOE/OHER G.L. Finch

Disposition of Inhaled Xenobiotics NIEHS R.F. Henderson

Nitrogen Heterocycles: Metabolic Effect and Toxicity WSU A.R. Dahl

Metabolism of 1,3-Butadiene, Butadiene Monoepoxide and Butadiene Diepoxide CMA R.F. Henderson
by Human and Mouse Liver and Lung Tissue Homogenates

Exposure of B6C3F l Mice to 1,3-Butadiene CMA R.F. Henderson

Fate of Inhaled Vapors in Rats, Dogs, and Monkeys NIH/NIEHS A.R. Dahl

Carcinogenicity of Inhalants: A Dosimetric Approach NIH/NIEHS A.R. Dahl

Disposition of Inhaled Toxicants in the Olfactory System NIH/NIDCD J.L. Lewis

Toxicity of Nickel Compounds to the Respiratory Tract NiPERA J.M. Benson

Modeling in the Analysis of Toxic Effects on Complex Mixtures HEI W.E. Bechtold

Applied Toxicology - C. H. Hobbsl Program Manager

Effects of L-Deprenyl on Physiologic Functions DAHI B.A. Muggenburg

Treatment of Chronic Prostatic Hypertrophy IMI B.A. Muggenburg

Combined Exposure, Plutonium-Cigarette Smoke DOE/DP G.L. Finch

Combined Exposure, Plutonium-Beryllium DOE/DP G.L. Finch

Combined Exposure, Plutonium-X Ray DOE/DP D.L. Lundgren

Combined Exposure, Plutonium-Chemical Carcinogen DOE/DP D.L. Lundgren

Combined Exposure, Radiation-Fiber DOE,rDP D.L. Lundgren

Prechronic and Chronic Studies of Nickel Compounds NIEHS J.M. Benson

Chronic Inhalation of Hygroscopic Material in Rats P&G J.M. Benson

90-Day Study of Powdered Detergent Constituents Inhaled by F344 Rats P&G M.B. Snipes

Effects of Physical/Chemical HMs on Inflammatory and Proliferative Response IPA R.F. Henderson
Induced in the Lung



PROGRAM AND PROJECT TITLES SPONSOR* COORDINATOR

Pathogenesis - J. R. Harkema, Program Manager

Cellular & Biochemical Mediators of Respiratory Tract Disease DOE/OHER R.F. Henderson

Airway Epithelial Injury, Adaptation and Repair DOE/OHER J.R. Harkema

Role of Immune Respt;nses in Respiratory Disease DOE/OHER D.E. Bice

Evaluation of Pulmonary Immune Responses to Viral Agents UA D.E. Bice

Rodent Immunity after Immunization of Nasal Airways 3M Company D.E. Bice

Respiratory Function Alterations Following Chronic Ozone Inhalation in Rats HEI J.R. Harkema

Effect of Chronic Ozone Inhalation on Nasal Mucocilliary Apparatus in Rats HEI J.R. Harkema

Effects of Ozone on Airway Mucous Cells NIH/HL J.R. Harkema

JOHN F. LECHNER, ASSISTANT DIRECTOR

Cancer Mechanisms - J. F. Lechner, Program Manager

Links Between Radiation-Induced Lung Cancer in Laboratory Animals and People DOE/OHER F.F. Hahn

Pre-Malignant Events in Radiation-Induced Lung Cancer DOE/OHER J.F. Lechner

Lung Cancer in Uranium Miners - Gene Dysfunction DOE/OHER J.F. Lechner

Cellular Models of Radiation-Induced Lung Cancer DOE/OHER J.F. Lechner

Molecular Mechanisms of Radiation-Induced Cancer DOE/OHER G. Kelly

Gene Dysfunction in Chemical Induced Carcinogenicity DOE/OHER S.A. Belinsky

Identification of Target Genes Involved in Carbon Black and Diesel Induced Lung HEI S.A. Belinsky
Cancer

* BNL - Brookhaven National Laboratory IMI - Indigo Medical, Inc.
CMA - Chemical Manufacturers Association INEL - Idaho National Engineering Laboratory
DAHI - Deprenyl Animal Health, Inc. IPA - lnstitue of Polyacrylic Absorbents
DOE/AL- Department of Energy Operations Office, Albuquerque NESHAP- National Emissior_ Standards for Hazardous Air Pollutants
DOE/DP - Department of Energy, Defense Programs NIDCD - National Institute on Deafness and Communicable Diseases
DOE/HQ - Department of Energy, Headquarters NIEHS - National Institute of Environmental Health Sciences
DOE/OHER - Department of Energy, Office of Health and Environmental NIH - National Institutes of ttealth

Research NIOSH - National Institute of Occupational Safety & Health
DOE/PHYS - Department of Energy, Physical and Technological Research NiPERA - Nickel Producers Environmental Research Association
DOE/UMTRAP - Department of Energy, Uranium Mill Tailings Remediation NRC - Nuclear Regulatory Commission

Action Program P&G - Proctor & Gamble
DOF./Y-I2 - Y-12 Plant SNL - Sandia National Laboratories
EG&G - Rocky Flats Plant UA - University of Arizona
HL - National Heart, Lung and Blood Institutes WSRC - Westinghouse Savannah River Co.
HEI - Health Effects Institute WSU - Wayne State University



APPENDIX 1)

PUBI.ICATION OF TECHNICAL REPORTS

OCTOBER 1, 1992 - SEPTEMBER 30, 1993

LMF-136 - Abrahamson, S., M. A. Bender, B. B. Boecker, E. S. Gilbert and B. R. Scott: Health Effects Model for
Nuclear Power Plant Accident Consequence Analysis. Modification of Model Resulting from Addition of Effects of
Exposure to Alpha-Emitting Radionuclides, Addendum 2 to Report NUREG/CR-4214, Rev. 1, Part I1.

LMF-137 - Bennett, W. C., J. J. Thompson and A. S. Shankar: Site Environmental Report - 1991.

LMF-138 - Finch, G. L., K. J. Nikula and P. L. Bradley (eds.): Inhalation Toxicology Research Institute Annual
Report. October 1, 1991 through September 30, 1992, LMF-138, National Technical Information Service,
Springfield, VA 22161.
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APPENDIX E

ITRI PUBLICATIONS IN THE OLDEN LITERATURE

PUBLISHED, IN PRESS, OR SUBMI'Iq'ED BETWEEN
OCTOBER 1, 1992 - SEPTEMBER 3{;, 1993

Baron, P. A., M. Mazunder and Y. S. Cheng: Direct Reading Techniques Using Optical Particle Detection. In Air

Measurement: Principles, Techniques, and Applications, Chapter 17 (K. Willeke and P. A. Baron, cds.), pp.
381-409, Van Nostrand Reinhold, New York, NY, 1993.

Barr, E. B. and Y. S. Cheng: Evaluation of the API Aerosizer Mach 2 Panicle Sizer. In Particles" in Gases and

Liquids 3: Detection, Character&ation, and Control (K. L. Mittai, ed.), pp. 131-139, Plenum Press, New York,
1993.

Banczak, A., S. A. Kline, R. Yu, C. P. Weisel, W. E. Bechtold, B. D. Goldstein and G. Witz: Evaluation of Assays
for the Identification and Quantitation of Muconic Acid, a Benzene Metabolite in Human Urine. J. Toxicol.

Environ. Health (ill press).

Bechtold, W. E. and R. F. Henderson: Biomarl_ers of Human Exposure. J. Toxicol. Environ. Health (in press).

Bechtold, W. E. and J. A. Hotchkiss: lmmunoaffinity Chromatography in the Analysis of Toxic Effects of Complex
Chemical Mixtures, Report to the Health Effects Institute, Cambridge, MA (submitted).

Bechtold, W. E., M. R. Strunk, I. Y. Chang, J. B. Ward, Jr. and R. F. Henderson: Species Differences in Urinary
Butadiene Metabolites: Comparisons of Metabolite Ratios Between Mice, Rats, and Humans. Toxicol. AppL
Pharmacol. (submitted).

Bechtold, W. E., J. J. Waide, T. Sandstrom, N. Stjernberg, D. McBride, J. Koenig, and R. F. Henderson: Biological
Markers of Exposure to SO2 S-Sulphonates in Nasal Lavage. J. Exposure Anal. Environ. EpMem. (in press).

Benson, J. M.: Final Report to the Nickel Producers Environmental Research Association, Inc. (submitted).

Benson, J. M.: Toxicokinetics of 63Ni After Inhalation ofN&kel Subsulfide, Final Report to the National Toxicology
Program (submitted).

Benson, J. M., E. B. Barr, W. E. Bechtoid, Y. S. Cheng, J. K. Dunnick, W. E. Eastin, C. H. Hobbs, C. H. Kennedy
and K. R. Maples: The Fate of Inhaled Nickel Oxide and Nickel Subsulfide in F344/N Rats. InhaL Toxicol.
(in press).

Bice, D. E.: The Lung as a Target Organ. In Principles and Practice oflmmunotoxicology, pp. 125-142, Biackwell
Scientific Publications, Oxford, UK, 1992.

Bice, D. E.: Pulmonary Responses to Antigen. Chest 103: 95S-98S, 1993.

Bice, D. E., S. E. Jones and B. A. Muggenburg: Long-Term Antibody Production after Lung lmnmnizatien and
Challenge: Role of Lung and Lymphoid Tissues. Am. J. Respir. Cell Mol. Biol. 8: 662-667, 1993.

Boecker, B. B., M. D. Hoover, G. J. Newton, R. A. Guilmette and B. R. Scott: Evaluation of Strategies for

Monitoring and Sampling Airborne Radionuclides in the Workplace. To be published in Proceedings of the
Workshop on Intake of Radionuclides: Detection, Assessment and Limitation of Occupational Exposure held in
Bath, UK, September 13-17, 1993 (in press).

Brooks, A. L., K. Rithidech, R. M. Kitchin, N. F. Johnson, D. G. Thomassen and G. J. Newton: Evaluating

Chromosome Damage to Estimate Dose to Tracheal Epithelial Cells. In Indoor Radon and Lung Cancer: Myth
or Reality? (F. T. Cross, ed.), pp. 601-614, Battelle Press, Richland, WA, 1992.
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Chen, B. T., W. E. Bechlold and J. L. Mauderly: Description and Evaluation of a Cigarelle Smoke Generation
System lot Inhalation Studies. J. Aerosol Med. 5: 19-30, 1992.

Chen, B.T.: Instrument Calibration. In Aerosol Measurement: Principles, Techniques, and Applications, Chapter
22 (K. Willekc and P. A. Baron, eds.), pp. 493-520, Van Nostrand Reinhold, New York, 1993.

Chen, B. T., J. V. Benz, G. L. Finch, J. L. Mauderly, P. J. Sabourin, M. B. Snipes and H. C. Yeh: Differences
Between Internal and Extenlal Smoke Deposition in Rats After Nose-Only or Whole-Body Exposure to Cigarette
Smoke. Inhal. Toxicol. (submitted).

Chen, B. T., R. Irwin, Y. S. Cheng, M. D. Hoover and H. C. Yeh: Aerodynamic Behavior of Fiber- and Disc-Like

Particles in a Millikan Cell Apparatus. J. Aerosol Sci. 24: 181-195, 1993.

Chen, B. T., H. C. Yeh and C. H. Hobbs: Size Classification of Carbon Fiber Aerosols. Aerosol Sci. Tech. 19:
109-120, 1993.

Cheng, Y. S.: Condensation Detection and Diffusion Size Separation Techniques. In Aerosol Measurement:
Principles, Teclmiques, and Applications, Chapter 19 (K. Willeke and P. A. Baron, eds.), pp. 427-451, Van
Nostrand Reinhold, New York, 1993.

Chcng, Y. S.: Denuder Systems and Diffusion Batteries. To be published in Air Sampling Instruments, ACGIH,

Cincinnati, OH (submitted).

Cheng, Y. S., E. B. Barr, I. A. Marshall and J. P. Mitchell: Calibration and Perlormance of an API Aerosizer. J.
Aerosol Sci. 24: 501-514, 1993.

Cheng, Y. S. and B. T. Chen: Aerosol Sampler Calibration. To be published in Air Sampling Instruments, ACGIH,
Cit_cinnati, OH (submitted).

Cheng, Y. S., B. T. Chen and H. C. Yeh: Pertormance of an Aerodynamic Panicle Sizer. Appl. Occup. Environ.
Health 8:307-312, 1993.

Cheng, Y. S., B. T. Chen, H. C. Yeh, I. A. Marshall, J. P. Mitchell and W. D. Griffiths: The Behavior of Compact
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Barr, E. B.: Operation of Chronic Exposure Systems (Laboratory Demonstration). Current Concepts in Inhalation
Toxicology - A Short Course, Albuquerque, NM, October 26-29, 1992.

Bechtold, W. E.: Biomarkers of Exposure to Benzene. 31st Hanford Symposium on Health and the Environment,
Richland, WA, October 20-23, 1992.

Bechtold, W. E. and J. A. Hotchkiss: Analysis of the Toxic Effects of Complex Mixtures Using Immunoaffinity
Chromatography. Ninth Health Effects Institute Annual Meeting, Monterey, CA, December 6-9, 1992.

Bechtoid, W. E., K. T. Kelse; and J. B. Ward: Measurement of 1,2-Dihydroxy-4-(N-Acetylcysteinyl-S-) Butane in
Urine as a Biomarker of Exposure to 1,3-Butadiene. International Symposium on Health Hazards of Butadiene
and Styrene, Espoo, Finland, April 18-21, 1993.

Bechtold, W. E.: Absorption, Distribution, and Excretion, General Toxicology I Pharmacy 480/580 Course,
University of New Mexico, Albuquerque, NM, September 1 and 8, 1993.

Bechtold, W. E.: Species Differences in the Disposition and Toxicology of 1,3-Butadiene. Toxicology Program
Seminar, College of Pharmacy, University of New Mexico, Albuquerque, NM, October 13, 1993.

Belinsky, S. A., G. Kelly and J. F. Lechner: Molecular Tools in Toxicology Studies (Laboratory Demonstration).
Current Concepts in Inhalation Toxicology - A Short Course, Albuquerque, NM, October 26-29, 1992.

Belinsky, S. A., D. S. Swafford, C. E. Mitchell and K. J. Nikula: Identification of Target Genes Involved in Carbon

Black and Diesel-Induced Lung Cancer. Ninth Health Effects Institute Annual Meeting, Monterey, CA,
December 6-9, 1992.

Belinsky, S. A.: Gene Dysfunction in the Development of Chemically Induced Cancer. DOE/OHER Review, ITRI,
Albuquerque, NM, December 11, 1992.

Belinsky, S. A.: Kras and p53 Mutations in Rodent Lung Tumors. Fourth International Agency for the Study of Lung
Cancer, Arlie, Virginia, April 13-16, 1993.

Belinsky, S. A.: Gene Dysfunctions Involved in the Development of Lung Tumors in Rats. Workshop on
Adenocarcinoma of the Lung: Current Knowledge Regarding Etiologic Factors, Bethesda, MD, May 10-11, 1993.

Belinsky, S. A., C. E. Mitchell and F. F. Hahn: Gene Alterations in X-Ray-Induced Lung Tumors for the F344/N
Rat. American Association for Cancer Research, Orlando, FL, May 19-22, 1993.

Belinsky, S. A.: Environmental Effects on Nornml and Cancer Cells - Determinants of Lung Growth: Development
vs. Cancer, Bethesda, MD, September 9-10, 1993.

Bice, D. E.: Pulmonary hnmunotoxicology. Current Concepts in Inhalation Toxicology - A Short Course,
Albuquerque, NM, October 26-29, 1992.

Bice, D. E., C. L. Astry and J. R. Harkema: Cxmlparison of Antibody Immunity after Intratracheal or Intranasai
Immunization. 1993 American Lung Association/American Thoracic Society International Conference, San
Francisco, CA, May 16-19, 1993.
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Boecker, B. B.: Respiratory Tract Dosimetry Models for Radionuclides. Current Concepts in Inhalation Toxicology -
A Short Course, Albuquerque, NM, October 26-29, 1992.

Boecker, B. B.: ICRP Dosimetry Models lbr the Respiratory Tract: Indicators of Progress in Assessing Risk from
Inhaled Radionuclides. WERC Seminar Series, University of New Mexico, Albuquerque, NM, March 12, 1993.

Boecker, B. B.: Inhalation Toxicology of Radioactive Materials. Radioactive Waste Management Videoconference
Training Series, Waste-Management Education and Research Consortium, Albuquerque, NM, March 31, 1993.

Boecker, B. B.: Biological Effects of Ionizing Radiation. Radioactive Waste Management Videoconference Training
Series, Waste-Management Education and Research Consortium, Albuquerque, NM, March 31, 1993.

Boecker, B. B., M. D. Hoover, G. J. Newton and R. A. Guiimette: Evaluation of Strategies for Monitoring and
Sampling Airborne Radionuclides in the Workplace. CEC/DOE Workshop on Intake of Radionuclides, Bath,
U.K., September 13-17, 1993.

Brodbeck, R.: Operation of Acute Exposure Systems (Laboratory Demonstration). Current Concepts in Inhalation
Toxicology - A Short Course, Albuquerque, NM, October 26-29, 1992.

Chang, I. Y.: Computer Modeling Approaches (Laboratory Demonstration). Current Concepts in Inhalation
Toxicology - A Short Course, Albuquerque, NM, October 26-29, 1992.

Chang, I. Y. and P. Gerde: Models for Chemical Uptake and Toxicokinetics. Topical Meeting on the Technical Basis
for Measuring, Modeling, and Mitigating Aerosols, September 27-30, 1993.

Chen, B. T., H. C. Yeh and C. H. Hobbs: Electrical Classification of Fiber Aerosols. American Association lbr

Aerosol Research, San Francisco, CA, October 12-16, 1992.

Chen, B. T. and K. R. Maples: Generation and Characterization of Gases and Vapors (Laboratory Demonstration).
Current Concepts in Inhalation Toxicology - A Short Course, Albuquerque, NM, October 26-29, 1992.

Chen, B. T., W. E. Bechtoid, G. L. Finch, J. A. Lopez and J. J. Thompson: Thermal Oxidation of Cigarette Smoke
Exhaust. 1993 American Industrial Hygiene Conference and Exposition, New Orleans, LA, May 15-21, 1993.

Cheng, Y. S. and E. B. Barr: Calibration and Pertonnance of an API Aerosizer. American Association for Aerosol
Research, San Francisco, CA, October 12-16, 1992.

Cheng, Y. S.: Inhalation Exposure Systems. Current Concepts in Inhalation Toxicology - A Short Course,
Albuquerque, NM, October 26-29, 1992.

Cheng, Y. S. and E. B. Barr: Intercomparison of Cyclone Cassette Personal Samplers for Respirable Mass Fractions.
American Industrial Hygiene Conference and Exposition, New Orleans, LA, May 15-21, 1993.

Cheng, Y. S.: Aerosol Generation and Characterization. National Institute of Safety Research. Seoul, Korea,
December 17, 1992.

Cheng, Y. S., J. M. Benson, E. B. Barr and C. H. Hobbs: Inhalation Toxicology of Nickel Compounds. National
Institute of Safety Research. Seoul, Korea, December 17, 1992.

Cheng, Y. S., B. T. Chen and K. R. Maples: Generation and Characterization of Gases and Vapors, National Institute
of Safety and Research, Seoul, Korea, December 17, 1993.

Cheng, Y. S. and H. N. Jow: Dissolution Rate and Radiological Dosimetry of Metal Tritides. DOE Tritium Focus
Group Meeting, Livermore, CA, March 9-11, 1993.
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Cheng, Y. S., H. C. Yeh, S. Q. Simpson and D. L. Swift: Head Airway Geometry and Aerosol Deposition ill Human

and Laboratory Animals. Seminar at the National Taiwan University, Taipci, Taiwan, April 10, 1993.

Cheng, Y. S., H. C. Yeh, S. Q. Simpson and D. L. Swift: Deposition of Ultrafine Aerosol in the Nasal Passages of
Human Volunteers. NRC Radon Dosimetry Workshop, Albuquerque, MN, April 13, 1993.

Cheng, Y. S. and H. N. Jow: In Vitro Dissolution and Radiation Dosimetry of Metal Tritidcs. DOE Radiation
Protection Workshop, Las Vegas, NV, April 13-15, 1993.

Cheng, Y. S.: Radon Studies at ITP.i. Physics Department, New Mexico Institute of Mining and Technology,
Socorro, NM, April 23, 1993.

Dahl, A. R.: Inorganic Toxicology. Chemi._try Department, University of Colorado, Boulder, CO, October 16, 1992.

Dahl, A. R.: Deposition and Disposition of Inhaled Gases and Vapors. Current Concepts in Inhalation Toxicology -
A Short Course, Albuquerque, NM, October 26-29, 1992.

Dahl, A. R.: Disposition of Inhaled Gases and Vapors (Laboratory Demonstration). Current Concepts in Inhalation
Toxicology - A Short Course, Albuquerque, NM, October 26-29, 1992.

Dahl, A. R.: Influence of Respiratory Tract Metabolism on Effective Dose. DOE/OHER Review, ITRI, Albuquerque,
NM, December 11, 1992.

Dahl, A. R. and L. K. Brookins: A Method for Measuring Vapor Uptake in the Nose and Lungs of Rats Having

Patent Respiratory Tracts and During Cyclic Breathing. 1993 Annua_ Meeting of the Society of Toxicology, New
Orleans, March 14-18, 1993.

Dahl, A. R.: Factors Influencing Xenobiotic Metabolism in Nasal, Respiratory and Olfactory Mucosae. Experimental
Biology 93 Meeting, New Orleans, LA, March-April, 1993.

Dahl, A. R., D. Zastrow and J. A. Hotchkiss: Advances in Comparative Nasal Enzymology Between F344 Rats and
Humans. Workshop on Nasal Toxicity and Dosimet_ of Inhaled Xenobiotics: hnplications for Human Health,
Research Triangle Park, NC, September 20-22, 1993.

Finch, G. L., B. T. Chen, E. B. Barr, I. Y. Chang and K. J. Nikula: Effects of Cigarette Smoke Exposure on Rat
Lung Clearance of Insoluble Particles. Toxic and Carcinogenic Effects of Solid Particles in the Respiratory Tract,
Hannover, Germany, March 1-5, 1993.

Finch, G. L., L. Reddick, M. D. Hoover and K. J. Nikula: Effects of Inhaled Beryllium Metal on Mouse Clearance
and Toxicity. 1993 Annual Meeting of the Society of Toxicology, New Orleans, March 14-18, 1993.

Finch, G. L.: Chronic Beryllium Disease Research at the Inhalation Toxicology Research Institute. Toxic Materials
Advisory Committee Meeting, Sandia National Laboratory, Albuquerque, NM, April 6-7, 1993.

Finch, G. L.: Cancer Risks from Exposure to Ionizing Radiation and Chemical Carcinogens. BEIR-IV Phase I

Committee Workshop, Radon: Molecular and Cellular Radiobiology, Washington, DC, August 26, 1993.

Finch, G. L.: Life-span Study of Rats Exposed to Cigarette Smoke and 239puO2. Toxicology Program Seminar,
College of Pharmacy, University of New Mexico, Albuquerque, NM, September 15, 1993.

Funk, L. M., S. Q. Simpson, R. Singh and D. E. Bice: Bronchodilating Agents Inhibit Tumor Necrosis Factor Alpha
Gene Expression. Ainerican Lung Association/American Thoracic Society International Conference, San
Francisco, CA, May 16-19, 1993.

167



Gerde, P., B. A. Muggenburg, A. R. Dahl and R. F. Henderson: The Diffusion-Linlited Clearance of Lipophilic
Compounds from Lungs: A Novel Dosimetry Concept. Annual Meeting of the Society of Toxicology, Nev,
Orleans, March 14-18, 1993.

Griffith, W. C.: Statistical Design for Inhalation Studies (Laboratory Demonstration). Current Concepts in Inhalation
Toxicology - A Short Course, Albuquerque, NM, October 26-29, 1992.

Griffith, W. C.: Effect of Demographic Factors on Fallout Pu Liver Burdens. Conference on Bioassay, Analytical
and Environmental Radiochemistry, Santa Fe, NM, November 2-6, 1992.

Griffith, W. C.: Comparison of the New ICRP and NCRP Lung Retention Models. Health Physics Course, School
of Engineering, University of New Mexico, Albuquerque, NM, December 16, 1992.

Griffith, W. C.: Health Effects of Inhaled Pu. Committee on Nuclear Weapons Safety for the Secretary of Defense.
Defense Nuclear Agency, Albuquerque, NM, March 30, 1993.

Griffith, W. C.: The New NCRP Lung Model. National Academy of Science, BEIR VI Phase I Committee

Workshop, Radon Dosimetry, Albuquerque, NM, April 19, 1993.

Guilmette, R. A.: Clearance of Particles Deposited on Canine Conducting Airways. GSF-Munchen, Neuherburg,
Germany, March 11, 1993.

Guilmette, R. A.: Clearance of Particles Deposited in Caltine Conducting Airways. GSF-Frankfurt, Frankfurt,
Germany, March 15, 1993.

Guilmette, R. A., W. C. Griffith, K. J. Nikula and M. B. Snipes: Clearance of Particles Deposited in the Conducting
Airways of Beagle Dogs. American Lung Association/American Thoracic Society International Conference, San
Francisco, CA, May 16-19, 1993.

Guilmette, R. A.: Inhaled Radionuclides: Biokinetics, Dosimetry, and Therapy. Health Physics Society Annual
Meeting, Atlanta, GA, July 11-15, 1993.

Guilmette, R. A., W. C. Griffith and A. W. Hickman: Intake and Dose Assessment of Workers that Inhaled 238pu

Aerosols Using the ITRI 238pu Biokinetic/Dosimetric Model. CEC/DOE Workshop on Intake of Radionuclides,
Bath, U.K., September 13-17, 1993.

Guilmette, R. A., Y. S. Cheng, H. C. Yeh and D. L. Swift: Deposition of 0.005-12 ,urn Monodisperse Particles in
a Computer-Milled MRI-Based Nasal Airway Replica. Workshop on Nasal Toxicity and Dosimetry of Inhaled
Xenobiotics: hnplications for Human Health, Research Triangle Park, NC, September 20-22, 1993.

Hahn, F. F., W. C. Griffith, B. A. Muggenburg, M. B. Snipes and B. B. Boecker: Pulmonary Effects of Inhaled Beta-
Emitting Radionuclides. Annual Meeting of the European Society for Radiation Biology, Frankfurt, Germany,
October 4-8, 1992.

Hahn, F. F., W. C. Griffith and D. L. Lundgren: Dose-Response Relationships and Risk Estimates for Lung

Carcinomas in Rats that Inhaled 239puO2 or 144CEO2. Annual Meeting of the European Society for Radiation
Biology, Frankfurt, Germany, October 4-08, 1992.

Hahn, F. F.: Respiratory Tract Cancer. Current Concepts in Inhalation Toxicology - A Short Course, Albuquerque,
NM, October 26-29, 1992.

Hahn, F. F.: Links Between Radiation-Induced Lung Cancer in Lab Animals and People. DOE/OHER Review, ITRI,
Albuquerque, NM, December 11, 1992.
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Hahn, F. F., D. L. Lundgren, W. C. Griffith and B. B. Boecker: I_x_ng-Term Effects ol" Thoracic or Whole-Body
Exposure of Rats to X-Rays. Joint Meeting of the Radiation Research Society/North American Hypothermia
Society, Dallas, TX, March 25, 1993.

Harkema, J. R. and K. J. Nikula: Morphometric Techniques lor Evaluating Pulmonary Toxicology (Laboratory
Demonstration). Curre,lt Concepts in Inhalation Toxicology - A Short Course, Albuquerque, NM, October 26-29,
1992.

Harkema, J. R.: Noncancerous Airway and Parenchymal Diseases. Current Concepts in Inhalation Toxicology - A
Short Course, Albuquerque, NM, October 26-29, 1992.

Harkema, J. R. and J. A. Hotchkiss: In Vivo Effects of Endotoxin on DNA Synthesis in Rat Nasal Epithelium
(presented by K. J. Nikula). 1992 American College of Veterinary Pathologists Annual Meeting, San Diego, CA,
November 17-20, 1992.

Harkema. J. R. and J. L. Mauderly: Effects of Chronic Ozone Exposure on Airway Mucosubstances in the Rat. Ninth
Health Effects Institute Annual Meeting, Monterey, CA, December 6-9, 1992.

Harkema. J. R., K. Pinkerton and C. Plopper: Effects of Chronic Ozone Exposure on the Nasal Mucociliary
Apparatus in the Rat. Ninth Health Effects Institute Annual Meeting, Monterey, CA, December 6-9, 1992.

Harkema. J. R., E. G. Bermudez and K. Morgan: Respiratory Function Alterations Following Chronic Ozone
Inhalation in Rats. Ninth Health Effects Institute Annual Meeting, Monterey, CA, December 6-9, 1992.

Harkema. J. R.: Airway Epith..ial Injury, Adaptation and Repair. DOE/OHER Review, ITRI, Albuquerque, NM,
December 11, 1992.

Harkema. J. R., K. Pinkerton and C. Ploppcr: Effects of Chronic Ozone Exposure on Airway Mucosubstances in the
Rat. 1993 Annual Meeting of the Society of Toxicology, New Orleans, March 14-18, 1993.

Harkema. J. R., J. A. Hotchkiss, D. G. Bun and C. H. Hobbs: Strain-Related Differences in Ozone-Induced Mucous

Cell Metaplasia in the Nasal Epithelium of Rats. American Lung Association/American Thoracic Society
International Conference, San Francisco, CA, May 16-19, 1993.

Harkema, J. R., J. A. Hotchkiss, D. G. Burr and C. H. Hobbs: Strain-Related Differences in Ozone-lnduceo Mucous

Cell Metaplasia in the Nasal Epithelium of Rats. Workshop on Nasal Toxicity and Dosimetry of Inhaled
Xenobiotics: Implications for Human Health, Research Triangle Park, /'qC, September 20-22, 1993.

Henderson, R. F.: Use of Lavage Fluid Analysis to Detect Response ol" Lung to Inhaled Panicles. R. J. Reynolds
Co., Winston-Salem, NC, January 27, 1993.

Henderson, R. F.: Response of Lung to Low Molecular Weight Polyacrylate Polymers. Rohm & Maas Co.,
Philadelphia, PA, February 8, 1993.

Henderson, R. F., K. Driscoll, R. Lindenschmidt, J. R. Harkema, E. B. Barr and I. Y. Chang: Response of the Rat
Lung to Inhaled Versus Instilled Particles. Toxic and Carcinogenic Effects of Solid Particles in the Respira_,c,ry
Tract, Hannover, Germany, March 1-5, 1.o93.

Henderson, R. F., K. R. Driscoll, R. Lindenschmidt, J. R. Harkema, E. B. Barr and I. Y. Chang: Response of Rat
Lung to Inhaled Versus Instilled Particles. Annual Meeting of the Society of Toxicology, New Orleans, March
14-18, 1993.

Henderson, R. F., W. E. Bechtold, P. J. Sabourin, K. R. Maples and A. R. D,.hl: Specics Differences in In Vivo

Metabolism of 1, 3-Butadiene. International Symposium on Health Hazards of Butadiene and Styrenc, Espoo,
Finland, April 18-21, 1993.
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Henderson, R. F.: Species Differences in Metabolism of 1,3-Butadiene. Chancellor's Distinguished Lecture,
University of California, Irvine, April 26, 1993.

Henderson, R. F.: Chemicals: Friends or Foe? Chancellor's Distinguished Lecture, University of Califonlia, Irvine,
April 27, 1993.

Henderson, R. F., J. R. Harkema, D. G. Bun and C. H. Hobbs: Rat Strain and Substrain Differences in Response
to Ozone. American Lung Association/Aiuerican Thoracic Society International Conference, San Francisco, CA,
May 16-19, 1993.

Hobbs, C. H., J. M. Benson and R. D. Brodbeck: Calibration and Ouality Assurance for Inhalation Toxicology
Studies (Laboratory Demonstration). Current L.ancepts in Inhalation Toxicology - A Short Course, Albuquerque,
NM, October 26-29, 1992.

Hobbs, C. H., K. M. Abdo, F. F. Hahn, N. A. Gillett, S. L. Eustus, R. K. Jones, J. M. Benson, E. B. Barr, M. P.

Dieter, J. A. Pickrell and J. L. Mauderly: Chronic Inhalation Toxicity of Talc in F344/N Rats and B6C3F 1 Mice
(,presented by J. L. Mauderly). Toxic and Carcinogenic Effects of Solid Particles in the Respiratory Tract,
Hannover, Germany, March 1-5, 1993.

Hobbs, C. H., F. F. Hahn, N. A. Gillett, S. L. Eustus, R. K. Jones, J. M. Benson, E. B. Barr, M. P. Dieter, J. A.

Pickrell and J. L. Mauderly: Chronic Inhalation Toxicity of Talc in F344/N Rats and B6C3F 1 Mice. Annual
Meeting of the Society of Toxicology, New Orleans, March 14-18, 1993.

Hoover, M. D. and G. J. Newton: Technical Bases for Selection and Use of Filter Media in Continuous Air Monitors

for Alpha-Emitting Radionuclides. American Association for Aerosol Research, San Francisco, CA, October
12-16, 1992.

Hoover, M. D.: Characterization of Exposure Atmospheres. Current Concepts in Inhalation Toxicology - A Short
Course, Albuquerque, NM, October 26-29, 1992.

Hotchkiss, J. A., J. S. Kimball, L. K. Herrera, G. E. Hatch, K. T. Morgan and J. R. Harkema: Regional Differences
in Ozone-Induced Nasal Epithelial Cell Proliferation in F344 Rats: Comparison witE Computational Mass Flux
Predictions of Ozone Dosimetry. Workshop on Nasal Toxicity and Dosimetry of Inhaled Xenobiotics:
Implications for Human Health, Research Triangle Park, NC, September 20-22, 1993.

Hotchkiss, J. A., W. A. Evans, K. R. Maples, B. T. Chen, G. L. Finch and J. R. Harkema: Regional Differences in

the Effects of Cigarette Smoke on Stored Mucosubstances in Respiratory Epithelium of the F344 Rat Nasal
Septum. Workshop on Nasal Toxicity and Dosimetry of Inhaled Xenobiotics: hnplications for Human Health,
Research Triangle Park, NC, September 20-22, 1993.

Johnson, N. F. and Y. S. Cheng: Fiber Aerosols. Topical Meeting on the Technical Basis for Measuring, Modeling,
and Mitigating Toxic Aerosols, Albuquerque, NM, September 27-30, 1993.

Kelly, G.: Molecular Mechanisms of Radiation-Induced Lung Cancer. DOE/OHER Review, ITRI, Albuquerque, NM,
December 11, 1992.

Kelly, G., T. Carpenter and N. F. Johnson: Simian Virus 40 Large T Antigen Expression in Saccharomyces
Cerevisiae./Mneric_n Association 5or Cancer Research, Orlando, FL, May 19-22, 1993.

Kennedy, C. H., W. A _Falmisano and J. F. Lechner: A Novel Technique to Study Toxicant-Caused Gene Expression
Alterations in Human Airv.,ay Cells. Congress on Cell and Tissue Culture. Meeting of the Tissue Culture
Association, San Diego, CA, June 5-9, 1993.

Lechner, J. F.: Gene Dysfunction in Lung Cancer from Uranium Miners. UNM Cancer Center, Albuquerque, NM,
November 24, 1992.
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Lechner, J. F.: Premalignant Events in Radiation-Induced Lung Cancer. DOE/OHER Review, ITRI, Albuquerque,
NM, December 1l, 1992.

Lechner, J. F.: Cellular Models of Radiation-Induced Lung Cancer. DOE/OHER Review, ITRI, Albuquerque, NM,
December 12, 1992.

Lechner, J. F.: Lung Cancer in Uranium Miners - Gene Dysfunction. DOE/OHER Review, ITRI, Albuquerque, NM,
December 12, 1992.

Lcchner, J. F. and J. L. Mauderly: Sequence of Events in Carcinogenesis - Multistage Carcinogenesis, Initiation,
Promotion, Progression, Protooncogenes and Tumor Suppressor Genes. Toxic and Carcinogenic Effects of Solid
Particles in the Respiratory Tract, Hannover, Germany, March 1-5, 1993.

Lechner, J. F.: Gene Aberrations in Alpha-Radiation-Caused Lung Cancer. The Steno Institute, University of Aarhus,
Aarhus, Denmark, March 8, 1993.

Lechner, J. F.: Early Detection of Gene Changes Leading to Lung Cancer. Lovelace Medical Foundation
Environmental Health Symposium, Albuquerque, NM, April 30, 1993.

Lechner, J. F., S. A. Belinsky, G. Saccomanno, J. Samet, W. P. Bennett and L. A. Tierney: Alpha Radiation-Caused
Lung Cancer. American Lung Associatiott/Aiuerican Thoracic Society International Conference, San Francisco,
CA, May 16-19, 1993.

Lechner, J. F.: Molecular Signatures of High-LET Radiation-Induced Lung Cancer: Animal Models, Cell Models,
and Uranium Miners. BEIR-IV Phase I Committee Workshop, Radon: Molecular and Cellular Radiobiology,
Washington, DC, August 26, 1993.

Lechner, J. F.: In Vitro Inhalation Toxicology. Xenometr;x, Inc., Boulder, CO, September 24, 993.

Lewis, J. L.: Structural and Metabolic Characteristics of Olfactory Toxicity and Their Potential Role in CNS
Toxicity. European Science Foundation's Mechanisms of Toxicity Conference Series, San Feliu de Guixois,
Costa Brava, Spain, November 10-15, 1992.

Lewis, J., K. J. Nikula, R. Novak, I. Y. Chang and A. R. Dahl: Induction of Nasal Carboxylesterase Following
Inhalation Exposure to Pyridine. Annual Meeting of the Society of Toxicology, New Orleans, March 14-18,
1993.

Lewis, J. L., K. J. Nikula and L. A. SacheUi: Induced Xenobiotic Metabolizing Enzymes Localized to Eosinophilic
Globules in Nasal Epithelium of Toxicant-Exposed F344 Rats. Workshop on Nasal Toxicity and Dosimetry of
Inhaled Xenobiotics: Implications for Human Health, Research Triangle Park, NC, September 20-22, 1993.

Lopez, J. A.: Design of Exposure Facilities (laboratory Denv.nstration). Current Concepts in Inhalation Toxicology -
A Short Course, Albuquerque, NM, October 26-29, 1992.

Lopez, J. A.: Use of Facility Operator Aids in a Research Laboratory. U.S. Department of Energy C'onduct of
Operations Workshop, Tampa, FL, May 5, 1993.

Lopez, J. A.: Operator Aid Configuration Management Workshop. U.S. Department of Energy Albuquerque
Operations Office, Albuquerque, NM, May 27, 1993.

Lundgren, D, L., F. F. Hahn, R. A. Guilmette and W. W. Carlton: Carcinogenic Effects of Inhaled 244CMO203 in
Rats. Health Physics Society Aimual Meeting, Atlanta, GA, July 11-15, 1993.

Lundgren, D. L.: ITRI Long-Term Rodent Studie_; National Radiobiological Archives Workshop, Washington, DC,
August 16-17, 1993.
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Lundgren, D. L.: Report on the NIOSH Workshop on Bioaerosols. Topical Meeung oil the Technical Basis for
Measuring, Modeling, and Mitigating Aerosols, Albuquerque, NM, September 27-30, 1993.

Maples, K. R., W. E. Bechtold, A. R. Dahl and R. F. Henderson: Butadiene Monoepoxide Levels are Greater in
Bone Marrow than in Blood Following Inhalation of 1,3-Butadiene in B6C3F 1 Mice. Annual Meeting of the
Society of Toxicology, New Orleans, March 14-18, 1993.

Mauderly, J. L.: Physiology of Regional Responses to Inhaled Toxicants. Current Concepts ill Inhalation

Toxicology - A Short Course, Albuquerque, NM, October 26-29, 1992.

Mauderly, J. L.: Respiratory Function Evaluation (Laboratory Demonstration). Current Concepts in Inhalation
Toxicology - A Short Course, Albuquerque, NM, October 26-29, 1992.

Mauderly, J. L., K. J. Nikula and M. B. Snipes: Influence of Particle-Associated Organic Compounds on
Carcinogenicity of Diesel Exhaust. Ninth Health Effects Institute Annual Meeting, Monterey, CA, December
6-9, 1992.

Mauderly, J. L., M. B. Snipes, E. B. Barr, S. A. Belinsky, W. E. Bechtoid, W. C. Griffith, R. F. Henderson, C. E.
Mitchell and K. J. Nikula: Influence of Particle-Associated Organic Compounds on Carcinogenicity of Diesel
Exhaust. Ninth Health Effects Institute Annual Meeting, Monterey, CA, December 6-9, 1992.

Mauderly, J. L., K. J. Nikula and M. B. Snipes: Influence of Particle-Associated Organic Compounds on
Carcinogenicity of Diesel Exhaust. NIOSH Lung Disease Branch, Morgantown, WV, February 1, 1993.

Mauderly, J. L.: Implications of "Lung Overload" for Health Effects of Inhaled Dusts. International Council on
Metals in the Environment, Health Advisory Panel, Pasadena, CA, February 8, 1993.

Mauderly, J. L.: Contribution of Inhalation Bioassays to the Assessment of Human Health Risks from Solid Airborne
Particles. Fourth International Symposium on Toxic and Carcinogenic Effects of Solid Particles in the
Respiratory Tract, Hannover, Germany, February 28-March 5, 1993.

Mauderly, J. L., R. F. Henderson, K. J. Nikula and M. B. Snipes: Non-Cancer Effects of Chronic Inhalation
Exposure of Animals to Solid Particles. Fourth International Symposium on Toxic and Carcinogenic Effects of
Solid Particles in the Respiratory Tract, Hannover, Germany, February 2,8-March 5, 1993.
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Inhalation Toxicology - A Short Course, Albuquerque, NM, October 26-29, 1992.
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APPENI)IX G

SEMINARS PRESENTED BY VISITING SCIENTISTS

OCTOBER 1, 1992 - SEPTEMBER 30, 1993

Dr. Richard D. Irons, Health Sciences Center, University of Colorado, Denver, CO: Studies on the Mechanism(s)
of Chemical Leukemogenesis: A Comparison of Benzene and Butadiene, December 15, 1992.

Dr. Adnan A. Elfarra, Comparative Biosciences & Environmental Toxicology, University of Wisconsin, Veterinary
Medicine, Madison, WI: 1,3-Butadiene Bioactivation, December 17, 1992.

Dr. Robert A. Leboeuf, Procter and Gamble Company, Miami Valley Labs, Cincinnati, OH: Transformation of Syrian
Hamster Embryo Cells at pH 6.70 for Assessing the Carcinogenic Potential of Chemicals and Studying
Multistage Carcinogenesis, January 18, 1993.

Dr. Richard J. Lemen, St. Luke's Clinic, University of Arizona Health Sciences Center, Tucson, AZ: An Update of
Adenovirus Bronchiolitis in Normal and Ragweed Sensitized Beagle Puppies, January 22, 1993.

Dr. Don Jacobs, Department of Vascular Surgery, Medical College of Wisconsin, Milwaukee, WI: Peripheral
lschemia and Reperfusion Injury, January 27, 1993.

Dr. Theodore T. Puck, Distinguished Professor, Department of Medicine, University of Colorado Health Sciences

Center, Denver, CO: Reverse Transcription, Genome Exposure and Cancer, January 28, 1993.

Mr. Gene A. Runkle, Director, Health Protection, Division, DOE Field Office, Albuquerque, NM: Radiation Safety
Visit to the Former USSR, January 29, 1993.

Dr. Peter Foiles, American Health Foundation, Valhalla, NY: Carcincgen Adducts as Markers in the Study of
Chemical Carcinogenesis, February 23, 1993.

Dr. Ian Gilmour, Health Effects Research Laboratory, U.S. Environmental Protection Agency, Research Triangle
Park, NC: Tire Interaction of Air Pollutants with Infectious or Allergenic Agents, March 12, 1993.

Dr. Ainsley Weston, Department of Community Medicine, Division of Environmental & Occupational Medicine, The
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AI'PENI)IX H

ADJUNCT SCIENTISTS

AS OF NOVEMBER 30, 1993
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Department of Anatomy Wayne Slate University
University of California School of Medicine Institute of Chemical Toxicology
San Francisco, CA 94143 Detroit, MI 48201

Dr. William W. Carlton Dr. Judy Raucy

Department of Veterinary Microbiology, College of Pharmacy
Pathology and Public Health University of New Mexico
School of Veterinary Medicine Albuquerque, NM 87131
Purdue University
West Lafayette, IN 47907 Dr. Alan H. Rebar

School of Veterinary Medicine
Dr. Frank D. Gilliland Purdue University

Cancer Center West Lafayette, IN 47907
New Mexico Tumor Registry and

Department of Medicine Dr. Jonathan M. Samet
University of New Mexico Pulmonary Division
Albuquerque, NM 87131 Department ot" Medicine

The University of New Mexico
Dr. Terry Gordon Albuquerque, NM 87131
Institute of Environmental Medicine

Long Meadow Road Dr. Thomas Sandstr6m

Tuxedo, NY 10987 Department of Lung Medicine
University Hospital

Dr. William M. Hadley S-901 85 L)'mea, Sweden
Dean, College of Pharmacy
Unive,_ity of New Mexico Dr. Steven Q. Simpson
Albuquerque, NM 87131 Pulmonary Division

Department of Medicine
Dr. Richard Hayes University of New Mexico
NIH, NCI Albuquerque, NM 87131
6130 Executive Boulevard
Executive Plaza North 418 Dr. David L. Swift

Rockville, MD 20892 Johns Hopkitts University
School of Hygiene and Public Health

Dr. Steve Kleeberger Bailimore, MD 21205
Division of Physiology
Department of Environmental Health Dr. Jonathan B. Ward
Johns Hopkins University University of Texas Medical Branch
615 N. Wolfe Street 2.102 Ewing Hall, S-10
Baltimore, MD 21205 Galveston, TX 77555-1010

Dr. Donna Kusewitt Dr. Ross Zumwalt

The Lovelace Institutes Office of Medical Investigation

2425 Ridgecrest S.E. Assistant Chief Medical Investigator
Albuquerque, NM 87108 University of New Mexico

School of Medicine

Dr. Douglas Mapel Albuquerque, NM 87131
Pulmonary Division
Depa_ment of Medicine
University of New Mexico
Albuquerque, NM 87131-5271
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API'ENI)IX 1

EDIICATION ACTIVITIES
AT THE INHALATION TOXICOLO(;Y RESEARCH INSTITUTE

ITRI has always had educational programs that encourage students to select careers in science. Our programs
provide research opportunities in inhalation toxicology and pulmonary biology for precollege, undergraduate, graduate
students, postdoctoral fellows, and visiting scientists. These programs are important because fewer students are
selecting careers in science, although there are continuing needs tbr scientists. A goal of our educational programs
is to help provide scientists who will be available to fill positions needed by the Department t,f Energy.

Precollege Students

To stimulate an interest in science in precoilege students, we provide tours and demonstrations at our Institute
and support students who participate in science fairs. We also provide the opportunity ibr high school students to
work in our research laboratories. This program has worked well during the last three summers, and we will have
high school students working in our laboratories in FY-1994.

To support precollege education, ITRI provides research opportunities for middle school and high school science
teachers. One program, the Summer Teacher Enrichment Program (STEP), is specifically for New Mexico teachers.
A second program is the Teacher Research Associates Program (TRAC) for teachers throughout the United States.
Teachers in these programs are involved in all steps of a scientific study, including the design of experiments, the
conduct of experimental assays, evaluation of data, and the presentation of scientific results. The direct involvement
of teachers in all phases of a research project provides ihenl with information valuable to students interested in
careers in science. The STEP and TRAC participants have been very enthusiastic about their v,ork at ITRI and have
found various ways to incorporate their experiences into the classroom. We will have eight high school teachers in
these two programs at our Institute during the summer of FY-1994.

Since its beginning in 1984, 33 New Mexico middle school and high school science teachers have participated
in research at ITRI through STEP. TRAC started in 1989, and 16 high school teachers have been supported at our

Institute by this program. There were four STEP and four TRAC teachers in these programs at ITRI during the
summer of FY-1993.

In FY-1993 a Field Task Proposal was submitted to obtain funding for a program in "Environmental Health

Science - Educational Awareness." We anticipate funding of this program in FY-1994. An important objective of
this program will be to provide interactions between ITRI and science teachers at high schools to stimulate interest
by precollege students in environmental health science.

Our staff continued their involvement in precollege education as science fair judges and as tutors and mentors.

Undergraduate Students

There are three programs at ITRI for undergraduate students. The first is for undergraduate students who are
science majors and who plan to continue their education with postgraduate training. Students in this program are
provided the opportunity to initiate and complete a scientific investigation under the direction of an ITRI staff

member. By being involved in the design of the study, the conduct of the experiments, analysis of the data, and the
presentation of results, the students gain an understanding of research and experience the excitement of new
discovery. Nine students carried ou! research at ITRI during the past summer.

A second program is for students in the Waste-management Education and Research Consortium (WERC). The
mission of WERC is to expand the national capability in the nmtmgement of hazardous, radioactive, and solid wastes.

Four WERC students were provided opportunities to participate in waste-management activities at 1TRI in FY-1993.

The third educational program for undergraduate students provides work opportunities for engineering students.
Six students worked in various areas of engineering at ITRI during the summer of FY-1993. A total of 545 students
have received educational opportunities at ITRI since 1966.
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We continue to encourage students from the New Mexico universities to apply lot our summer research
programs. The continued participation of WERC students at ITR1 has increased the number of New Mexico students
participating in education programs at ITRI. Wc will continue to encourage more students from New Mexico to
participate in our summer research programs to provide opportunities students in our state and to attract a higher
number of minority applicants.

Graduate Students

Our Inhalation Toxicology Research Institute/University of New Mexico (UNM) Graduate Program in Inhalation
Toxicology provides the opportunity for students to obtain the Ph.D. degree. Course work is completed at UNM,
and the research portion of the doctoral degree is carried out at ITRI, with a staff member from our Institute serving
as the research advisor. Two new students were accepted into this graduate program in FY-1993. We have
continued to obtained support from industry for our graduate program. Both Lilly Laboratories and E. I. duPont de
Ncm_u_; & Company continued to contribute funds that support the attendance of students at scientific meetings and
as well as stipend support.

In addition to the ITRI-UNM program, graduate students attending other universities can also carry ou_ the
research necessary for their graduate degrees at the Institute. All course work for the advanced degree is completed
at the university before the student starts research at ITRI. The advanced degree is awarded by the participating
university upon completion of all degree requirements. Since 1968, 33 graduate students have conducted all or part
of their research at ITRI.

Our graduate programs take advantage of the conlplementary academic resources available at universities and
the research resources available at ITRI. For example, we established joint graduate programs in pathology with the
schools of Veterinary Medicine at Colorado State and Purdue Universities. Graduate veterinary students complete
the research portion of a Ph.D. degree at ITRI as part of their residency program in pathology. A program in health
physics has recently been established with Texas A&M University, with funding from the Department of Energy.

.Pos!graduate Students

We provide research appointments to recent doctoral graduates to continue in their research training. Students
in life science, chemistry, veterinary medicine, or engipeering carry out research under the direction of ITRI staff

members. This program is designed to develop research capabilities both in inhalation toxicology and one or more
of the areas of basic pulmonary biology. It continues to be difficult to find qualified postdoctoral participants, and

during FY-1993 we had only one postdoctoral fellow participating in research at our Institute. A continuing goal
is to increase the number of postdoctoral participants at our Institute.

University Faculty and Industrial Scientists

Opportunities are available for scientists from universities or industry to visit the Institute or collaborate in

research at ITRI. The length of these visits ranges from a few days, to obtain information or learn techniques, to
up to a full year, to conduct research. During FY-1993, participants included scientists from UNM, the Albuquerque
Veterans Medical Center, Purdue University, and the California Polytechnic State University.

Other Educational Activities

Several of our staff members hold academic appointments and present lectures to university students. ITRI also
holds periodic workshops in inhalation toxicology. These workshops have received intenlational recognition. The
book, "Concepts in Inhalation Toxicology", published in 1989 from the workshop held in 1987, has become a key
text in the field. The Jast workshop was held in October 1992, and approximately 90 attendees benefitted from the
lectures and laboratory demonstrations.

David E. Bice, Ph.D.
Education Coordinator
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