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INTRODUCTION

This 1972-1973 Annual Report of the inhalation toxicology research program conducted by the Love-

lace Foundation for the U. S. Atomic Energy Commission is the first in which the organization is desig-

nated as the Inhalation Toxicology Research Institute. This designation, made in mid-1973, recognizes

the broad capabilities of the Institute within the field of inhalation toxicology and the Instltute’s mission

of addressing significant problems that concern the effects of airborne noxious particles and gases on

man and his environment.

Within this broad mission, the prime objective of the Institute continues to be the development of

knowledge that will contribute to an improved understanding of the biological consequences of inhaling

radionuclides, such as might be released in the event of nuclear accidents. The ultimate goal is to estab-

lish the relationship be~,een the radiation dose pattern resulting from various levels and types of expo-

sures and the resultlng biological response.

The major stimulus for development and continuation of the research program stems from concern

for nuclear industry operations that may result in potential accident situations with release of radioactive

aerosols. In the past, major attention has been directed toward investigations with fission product radio-

nuclides that are of interest relative to nuclear power reactor and associated fuel reprocessing operations.

More recently, increased attention has been directed toward research with plutonium and transplutonium

radienuclides recognizing their importance in the future, especially with development and broad use

of breeder reactors.

Studies are being conducted to evaluate the importance of the many factors influencing the toxicity of

inhaled radionuclldes. These include: (I) the radiologlcal characteristics of radionuclides such as half-

life, emissions (alpha, beta and gamma), and energies; differences that result in a spectrum of radiation

dose patterns and dictate concern for (a) relative effectiveness of alpha, beta and gamma radiation,

(b) radiation dose rate, (c) total radiation dose, and (d) the degree of non-homogeneity of irradiation

of the tissue, especiany lung; (2) the size distribution of the aerosol particles; (3) physical and chemi-

cal characteristics of particles, such as density and solubility; and (4) the physiological characteristics

of the animals that influence retention of inhaled materials. Al] of these factors are important in deter-

mining the ultimate toxicity of an inhaled radioactive aerosol.

The ultimate aim of the program is to develop information that will be relevant to man. In the absence

of information on man himself, it is necessary to conduct animal experiments with a view toward making

extrapolations to man. To this end, several experimental animal species are being routinely used includ-

ing mice, Chinese hamsters, Syrian hamsters, rats, and Beagle dogs, attempting to capitalize on unique

characteristics of each species as appropriate. Extensive use is made of the Beagle dog for several rea-

sons including; (I) its moderately long lifespan, which may be of importance in extrapolating findings

to man; (2) its size, which allows each animal to be studied intensively as a clinical subject much as 

human patient; and (3) the desire to make use of the wealth of information being obtained in other long-

term radiation toxicity programs using the Beagle dog, and to develop information that will complement

the findings of these programs.

Papers within the report are grouped in seven sections which correspond to the programmatic areas

that have been dellneated for budget purposes. Section I reports research directed toward developing

an improved understanding of the nature of radioactive aerosols, including their production and char-

acterization for use in animal exposures. During the past year, major attention has been given to research

with plutonium and is reflected in all six of the papers included in this section. One paper describes an

improved system for the routine production of monodisperse particles of 2BgPuo2 in large quantities.



A noteworthy portion of this paper relates to the development of an 169yb gamma-emitting tag for plutonium

aerosols, a development that is expected to be of substantial assistance in determining the initial deposi-

tion of experimental plutonium aerosols. A second paper reports studies on the in vitro solubility of

respirable plutonium particles including studies with an accidentally released aerosol. This paper em-

phasizes solubility differences in 238pu and 239pu aerosols, a difference that is of substantial biological

importance. Three papers report developments related to improved exposure and characterization tech-

niques, namely, an improved exposure system for Beagle dogs, an instrument for instantaneous determi-

nation of the concentration of alpha-emitting aerosols, and the development of a miniature aerosol spec-

trometer. The sixth paper describes the development of a 198Au tagged aerosol, a high density aerosol

that should be of assistance in evaluating the importance of density of aerosols, particularly very dense

aerosols such as those of transuranic elements, on their biological behavior.

Section II contains eight papers describing research directed toward obtaining an improved under-

standing of the radiation dose pattern resulting from inhalation of radioactive aerosols of diverse character.

This section includes papers dealing with both beta-gamma emitting and alpha-emltting radioactive aero-

sols. The research reported spans from concern for biological factors such as coprophagy to physical

factors such as differences in in vitro solubility as determinants in the biological fate of inhaled materials.

The first paper in the section integrates several of these factors in providing a physical, chemical and

mathematical analysis of the biological fate of inhaled radioactive cerium. A second paper discusses the

organ distribution of inhaled cerium, lanthanum and yttrium, a subject that is particularly timely recog-

nizing the concern for the metabolic fate and radiation dose from lanthanide elements released in very

small quantities from power reactors . A third paper in the section also deals with 144Ce and addresses

the question of the influence of the temperature of production of aerosols on their ultimate biologicalfate.

A fourth paper considers the suborgan distribution of radiation dose in the thorax after inhalation of

particles containing an energetic beta emitter, research that ultimately provides improved dose parameters

for use in considering dose-response relationships. Other papers in this section are concerned with

the fate of inhaled monodisperse particles in experimental animals, an approach that is anticipated to

ultimately provide a much improved understanding of the influence of particle size and solubility on

their disposition within the body.

Section IIl relates research that is the major thrust of the total program and includes reports on

a series of studies directed toward establishing the relationship between exposure to various levels and

types of aerosols and the resulting biological effects. Included are progress reports on a series of

sequentially inter-related studies in which Beagle dogs, exposed to a few carefully selected radioactive

aerosols that produce significantly different radiation dose patterns, are being followed for their total

lifespan so as to provide an assessment of the various parameters of radiation dose that influence dose-

response relationships for inhaled radionuclides. This includes four longevity studies in which young

adult (12-14 months of age) Beagle dogs have been exposed to relatively soluble forms of radionuclides;

90SrCI2, 144CEC13, 91ycI3 and 137CsCl, and four studies in which similar aged dogs have been exposed

to relatively insoluble forms of beta-emitting radionuclides which have a varied effective half-life of

retention in lung; 90y, 91y, 144Ce or 90St in fused clay. Two additional studies are being conducted

with a view toward evaluating potential age-related differences in the toxicity of inhaled radionuclides

by studying Beagle dogs exposed at 3 months or 8 to I0.5 years of age for comparison with dogs exposed

as young adults. Other reports in this section detail complementary studies being performed in rodent

species with a view toward providing a broader base of information for extrapolating experimental animal

data to man. Where appropriate, the title of the longevity study reports includes a Roman numeral suffix

representing the number of progress reports prepared for that particular study. The lead paper in

this section is a compilation of information on the choice of the Beagle dog as a laboratory animal.

Section IV relates research being conducted to develop an improved understanding of the pathogenesis

of radiation-induced disease, especially as produced by internally deposited radionuclides that enter



the body via inhalation. The studies reported in this section range from the biochemical level, i.e. con-

nective tissue and lipids in the lung to the chromosomal level to the system level, i.e. studies of pulmo-

nary function. Of special note are several papers in the section reporting the results of studies with

internally deposited plutonium. One of these papers relates the very low frequency of chromosome aber-

rations in the blood lymphocytes of Chinese hamsters following inhalation of very large quantities of

238puO2, a finding which suggests caution in attributing chromosome aberrations observed in plutonium

workers to low level plutonium burdens. A second paper addresses the question of the influence of

the size and number of plutonium particles on the production and distribution of chromosome aberrations

in the liver of Chinese hamsters and suggests a sparing effect related to increased particle size as com-

pared to the effects produced by relatively uniformly distributed plutonium in the liver. A third paper

relates the results of cytogenetic studies on the testes of Chinese hamsters given intravenous injections

of monomeric 239pu in large quantities. The preliminary results of this study suggest that low level

exposures to plutonium are unlikely to result in observable cytogenetic effects in gonads.

Section V reports research directed toward developing effective therapeutic procedures for treating

individuals who may be accidentally exposed to radioactive aerosols. All four papers in this section

address the use of bronchopulmonary lavage for removing inhaled particles from the lung. One of the

papers reports findings of a study utilizing multiple bronchopulmonary lavages for removing inhaled

particles. A second study addresses the important question of the influence of time post-exposure on the

fractional removal of inhaled particles. A third paper considers the influence of a variation in the lavage

technique, the flow rate at which lavage fluid is introduced into the lung. A fourth paper in this section

relates preliminary results from a study in which Beagle dogs were exposed to 239pu aerosols of varied

solubility and subsequently treated with bronchopulmonary lavage and intravenous DTPA. The early

results of this study emphasize the value of both treatment modalities for relatively soluble forms of

plutonium produced at low temperatures and the high degree of effectiveness of lavage and poor effective-

ness of DTPA for removing relatively insoluble forms of plutonium aerosols generated at high temperatures.

The final results of this study, which will include a comparison with in vitro solubility studies, should

be of substantial assistance to the industrial physician in determining an appropriate course of treatment

for accidental exposure cases.

Section VI of the report, Respiratory Tract Deposition Models, involves research being conducted

for and supported by the National Institute of Environmental Health Sciences (NIEHS) under an inter-

agency agreement between the NIEHS and the U. S. Atomic Energy Commission. One report in this section

describes a stereoradiographic method for evaluating the morphology of the respiratory airways. A

second paper presents a conceptual model of the respiratory tract airways for use in morphometry of

the mammalian lung.

Section VII of the report is concerned with repeated exposures to radioactive aerosols and includes

two papers. The first concerns the question of the retention pattern of radioactive aerosols with a re-

peated exposure regime as compared to retention following single exposures. The second report presents

preliminary information on the effects of repeated inhalation exposure of mice to 144CEO2 aerosols. This

last section, which relates the results of a new effort within the Institute, is considered to be of particular

importance recognizing that current radiation standards are by and large based on the results of studies

with single acute inhalation exposures and represent mathematical extrapolations to the repeated or

chronic exposure situation. Thus, it is important to evaluate the correctness of the assumptions inherent

in this extrapolation. In addition, it is important to recognize that there are exposure situations associated

with both normal nuclear facility operations as well as accidents that can give rise to repeated exposures

and thus it is of importance to determine the biological effects that may be associated with such exposures.

Although not specifically detailed in the report, it is worthwhile to point out certain educational fea-

tures of the Institute. During the past year, 34 individuals participated in the research effort as Graduate

Fellows or Student Participants under the auspices of the Associated Western Universities, Inc. or as



short-term employees. Included were students in the basic biological and physical sciences as well

as individuals enrolled in dental, medical or veterinary medical schools from a total of 13 different insti-

tutions. The objectives of this effort were multi-fold; first, an attempt was made to have the student

work closely with a doctoral-level staff member so that the student could gain a first-hand impresslon

of science and assess his or her interest in pursuing a career in science; second, the students provided

valuable assistance in conducting the research program of the Institute; and third, as is frequently the

case, the presence of students served as a stimulus to the permanent staff, by continually questioning

the "why" and "how I~ of the research under way.

Because of the multidisciplinary and long-term nature of the effort, the research reported here is

the product of the entire staff. Nonetheless, it is desirable to provide the outside reader with an indica-

tion of the principal investigators associated with particular aspects of the research program in the event

the reader should desire to contact an investigator for additional information. This has been done by

listing the principal investigators associated with each effort. It should be emphasized that these listings

are rarely comprehensive in acknowledging all the individuals who have made important contributions

to the research. In the unnamed category are the many highly skilled technicians, animal caretakers,

maintenance, shop, administration and secretarial personnel whose efforts are essential to the continua-

tion of a productive and meaningful research program. A roster of the staff is shown in Appendix E.

An aerial view (above) of the Inhalation Toxicology Research Institute located I0 miles south of Albuquer-

que, New Mexico on Kirtland Air Force Base East. The facility, operated by the Lovelace Foundation

for Medical Education and Research for the Division of Biomedical and Environmental Research, U. S.

Atomic Energy Commission, was constructed in several increments starting in June 1962. The facility

now consists of (I) a central laboratory and office building which includes a specially designed and

equipped inhalation exposure complex for research with beta-gamma emitting radionuclides, (2) a veteri-

nary hospital with facilities for detailed clinical observations on experimental dogs, (3) a canine metab-

olism building, (4) a small animal barrier-type building, (5) ten kennel buildings, nine capable 

housing I00 dogs each and one housing 12O dogs, and (6) exposure facilities for research with alpha-

emitting radionuolides. Other facilities located at the Lovelace Foundation headquarters site in south-

east Albuquerque are also used in the research effort.
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SECTION I

NATURE OF RADIOACTIVE AEROSOLS

AND USE OF A SYSTEM FOR ROUTINE PRODUCTIONDEVELOPMENT

OF MONODISPERSE PARTICLES OF 238puO2. AND EVALUATION OF

GAMMA EMITTING LABELS

ABSTRACT

A system has been designed, constructed, tested and used(a a < 1.2) particles of 238pu02

for producing monodisperse

which are being used in inhalation experiments with dogs

and rodents. The system consists of a series of five stainless

steel glove boxes housing the aerosol generation system,

heating columns for heat treatment of the aerosols, an aerosol

chamber, four Lovelace Aerosol Particle Separator (LAPS)

units and associated equipment. Polydisperse aerosols

are produced by nebulization of Pu(OH)4 dispersed in 0.6 M

HCI and passed through two heating columns, one at PRINCIPAL INVESTIGATORS

320°C and one at 1150°C , to yield PuO2 particles. These O. G. Raabe
H. A. Boyd

are introduced into an aerosol chamber from which samples G. M. Kanapilly

can be drawn into the four LAPS units where the particles C. J. Wilkinson
G. J. Newton

are separated and collected on metal foils according to aerody-

namic equivalent diameter. After many hours of operation,

when the LAPS units contain sufficient material, the LAPS

foils ore removed and cut into small segments containing

particles with coefficient of variation less than 10% based

on aerodynamic diameter. The particles of PuO2 on each

are suspended in aqueous solutions containing a suitable

surfactant and nebulized to provide monodisperse aerosols
238 51 169

of PuO ~particles. The use of Cr and Yb as gamma
~38 51

labels for PuO2 has been studied. The Cr separated

238pu02 particles under the 1150~C heat treatmentfrom the

(presumably as a vapor of some intermediate chromium

compound) so that neither uniform nor adequate labeling

was achieved. The nuclide 169yb, however, was both

a uniform and relatively stable label for 238pu02 aerosols

with dissolution only slightly higher than the plutonium itself

INTRODUCTION

The basic procedure for aerodynamically separating insoluble particles into monodisperse size groups

using a spiral-duct aerosol centrifuge and subsequently generating monodisperse aerosols from these

separated particles has been described.1 The application of this technique to the generation of monodis-

parse aerosols of 239puO2 has also been described. 2 In order to apply this method to the preparation

large quantities of monodisperse particles of 238puO2 for use in inhalation experiments, a monodisperseof

particle production system has been designed, constructed, tested and used to characterize particles



of 238puO2 and prepare monodisperse particles for use in inhalation experiments with Beagle dogs and

small rodents.

The procedure for preparing monodisperse particles of 238puOz involves two aerosol systems.

In the first, the primary polydisperse aerosol is generated and delivered to an aerosol chamber. In

the second system, four Lovelace Aerosol Particle Separator (LAPS) units are used to take samples

of the primary aerosol from the aerosol chamber and separate these particles according to their aerody-

namic properties.

MATERIALS AND METHODS

Chemical Procedures:

Plutonium has been obtained which contains 80% to 90% 238pu with the remainder being primarily

239pu. This plutonium is herein referred to as 238pu with the understanding that this is the primary

actinide isotope present. The specific activity of the plutonium source material varies depending upon

the exact ratio of 238pu to the other components. This source material was obtained as PuO2 and dis-

solved in a mixture KI-HC1 or HNO3-HF or both. The resultant solution was evaporated to dryness several

times to remove iodide and/or fluoride with the dry residue redissolved each time in 6 M HNO3. After

the final evaporation, the residue was dissolved in 2 M HC1 and treated with NaNO2-HNO3 to convert
4+

all Pu to Pu The precipitate formed by subsequent addition of NH OH was filtered, washed with water¯
4.... 238

and dlssolved m 2 M HCI, to provide the baslc stock solutlon of Pu, usually containing around 5 mg/ml.

The aerosol nebulizer solutions for generating the primary polydisperse aerosol of 238puO2 were

prepared as summarized in Figure I. The usual volume of the generator mixture required at one time

was 5 ml to 15 ml with a plutonium concentration around 2.5 mg/ml. For each preparation, sufficient

stock solution was taken and treated with NaNO2
and HNO3 to insure the presence of Pu4+. After

stirring about 15 minutes the gamma-emitting tracer,

if used, was added as the chloride in dilute HC1.

Both 51Cr3+ and 169yb3+ have been studied for

use as gamma-emitting labels for 238puO2. The

hydroxide of the Pu4+ (and the tracer, if used)

was then precipitated with the addition of NH4OH.

This precipitate was filtered, washed with dis-

tilled water and dispersed in 0.6 M HC] to achieve

the correct volume and plutonium concentration.

Assays of the 238pu in the final preparations were

made with aliquots by liquid scintillation counting.

The nebulizer mixture remained stable as re-

quired for the generation of the primary aerosol

only for about 2-3 hours even when stored in an

ice water bath by which time the color changed

from green to brown. Hence, fresh nebulizer mixtures

were made every two hours when large quantities

were required.

Aerosol Generation and Particle Collection:

The primary polydisperse aerosols of 238puO2

were generated by nebulizing the 238pu(OH)4

dispersed in 0.6 M HC1 with a Lovelace nebulizer

and passing the resultant droplets through a heated

quartz tube at 320°C to dry the droplets and form

the basic particles and then on to a high temperature

1
Z3Sp~4 ~ HCI ~-NaNOz

Stock !

I
FILTRATION

i
~./¥ tracer, if used

FILTRATE ~ 5 M NH4OH

Pu(OH)4 -..~---~Aq. 

FILTRATION

I Pu(OH)4 --- HzO Wash

--. 0.6 M HCI

GEN. PREP.

Figure i, Block diagram showing basic
sequence of chemical procedures used
to prepare aqueous mixtures of 238pu
for nebulization to generate 238puo2
aerosols,



furnace through a quartz tube heated to I150°C to produce the 238puO2¯ This procedure produced an

aerosol of roughly spherical particles of relatively uniform density which had a tan color on filters as

expected for the stochiometric oxide.

The Lovelace nebulizer provided about 50 ~tl/min of aerosol in a total volume of 1.5 I/min of air.

About 1.5 I/min of clean dry diluting air was mixed with the nebulizer output to speed the flow of the

aerosol through the heating columns after which another 4.6 I/min of clean dry diluting air was added

to yield a total volumetric rate of 7.6 I/min and a relative humidity of about 45~. This aerosol passed

into a cylindrical aluminum aerosol chamber that had a volume of about 4 liters. A portion of the poly-

disperse PuO2 aerosols was drawn from the aerosol chamber into four LAPS units. Each LAPS drew

about 0.3 I/min of aerosol for a total of about 1.2 l, or about 15% of the total PuO2 aerosol available; the

excess was exhausted from the chamber. This provided a stable dynamic arrangement in which the

aerosol chamber could be maintained at a slightly negative pressure with respect to the surroundings.

Also drawn from the aerosol chamber was a small filter sample for concentration measurements and a

cascade impactor sample for evaluating the size distribution of primary PuO2 aerosols. Unused aerosol

passed from this chamber to a concentric electrostatic precipitator where the material was collected so

that it could be recovered. After the electrostatic precipitator was an absolute filter unit to collect any

plutonium particles which escaped the precipitator. In four successive tests, the efficiency of generat-

ing aerosols and heat treating them to provide the primary polydisperse PuO2 aerosols in the aerosol

chamber ranged from 49% to 84% with average of 64%.

Aerosols drawn into the LAPS are separated and collected according to their aerodynamic properties

under the influence of centrifugal and coriolis forces. The LAPS is essentially a spinning rotor with

a spiral duct. The rotor is spun at a constant 3600 rpm with an induction motor. The aerosol sample

is drawn into the spiral duct through an inlet slit at the axis of the rotor and flows parallel to a laminar

stream of clean air which fills 94~ of the duct. The aerosol particles move toward the outer wall of the

duct with speeds depending upon their aerodynamic equivalent diameters and deposit upon a 46.2 cm

long stainless-steel collection foil lining the outer wall of the spiral duct. Particles larger than about

0.6 ~Im in aerodynamic equivalent diameter are collected on the foil and the smaller particles are collected

on a filter at the exit end of the duct. Because of the centrifugal forces the particles can be collected

on the foil to a relatively thick layer without losses. The foil is cut into 23 segments to provide different

size groups of monodisperse particles.

Glove-Box Housing:

Both the primary 238puO2 aerosol generation system and the particle separator system are housed

together in assembly-line fashion in a series of five stainless-steel glove boxes with safety glass windows.

This setup as shown in Figure 2 is in an early assembly stage with the gloves removed from the end

boxes and the viewing windows removed from the middle three boxes. At each end of the glove box

line, pass boxes with both internal and external doors are available for passing items in and out without

compromising containment. For radiological safety, the boxes are maintained at 0.5"H20 negative pres-

sure during use.

From left to right in Figure 2, the first box houses the nebulizer and 320°C heating column which

consists of a nichrome wire wrapped quartz tube about one inch in diameter (not shown) . The second

box houses the high temperature furnace operated at I150°C; this consists of a quartz tube (about one

inch in diameter) surrounded by silicon carbide heating elements insulated by fire brick and asbestos

sheeting. The bulkheads between the first and second boxes and between the second and third boxes

are stainless steel panels each with a 7-1/2" diameter hole through which passes the i" diameter quartz

tube carrying the primary aerosol. This second box which has a view window of tempered glass with

no glove ports, fulfills the important function of providing heat isolation for the high temperature furnace

so that the adjacent boxes can be maintained at ambient temperature.



Figure 2. Aerosol generation and Lovelace Aerosol Particle Separator
(LAPS) system for preparing monodisperse particles of 238PUO2 show-
ing the 5 stainless steel boxes in which the equipment is housed. The
three middle boxes have the viewing windows and associated glove ports
removed for this picture. The boxes at each end have only the gloves
removed. From left to right, the first houses the aerosol generator
and low temperature heating column (not shown), the second the high
temperature heating column furnace, the third the aerosol chamber and
associated equipment, the fourth the LAPS units, and the fifth is a work
space for cutting the collection foils.

The third box houses the aerosol chamber (which is mounted on the right-hand bulkhead) and the

associated equipment including the concentric electrostatic precipitator and the large filter unit which

are used to collect the excess aerosol. There are no openings in the bulkhead between the third and

fourth boxes, except for the hole in which the aerosol chamber is mounted. The fourth box houses the

four LAPS units with their motors mounted under and outside this box. Four holes with 1/2" pipe threads

in the aerosol chamber are on the left bulkhead through which aerosol samples and the LAPS samples

are taken from the aerosol chamber in the third box.

The last box is separated from the LAPS box by a stainless steel panel in which is located a sliding

door. This box is used for cutting the collection foils into segments and storing these segments in 50

ml plastic centrifuge tubes. These centrifuge tubes can be passed out of this last glove box via the end

pass box when needed.

Monodisperse Aerosol Generation:

monodisperse aerosols of 238puO2 are generated for inhalation experiments by resuspendingThe

the particles on an individual foil segment into a dilute aqueous solution of surfactant. First, the quantity

of plutonium in the centrifuge tube is evaluated by counting the i00 KeV gamma rays (or the gamma-

emitting label, if used) with a 3 x 3 Nci crystal and multichannel analyzer. Then 50 ml of the surfactant

solution is added to the centrifuge tube and the tube is placed in an ultrasonic cleaner to dislodge the

plutonium particles from the stainless steel foil segment. Many hours of ultrasonic agitation are normally

required. Alpha counting of dried aliquots is used to evaluate the suspension.

After most of the particles have been dispersed, the stainless steel foil is removed from the tube

and the suspension diluted or concentrated (by centrifugation) as required to provide a suspension

which can be nebulized in the animal exposure apparatus. In the animal exposure apparatus, the mono-

disperse aerosol is diluted with clean dry air as required to dry the droplets, reduced in electrostatic

charge by passing through a Kr-85 discharger, and heated by passing through a column maintained

at 400°C to 500°C to degrade the residue of surfactant.



One surfactant that has been used for the preparation of the monodisperse particle suspension is

dipalmitoyl lecithin (DPL) at a concentration of 0.01%. At 400°C, 91% of the mass of the DPL is degraded

to gaseous products. The surfactant yields very small extraneous aerosol particles which do not contain

plutonium.

RESULTS

LAPS Calibration:

The LAPS units were calibrated using various sizes of monodisperse polystyrene and polyvinyltoluene

latex particles (DOW Chemical Company, Midland, Michigan) . Aerosols of these particles consisting

of singles and multiple aggregates were generated by nebulization of aqueous suspensions and the charge

distribution of these particles was reduced to Boltzman equilibrium by passing through a Kr-85 discharger

(Thermo Systems, St. Paul, Minnesota). The LAPS units were set up to operate under nearly identical

conditions so that the particle separation characteristics would be nearly the same for all four. These

conditions included 3600 rpm rotor speed, 23 _+ 3° aerosol temperature 4.8 1/min total exhaust air flow

and about 0.3 i/min aerosol sampling rate. Both the aerosol and the clean diluting air were kept at

35-50% relative humidity to minimize diffusiophoresis during particle separation.

The combined results of calibration data for the four LAPS units are shown in Figure 3, plotted as

Lovelace Count Median Aerodynamic Diameter (LCMAD) versus distance down the LAPS channel centerline

of the latex deposit of the stated size. Calibration data are shown for single latex particles as well as

for aggregates of two (doublets) and three (triplets) . Also shown in Figure 3 are the positions of 

23 segments into which the collection foils were cut. Segment number zero, which includes the whole

first 5.6 cm of the foil, collects only that small amount of material associated with particles larger than

4.4 Ilm in aerodynamic diameter.
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Figure 3. Composite calibration of four LAPS
units plotted as Lovelace Count Median Aero-
dynamic Diameters (~m) versus Distance Down
LAPS channel (cm) for singlets, doublets and
triplets of various latex aerosols indicated by
the manufacturer’s identification numbers.

Figure 4 shows the calibration foils from the four LAPS units for a sample of polystyrene particles

which had a singlet aerodynamic diameter of 0.9 pm. The flow in the LAPS is from left to right in Figure

4 as shown by the centimeter scale as distance down channel. Singlets are seen to deposit between 23.5

and 26.5 cm (at the centerline of the foils). Doublets and other aggregates are to the left because their

aerodynamic equivalent diameters are larger than for singlets.

The LAPS foil cutting specifications are given in Table 1 including the segment number, cutting

range in centimeters down channel and average aerodynamic diameter of particles collected on the respec-

tive segments. These specifications provide a coefficient of variation of about 5% on each segment for

the diameters of the different particles along the foil centerline. Since the pattern of deposition of mono-

disperse small particles is more "parabolic T’ in shape than for monodisperse large particles (Fig. 4),



the coefficient of variation around 10% over the whole segment has been realized for small particles with

distributions somewhat skewed to smaller sizes.
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Figure 4, Photograph of collection foils from four LAPS units
with simultaneously collected samples of 0.9 l~m AD polystyrene
latex and associated multiplets, The flow position in the LAPS
units is indicated by the centimeter scale.

238puO2 Particle Separation:

primary polydisperse 238puO2 aerosols have been generated as previously described to yieldThe

concent,’ations of 120-200 gCi/1 in the aerosol chamber. These aerosols had size distributions determined

with cascade impactor and LAPS samples to be in the range of 1.2 to 1.5 gm AMAD and 1.8 to 2.0 geometric

standard deviation as expected for nebulizer generated aerosols employing the Lovelace nebulizer and

solutions containing plutonium concentrations around 2.5 mg/ml.

Because the foil segments have been designed to provide monodisperse particles with coefficients

of variation around 5%, and because of the activity size distributions of the primary aerosols, the foil

segments collecting particles far from the activity median aerodynamic diameters of the aerosols tend

to accumulate less 238pu during a given production period than those nearer the AMAD. After 44 hours

of production separation, the quantities of 238pu on the various segments of one of the LAPS units were

determined by i00 KeV gamma-ray counting with a Nal crystal and multichannel analyzer (Table i) 

By placing electron-microscope grids at various positions along the centerline of the LAPS collection

foils, samples have been obtained for electron-microscopic measurements of the geometric diameters

of the 238puO2 particles. The particles produced by these techniques tend to be rough spheres whose

projected-area diameters can be readily determined from micrographs using the Zeiss particle size ana-

lyzer (Carl Zeiss, Inc., New York, N. Y.). The particles at various locations in the LAPS have been

found to have projected-area diameter distributions with geometric standard deviations usually in the

range 1.04 to I. 14. With the observed count median diameter and the LAPS calibration (Fig. 3) for each

location, the particle density can be calculated using

Daer = Dreal ~/pC

where Daer is the Lovelace Count Median Aerodynamic diameter, Dreal is the count median projected-

area diameter, p is the particle density and C is the slip correction for particles of diameter Dreal used

to correct Stokes T Law of viscous resistance for the effect of "slip" between the air molecules for small

238puO2 are given in Table 2. Lower density valuesaerosol particles. The results of these studies for

at 7 cm (3.2 ~mAD) were frequently, but not always, observed. It appears that some 238pu mixtures

generate the parimary aerosol of 238puo2 may yield larger particles which have densities inused to

the range 4 to 6 gin/cm 3 as compared to the densities of most of the particles which are in the range 7-

8 g/cm3.



Table i

Alpha Multi LAPS Cutting Specification and Summary
of 238pu Separated by One LAPS in 44 Hours

AD

Range Segment ( Lovelace Activity

(cmI Number (~mI (mCil

0-5.6 0 > 4.40

5.6-6.0 1 4.20 0.5

6.0-6.4 Z 3.84 0.7

6.4-6.8 3 3. 52 1.3

6.8-7.Z 4 3.23 l.Z

7.2-7.7 5 Z.9~ 3.1

7.7-8.3 6 2 69 4.8

8.3-8.8 7 Z,46 3.8

8.8-9.4 8 2.27 4. Z

9.4-I0.2 9 Z. 04 5.8

10.2-11.0 I0 1.84 4.9

ii. 0-12.2 II 1.68 6.9

12.2’-13.4 12 i. 51 4.7

13.4-14.6 13 1.40 3.6

14.6-16.0 14 1.31 3.4

16.0-17.5 15 1 22 3.6

17.5-20 16 1 13 4.0

20-23 17 I. 02 3.7

23-27 18 0.91 3.2

27-31 19 0.81 2.5

31-36 20 0.74 2.4

36-41 2 1 0. 68 I. 6

41-46.2 end Zg 0.62 1.3

backup filter 23 < O. 60 4.9

Table 2

238puO2 Density Determinations for N Different Samples at the

Indicated LAPS Positions and Aerodynamic Diameters (AD)

Average

Position Observations AD Density Standard

(cm} (~} (~m} ( smlcrn3) Deviation

7 13 3.2 5.4 I. 1

15 14 I. 33 7.6 i. 0

30 16 0.79 7.9 0.6

40 17 0.65 7.9 0.9

(overall) 60 7.3 I. 3

(except 7 cm) 47 7.8 0.8

Use of 51Cr as a Gamma Label

Because of the difficulties in assessing the quantities of deposited aerosols of 238pu in the lungs

of animals in inhalation experiments, small quantities of gamma-emitting radionuclides added to the

238puO2 provide a valuable label for in vivo determinations of plutonium lung burdens. The use of

51Cr as a label for 238puO2 particles was tested as follows. The primary aerosols of 238puO2 with 51Cr

(TI/2 = 27.8 days) were nebulized from a suspension containing 31 mci 238pu/ml and 22.6 mCi 51Cr/ml.



The 238Pu: 51Cr activity ratio in the original generator solution was thus 1.37. All 51Cr assays herein

described were corrected for decay to the same reference day.

Particles were separated over a 50-min period with the four LAPS units and a simultaneous auxiliary

sample was drawn through a 25-mm diameter membrane filter at 30.9 cm3/min. The filter sample had

49.4 IICi of 238pu and only 5.31 I~Ci of 51Cr with the 238pu: 51Cr activity ratio 9.3 indicating a large

loss, about 85%, of the 51Cr during productions of 238puO2. Three segments of the collection foil of

one of the four LAPS units were assayed and found to contain smaller fractions of 51Cr; the 238pu: 51Cr

ratios were 12.6 for particles averaging 2.5 p.m AD, 15.7 for 1.8 p~n AD, and 17.9 for 1.2 ~m AD. Vapori-

zation of some chemical specie of 51Cr under the I150°C heat treatment of the aerosol is postulated as the

cause of this phenomena.

Since no volatile nitrates of chromium are known to exist, 5]Cr labeling of 238puO2 was investigated

using 238pu and 51Cr in HNO3 rather than HCI. Four experiments were conducted in which the low tem-

perature columns were maintained at 75°C, 100oC, 210°C and 320°C, respectively, while the high tempera-

ture heating column was maintained at I150°C in all cases. Although less 51Cr was lost from the particles

than in the chloride system, the association of 51Cr with the 238puO2 particles was in all experiments

again neither uniform nor adequate. The larger particles contained 20% of the expected 51Cr.

Use of 169yb as a Gamma Label:

The use of 169yb as a gamma label for PuO2 has been studied and evaluated. The primary aerosol

of 238puO2 with 169yb was nebulized from 0.6 M HCI dispersion of 238pu and 169yb hydroxides contain-

ing 55.3 mCi 238pu/ml and 6.7 mci 169yb/ml with a 238pu:169yb ratio equal to 8.3. Small samples

of monodisperse particles collected at four locations in one LAPS were alpha counted for 238pu determi-

nation and gamma counted for 169yb (TI/2 = 32 days) corrected for decay to the same reference day.

The results are shown in Table 3.

Table 3

LAPS Position, Aerodynamic Diameter (AD),

Measured Density (O), Z38pu, 169yb and the Activity Ratio

for Small. Samples of 169yb-Z38pu

Position AD P 238pu 169yb 238pu/169yb

(cm) (p.m) sm/cn~3 (MCi) (~Ci) (act. ratio)

7 3.2 7.63 o. 58 o. o69 8.4
15 1.3 7.61 0.37 0.047 7.9
30 0.79 7.33 0.1Z 0.014 8.6

40 0.65 7.45 0. ii 0.013 8.5

Averages 7.5 ~: 0. 1 8.4 :h 0.3

Within the limits of experimental error, the 238pu: 169yb ratio was the same for all particle sizes

as the ratio in the aerosol generation mixture. The weight percentage of ytterbium in the particles was

about 3% in this test. At this weight percentage, activities of 169yb in the particles equal to and even

greater than the 238pu activity in the same particles can be achieved with commercially available 169yb.

particle density 7.5 +_ 0.i gm/cm3 is in the same range as determined for 238puO2 alone.The observed

Particle of 0.65 ~ AD are shown in Figure 5.

important aspect of the usefulness of a gamma label in 238puO2 particles relates to the rela-Another

tive solubility of the label with respect to the particles after they are deposited in the respiratory tract.

Since the most important information to be obtained from the label concerns the initial deposition and

early disposition of the particles, a suitable label need not have exactly the same long-term dissolution

characteristics as the PuO2 particles. In order to make a preliminary evaluation of the dissolution prop-

238puO2 particles labeled with 169yb, a sample of 1.3 Itm AD particles containing 1.23 ~Cierties of

of 169yb and i0.4 IICi of 238pu was taken from a LAPS collection foil (segment 14) . This sample was



placed onto a filter and sandwiched between two 0. l Ilm pore size membrane filters in an in vitro dissolu-

tion apparatus 3 A solvent of serum simulant at 37°C was flowed past this sample in a small plastic hold-

er at 1 ml/min for about 21 days and both the dissolved 169yb and 238pu was evaluated in the eluant

on approximately a daily basis. The results expressed as fraction dissolved per day are shown in Figure

6. In the first 2 days of dissolution only about 0.75% of the 169yb dissolved as compared to 0.51% of

the 238pu. Overall, 6.7% of the 169yb and 0.72% of the 238pu dissolved during the 3-week study. The

usefulness of 169yb as a gamma-emitting label for measurement of deposition and early transloeation

of inhaled 238puO2 particles is thus strongly indicated and will be further assessed in animal experiments

that are now in progress.

Figure 5. Electron-micrograph of
monodisperse 238puO2 with 169Yb
label collected on a diffraction grat-
ing replica. These particles have
an aerodynamic diameter of 0.65 Ilm.
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AN IMPROVED SYSTEM FOR EXPOSURE OF BEAGLE DOGS TO RADIOACTIVE AEROSOLS

ABSTRACT

A new apparatus is described for individually exposing

Beagle dogs to radioactive aerosols for periods up to

two hours. The system utilizes a whole-body plethys-

mograph for measuring the dog’s respiratory activity

during the exposure. The dog is restrained in the

plethysmograph and only the nose is exposed to the radio-

active aerosol. Provision is made for aerosol generation,

for heat treatment of the aerosol, if necessary, and for

sampling for aerosol characterization with a cascade impactor,

a filter, and an electrostatic precipitator. The primary

improvements over previous equipment include: (I) use

of stainless steel glove boxes with safety-glass viewing

windows for housing the aerosol equipment, (2) simplified

aerosol chamber and aerosol dilution system, (3) isolation

of the high temperature heating column used for heat

treatment of aerosols, (4) provision for obtaining duplicate

and multiple aerosol samples, and (5) remote control

and monitoring from a single control panel of all normal

operations including sampling. Successive tests with

monodisperse aerosoJs of 239pu02 showed the reproducibility

of aerosol concentrations and particle size distributions

as measured with multiple samples.

INTRODUCTION

PRINCIPAL INVESTIGA TORS

O. G. Raabe
G. J. Newton
J. A. Mewhinney
B. B. Boecker
L. E. Bowen

A canine inhalation exposure apparatus utilizing a whole-body plethysmograph has been routinely

used for the exposure of Beagle dogs to radioactive aerosols. 1 Dogs are held in a canvas Sling inside

a sealed plastic plethysmograph. The muzzle, flews, and stop of the dogrs head are covered with a

latex mask with a hole cut for the rhinarium to protrude so that the dog breathes only through the nose.

The muzzle is passed into an aerosol chamber through a circular opening in a latex diaphragm to provide

an airtight seal. Thusly, only the nose of the dog is exposed to the radioactive aerosol.

The aerosol chamber in this original system consisted of a hollow brass cone with a special aerosol

mixing chamber attached. A continuous flow of aerosol passed through the mixer and the aerosol chamber

during exposures at a flow rate about ten times greater than the inhalation rate of dog. Provision was

made for obtaining a cascade impactor sample, electrostatic precipitator sample, and filter sample at

the mixing chamber. The aerosol system was housed in a plastic glove box fabricated especially for

this purpose.

Although this exposure apparatus has been successfully used for about i0 years to expose dogs

to radioactive aerosols, many modifications in the apparatus have been made during this period to accom-

modate improvements and changes in aerosol generation, aerosol characterization, and in the way dogs

are exposed. In some cases, these modifications have been made only with great difficulty because of the

basic design limitations. For example, the need for aerosols that are heat treated dictated the use of one

or more beating columns which had to be fit into the aerosol system 2 Because of the plastic glove boxes

housing the apparatus, limitations exist in the positioning of these columns and temperatures used.



Based upon experience with the basic dog exposure apparatus described briefly above, and upon

advances in methods of aerosol generation and characterization and the requirement to have improved

containment for exposures with alpha-emittlng radionuclides, an improved system has been designed,

constructed, tested and used for the exposure of dogs to aerosols of plutonium oxide. This system in-

cludes provision for heat treatment of aerosols at a variety of temperatures up to 1600°C and for obtaining

multiple samples if required. By making certain simplications in the design of the aerosol system, the

fabrication cost for the new system was greatly reduced from the cost of the original design.

METHODS

The major components of the new system for exposing dogs to radioactive aerosols are shown sche-

matically in Figure ]. The major components of this system are (i) the exposure equipment enclosure,

(2) the control panel, (3) the aerosol generation and treatment equipment, (4) the exposure cylinder,

(5) the aerosol sampling equipment, and (6) the plethysmograph. The discussions of these components

which follow can be related to Figure 1.

Exposure Equipment Enclosure

The exposure system is housed together in assembly-line fashion in a series of three connected

stainless steel glove boxes (Kewaunee Scientific Equipment, Adrian, Michigan) . For radiological safety,

the boxes are rhaintained at 0.5" to i. 0" H20 negative pressure during use with a continuous flow of

air which passes through absolute filters on both intake and exhaust.

The generator box houses the aerosol generator and associated equipment including a low temperature

heating column or aerosol discharger if needed. The generator box is about 36 inches long and 26 inches

deep; it has a safety glass viewing window on the face with two pairs of glove ports and rubber gloves.

One end panel has a sliding guillotine door which leads to a pass box which has an external swinging

door. The pass box is used for passing aerosol nebulizers and other items in and out without compro-

mising containment. The other end panel of the generator box has a 7.5" diameter hole through which

passes the pipe conducting the aerosols.

The second box houses a high temperature furnace used for heat-treatment of aerosols. This furnace

box is about 28" long and about 26" deep; it is equipped with a solid, heat-resistant glass viewing win-

dow with no glove ports. It is separated fro/n the next box, the exposure box, by a panel with a 7.5"

diameter hole through which passes the aerosol conducting pipe. The furnace box fulfills the important

function of providing heat isolation for the high temperature furnace so that the adjacent boxes can be

maintained at ambient temperatures.

I v~ cu i I

" IVALVE II /
>

Control Panel

~-" ~sT
II ---- -

Exposure Box Furnace Box Generator Box

Figure l. Schematic of new dog exposure system; see textfor details.
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The third box, the exposure box, houses the cylindrical aerosol chamber and associated equipment.

The viewing window has two pairs of glove ports with rubber gloves. This exposure box is about 36I’

long and about 26" deep. At one end is mounted a 0.5" thick bulkhead supporting the plethysmograph.

A 7.5" diameter hole in this bulkhead is equipped with the dog-nose exposure assembly. A pass box

is mounted under the exposure box for passing sampling equipment and other items in and out of the

exposure box without compromising containment.

Control Panel

The control panel in a connecting room is used to remotely operate the exposure equipment. Some

of the components mounted on this control panel such as rotometers to regulate air flows, pressure and

vacuum gauges, and valves, are shown in Figure I, but many other control devices including switches

and power supplies are also part of the control panel. All solenoid valves shown as S in Figure 1 are

operated by switches at the control panel. When the exposure system is ready, all normal operations

such as starting and stopping the nebulizer, adjusting flow, and starting and stopping samples can be

done from the control panel. The status of the system during operation including enclosure pressures

aerosol chamber pressure and temperature, sample flow rates, and aerosol system flow rates can be

monitored from the control panel.

Aerosol Generation and Treatment Equipment

Aerosols are generated from solutions or aqueous suspensions using a compressed air operated

nebulizer. For most dog exposures, the Lovelace nebulizer 3 with a nominal output of 50 ~tl/min of liqul

droplets and a flow rate of 1 . 5 I/min at an operating pressure of 20 psig is normally used. Compressed

air is supplied to the nebulizer from the control panel via rotometer R6 at the pressure shown by gauge

P2 as established by the pressure reducer, RD. This air passes through 0.5" diameter plastic hose

via a solenoid switch S at the generator box through a filter (sometimes through a water bubbler before

the filter to humidify the air) and to the nebulizer at the pressure shown by gauge P3. Dry diluting air

passing in 0.5" diameter plastic hose via rotometer R5 can be mixed with the aerosol droplets through

tube DL as they leave the nebulizer. This diluting air may be required to speed the drying of the dropleta

From the nebulizer the aerosol passes through a 0.5" diameter copper pipe, TM, which is connected

with a coupling to the quartz tube of the low temperature heating column. The low" temperature heating

column consists of an 18’p long by i" ID (1.0625" OD) fused quartz tube. A wire resistance winding

of about 20 ohms of 21 gauge Hoskins nichrome alloy number 875 (Hoskins Manufacturing Co., Detroit,

Michigan) is tightly wound around the middle 12 inches of the tube and the ends are firmly anchored

using the same wire and allowing a i0" long lead for electrical connections. A thermoeouple holder is

installed at the center of the winding by locating a 2" long x 1/2" OD (1/8" ID) mullite tube (open on both

ends) through a split collar of 0.25" thick x 0.5" wide Alundum AN 485 (Norton Company, Worcester,

Mass .). This assembly is attached to the outside of the quartz tube at the center of the heating column

using Hoskins 875 wire. An insulation of fiberglass and portland cement is packed around the winding to

a thickness of about 1.5" and allowed to dry. Temperature is controlled using a gated, zero-crossover-

firing triac and controller (Model 105, Gulton Industries, Schiller Park, Illinois). The controller 

operated with a chromel-alumel thermocouple which is placed in the thermocouple well of the heating

column. The operating range of this unit is 25°C (ambient) to 1280°C. However, in this exposure system

the low" temperature heating column is normally not operated above 50O°C.

With some aerosols a Kr-85 discharger (Thermo Systems, St. Paul, Minnesota) is used in place

of the low temperature heating column. This discharger serves to reduce the electrostatic charge on

the aerosol particles to Boltzmann equilibrium. Since nebulizer generated aerosols are highly charged,

provision for discharging the resultant aerosol particles must be made. The use of the high temperature

heating furnace (at temperatures in excess of 1000°C) or the generation of beta-gamma emitting radioactive

aerosols at moderate or high specific activities will also serve to discharge the particles.



From the low temperature heating column (or Kr-85 discharger) the aerosol flows via a coupling

to the high temperature furnace which also has a 1.0625" OD (I" ID) quartz tube (Q) for conducting 

aerosol. The furnace consists of six silicon carbide heating elements mounted in an insulated structure

of fire-brick and asbestos sheeting. The furnace structure is rectangular in shape, 17" long by 17"

wide by i7.5" high. The aerosol conducting quartz tube is 36" long by 1.0625" OD (i" ID) . It passes

through the furnace in the middle of the array of heating elements. However, the quartz tube is not

firmly mounted in the furnace and can be removed and replaced without disassembling the unit. The

silicon carbide elements are Norton Crusillte (Norton Company. Worchester, Mass.) 0.55" OD by 19"

long with a centrally located 12" long hot zone. Each element has a nominal resistance of 4.5 ohms.

The six elements are electrically connected to form two parallel arrays of three elements in series with

a net resistance of about 8 ohms including the resistance contribution of the electrical connections.

The heating assembly is powered by 208 volts single phase via a 50 ampere gated zero-crossover-firing

triac and West Model 105 time-proportioning controller (Gulton Industries, Inc., Schiller Park, Ill.).

A thermocouple is mounted near the heating element through the end of the furnace for temperature moni-

toring and automatic control. The furnace can be operated up to 1600°C.

The quartz tube, Q, of the high temperature furnace is coupled to a i" diameter copper pipe, M,

which carries the aerosol to the diluter section. At the diluter, clean diluting air is drawn into the aero-

sol pipe via the two 47 mm diameter filters, F. The aerosol is drawn past the diluter and into the expo-

sure cylinder. At the entrance of the exposure cylinder is a circular baffle, B, which serves to prevent

streaming of the flow.

The aerosol flow into the exposure cylinder is maintained by the negative pressure (about 6 to 8"

H20) created by the exhaust system which is part of the exposure cylinder and coupled to the dog-nose

exposure assembly, N. The exhaust aerosol passes around the dog’s nose and through a series of

holes arranged in a circle at the end of the cylinder. The exhaust aerosol is collected by the exhaust

filter. A backup filter BF is also included in the exhaust line. The exhaust line passes via 0. 375" diam-

eter plastic tubing to the exhaust rotometer R1. Exhaust flow is controlled with the valve at R1. Vacuum

gauge V1 indicates the pressure at rotometer RI. The exposure cylinder can be disconnected from the

nose exposure assembly, N, for checking the position of the dogrs nose prior to exposures. The expo-

sure cylinder is constructed of a I0,125" long brass pipe 4.5" O.D. and 4" I.D. The end plate on one

end has a central double O-ring hole for accepting the i" diameter aerosol pipe. Additional holes in the

end plate include a coupling line CP used to monitor the chamber pressure which goes to the vacuum

gauge V5 on the control panel and the coupling for the termistor probe, T, used to monitor the chamber

temperature. On both sides of the cylinder are a row of three threaded 0.25" NPT holes for aerosol

sampling. Five of the six sample holes are shown with plugs, SP, in Figure I. The sixth sample hole

is shown with a fitting designed for obtaining three simultaneous samples.

Typical operating conditions of the aerosol system include I. 5 I/m aerosol from the nebulizer, 1.5

1/m diluting air at DL, and 21 I/min total exhaust flow. The average residence time of aerosol in the

exposure chamber is thus, about six seconds.

Aerosol Sampling

Three types of aerosol samples are to be routinely taken during inhalation exposures. These include

cascade impactor, I, samples for determining the aerodynamic properties of the aerosols, electrostatic

precipitator, ESP, samples for collecting particles for electronmieroscopy, and filter samples, FS, for

determining the activity concentration. One each of these three types of samples can be taken simul-

taneously from one sample hole in the side of the exposure cylinder. Multiple samples of each type can

be taken from any of the other sample ports, SP.

All types of samples are initiated and controlled from the control panel. The electrostatic precipitator,

ESP, sample is set and controlled by the valve at rotometer R2 and drawn using 0.375" diameter plastic

hose via a solenoid switch, S. The impactor, I, sample is set and controlled by the valve at rotometer
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R3 and drawn into the samples using 0.375" diameter plastic hose via a solenoid switch, S. The filter

sample, FS, is set and controlled by the valve at rotometer R4 and drawn using 0. 375" diameter plastic

hose via a solenoid valve. The flow rates of the samples are controlled with the rotometers R2, R3 and

R4 and the pressure drops through the samplers are monitored by the vacuum gauges V2, V3 and V4,

respectively.

Canine Whole-Body Plethysmograph

The setup of the canine whole-body plethysmograph and the way in which the dogs are exposed

has been described by Boecker et al. 1 Essentially the plethysmograph is an airtight plastic box set

up to monitor the pressure changes that occur during the expansion and subsequent relaxation of the

dog’s thorax during breathing. The system is calibrated to provide a graphical representation of the

breathing pattern and a measurement of the total air breathed during an inhalation exposure. The dog

is held in a canvas sling with his latex-mask-covered muzzle passed through a hole in a latex diaphragm

which is part of the nose exposure assembly, N, to form an airtight seal.

RESULTS

Tests have been conducted of the new dog exposure system with a cork in the hole normally occupied

by the dog’s nose, using monodisperse aerosols of 238puO2 (this report, pp i - 9 ). The aqueous

suspension of monodisperse particles with a surfactant was aerosolized with a Lovelace nebulizer, mixed

with about 1.3 1/min of diluting air at DL and passed through a Kr-85 discharger in place of the low tem-

perature heating column. The Kr-85 discharger was heated to ]20°F io accelerate drying of the droplets.

From the Kr-85 discharger the aerosol passed through a low temperature heating column at 450° in place

of the high temperature furnace to degrade the surfactant residue. Four successive test runs were made,

the first for 20 minutes and the others for 15 minutes. Two or three replicate filter samples and cascade

impactor samples were taken as part of each test run. The results are given in Table 1 including the run

times, the exhaust flow rates, the filter sampleflow rates, the impactor flow rates, the activity concentra-

tion determined with each impactor and filter sample, and the average activity median aerodynamic diam-

eter and geometric standard deviation (aS) of the activity distribution of the 238puO2 in each run.

Table i

Results of Four Successive Tests of Exposure Apparatus

Using a Monodisperse 238puo Z Aerosol

Run No. 1 Z 3 4

Run time (rn) 20 15 15 15

Exhaust (i/m) 20.9 21. 0 20.9 20.9

Filter (l/m) 0.39 0.39 0.39 0.39

Filter Z (i/m) 0.39 0.39 0.39 0.39

Filter 3 (i/m) 0.39 0.39

Irnpactor I (l/m) 0.53 0.53 0.52 0.53

Irnpactor Z (l/m) 0.53 0.53 0. SZ 0.5Z

Irnpactor 3 (l/m) 0.53 0. 53 0. 5Z 0.52

Filter (~Ci/l) 0. Z1 0.21 0. 19 0. 19

Filter 2 (~Ci/l) 0. Zl 0.20 0. 19 0. 19

Filter 3 (~Ci/l) 0. Z0 0. 19

Irnpactor 1 (~Ci/l) 0.20 0.ZI 0. Z0 0. 19

Irnpactor 2 (~Ci/l) O. Zl O, Zl O. ZO O. ZO

Impactor 3 (~Ci/l) O. ZO O. 19

AMAD 1.3Z 1.34 1. 31 1.33

Og I. 15 1. 14 1. 17 1, 16



These results show the consistency among aerosol concentrations obtained with the various samplers.

However, a slight drop in aerosol concentration from 0.21 uCi/ to 0.19 ~ICi/l was noted from the first

to last test run. The aerosol size distribution as expected was essentially the same for all test runs with

an overall average AMAD = 1.33 -+ 0.01 (SD) and geometric standard deviation (Og) = 1.16 + 0.01 (SD).

Using the alpha activity monitor (this report, pp 2 1 - 23 ), the air concentration was measured 

a minute-to-minute basis in a 20-mlnute test run employing 0.75 ~m AD monodisperse particles. The

average aerosol concentration measured with three f~Iter samples was 0. 106 ~Ci/l. After the 20 minutes

of aerosol generation, the nebulizer was turned off and the aerosol concentration monitored for a 5-minute

flush period. The output of the activity monitor for the 20-minute run and the 5-minute flush period

was plotted with a strip chart recorder, and these data were corrected for the sampling rate (0.39 I/mln)

to give the aerosol concentration (Fig. 2) . At the beginning of the run the activity monitor indicated

0.92 ~Ci accumulated and at the end 1.64 ~Ci for an average concentration of 0. 092 ~Ci/l.

These aerosol concentration measurements show a two-minute delay after starting the nebulizer until

the aerosol reaches the exposure cylinder. By four minutes the activity concentration reached its stable

level which was maintained, within the limits of statistical reliability of the data, until about II minutes

into the run. The aerosol concentration then dropped to a new lower average level indicating a possible

change in the operating characteristics of the nebulizer in this test. At 20 minutes, the nebulizer was

turned off, but the rest of the system was allowed to continue sampling for the 5-minute flush period.

About 4 minutes were required to clear the 238puO2 aerosol from the system. This exposure system

has been recently used to expose Beagle dogs to monodisperse aerosols of 238puO2¯ The results of

these exposures are found elsewhere in this report (pp 78 - 80) . These results confirm the findings

of the tests noted above.

0.1~

L~
~L

O.IO-
Z
0

Z
bJ
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0
0

I I I I

TIME (minutes)

Figure 2. Plutonium oxide activity concentration (~Ci/1) during 20-minute
test run and 5-minute flush based upon alpha activity concentration monitor.

REFERENCES

i. Boecker, B. B., F. L. Aguilar and T. T. Mercer, "A Canine Inhalation Exposure Apparatus Utilizing
aWholeBody Plethysmograph, " Health Phys. i0: 1077-1089, 1964.

2. Raabe, O. G., G. M. Kanapilly and O. J. Newton, "New Methods for the Generation of Aerosols
of Insoluble Particles for Use in Inhalation Studies,’ in Inhaled Particles III, Unwin Brothers, Ltd,
Surrey, England, pp. 3-18, 1971.

3. Raabe, O. G. , "Generation and Characterization of Aerosols, " in Inhalation Carcinogenesis, pp. 123-

172, U. S. Atomic Energy Commission, Division of Technical Information, Oak Ridge, Tenn., 1970.

15



DEVELOPMENT OF A MINIATURE AEROSOL CHARGE SPECTROMETER

ABSTRACT

Knowledge of the electrical properties of an aerosol is useful

in assessing its potential hazard. A miniature aerosol charge

and electrical mobility spectrometer, suitable for use in inhalation

studies with radioactive aerosol, has been developed. The PRINCIPAL INVESTIGATORS

device is relatively inexpensive, easy to manufacture and dispas- H. C, Yah

able. Using polystyrene latex spheres, ranging in sizes from O. G. Raabe
B. E. Wood

0. 147 Fun to I. 18 iJm, and flow rates ranging from 400 cc/min

to 4800 cc/min, results obtained from evaluation tests were

in good agreement with theoretical predictions for the performance

of the device.

INTRODUCTION

Important properties of aerosols which may determine their fate are the electrostatic charge and

the electrical mobility distributions for the aerosol particles. These are of special interest for radioactive

aerosols used in inhalation experiments because of the potential effects of radioactive emissions on the

particle charge. Electrical properties of aerosols may influence their behavior and consequently their

deposition pattern in inhalation experiments. Ideally, electrical properties should be measured at the

inhalation chamber, particularly with radioactive aerosols because the number of charges associated

with individual particles may change in the course of transport. There are several instruments suitable

for determining the electrical properties of aerosols, 1-4 however, most of these are large in size and

not suitable for use at the exposure chamber. Also, due to contamination with radioactive materials,

the instrument should be relatively inexpengive, easy to manufacture and disposable. This report de-

scribes the design and characteristics of a miniature charge spectrometer which can be used to determine,

with satisfactory accuracy, the charge distribution and electrical mobility of radioactive aerosols in

inhalation studies.

DESIGN OF THE INSTRUMENT

There are several forms of geometries in the design of a charge spectrometer: flat circular par-

allel plates, 5 coaxial cylinders ,4 or rectangular parallel plates. 1,3 The geometry chosen for this spec -

trometer was rectangular parallel plates because of the simple construction and low cost. Construction

details of the spectrometer are shown in Figure I. The housing of the rectangular chamber is made

of acrylic plastic for electrical insulation. Two smooth, removable brass plates, 15.88 cm long, 4.13

cm wide, and separated by 1.27 cm, slide into grooves in the two side walls. Electron microscope grids

or collection foils can be placed on the inside faces of these plates to collect particles for further analysis.

Perforated block H, with a total opening area of about 35%, serves as a pre-laminator and supporter

of aerosol inlet nozzle, I. The laminator screen, J, for maintaining the laminar flow, is cut from a perfor-

ated plate of stainless steel with 0. 006-inch diameter holes spaces on 0.01-i inch centers and provides

a total opening area of 37%. The aerosol is drawn into the device as a thin ribbon through a narrow (I

mm) slot nozzle extending across the spectrometer midway between the plates. Clean filtered air flows

through the laminator and shields the thin aerosol stream on all sides. As the aerosol and clean air

flow through the channel, the particles move across the clean air under electrostatic forces and are

deposited onto the plates, which have a high potential difference between them, The particle drift

velocity toward a plate depends upon its polarity and electrical mobility. At the end of the channel,
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Figure 1. Construction details of spectrometer.

the air is drawn through a filter by a vacuum pump. The clean shielding air on both sides of the thin

ribbon aerosol stream is essential for this instrument; the shielding air at the edges of the aerosol stream

eliminates the loss of aerosol particles to those walls and reduces the contamination of the instrument.

The overall size of the instrument is about 30 cm x 10 cm x 5 cm.

Essential requirements of this instrument are (1) that the sides of the nozzles are strazght and paral-

lel, (2) that the nozzle itself is mounted centrally in the instrument, parallel to the plates, and (3) 

the flow in the channel is laminar.

THEORETICAL

If we assume the ratio of height to width of the rectangular channel is much greater than 1, then

the flow inside the channel can be approximated by two infinite parallel plates. For developed flow in

parallel plates, the flow velocity is given by

d-T = u (y) =g u -( ) 

where t is time,

x is the distance from the nozzle in the direction of air flow,

y is the distance from the central plane of the channel,

h is half the interplate distance,

and u is the mean flow velocity.

When a potential difference is applied between the plates, a charged particle is attracted toward one

of the plates depending on the polarity of the charge. The aerosol drift velocity in the y-directlon due

to this electrical force is given by

Z V
dy = Vd = Z E = P (2)

dt p 2h

where Z is the electrical mobility of the particle,
P

E is the electric field between the plates,

and V is the potential difference between the plates.

After eliminating dt from equations (i) and (2), the resulting equation is integrated from 0 to h for 

The distance x at which a particle, initially starting at y = 0, deposits on the plate are obtained as
O

2uh2
x - (3)

o Z V
P
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The theoretical electrical mobility of a spherical particle is given by
n eC

= P
Zp 6~llrp (4)

where np is the number of electron charges on the particle,

e is the electron charge (4.8 x 10-10e.s.u.),

C is the Cunningham sllp correction (dimensionless),

is the flow viscosity (poise),

and r is the radius of the particle (cm.) 
P

Therefore, by using equation (4) in equation (3), one can predict where the particle will deposit 

the plate for a given size and number of charges. Equation (3) can also be used to determine the electri-

cal mobility of a particle by location xo.
If slug flow is assumed in the rectangular channel instead of equation (I), the same result of equation

(3) will be obtained. Since the aerosol nozzle has finite width, the aerosols will be deposited on the

plates as a band instead of a line. The width of a theoretically predicted band on the plate will differ

depending on whether slug flow or equation (I) is assumed. The width of the band can be calculated

as

2u8~x = Z Vh (3h2 62) based on equation (I) (5)
P

4 6hu
Ax - Z V based on slug flow (6)

P

where 6 is the half width of the aerosol nozzle.

PERFORMANCE AND CALIBRATION

A schematic diagram of the experimental setup is shown in Figure 2. The method of controlling

the flow rates between aerosol and clean air is the same as described by Kotrappa and Light. 6 Dow poly-

styrene latex spheres, ranging in sizes from 0. 147 llm to I. 18 ~Im, were used in calibration. The aerosol

was produced by nebulization, then dried in a heating column and diluted with clean air. The aerosol

was then passed through a 2 mCi 85Kr neutralizer to eliminate extremely high charges and to bring the

Exces~ Aerosol
ChamberAerosol J

a.
G

©

Diluting Air

!

!
RI R2 R3 |

Diluting Air

Aerosol
Chamber

b,

R2 R3

S = Spectrometer
R I = Rotomeler for Setting Aerosol Flow
R 2 = Rotometer for Stream Air Supply
R 5 = Rolometer for Separator Exhaust
G = Pressure Gauge with Center Zero
C = Regulator for Rotometer R2

Figure 2. Schematic diagrams of the experimental arrangement for (a) setting
the desired flow conditions, and (b) sampling from an aerosol chamber.



charge distribution close to Boltzmann equilibrium. The aerosol passed through the nozzle in the form

of a thin ribbon, entered the chamber and was shielded by clean air. Uncharged particles passed

through the spectrometer undeviated, while charged particles were attracted toward the plates which

were maintained at a fixed potential difference. The charged particles moved toward one of the plates,

depending on the polarity of their charge, at velocities proportional to the number of their charges.

They deposited on the plates at distances from the entrance inversely proportional to their mobilities.

During the experiments, the humidity of the aerosol stream and the humidity of the clean shield-

ing air must be matched or a humidity gradient is created inside the channel. The effect of diffusion

of the water vapor, causes particles to deposit earlier or later, depending on the direction of water vapor

gradient.

A comparison of the theoretical curves and the calibration datum points for various particle sizes

and operating conditions is shown in Figure 3. Figure 4 shows the results compared with theoretical

curves after the data were normalized to a total flow rate of 2 liters/min, to allow direct observation

of the effect of particle size. This operating condition with the total volumetric flow rate Q = 2000 cc/min

and V = 12,000 volts has been designated as a standard operating condition for this device. From these

two figures, the observed maximum discrepancy between data and theory is about 15% which is within

the experimental error and assumption of fully-developed flow or slug flow. A typical deposition pattern

on the plates and backup filter (Fig. 5) clearly shows particles that carried electrical charges from zero

to eight elemental units.

0.1-
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Figure 3. Comparison of the theoretical curves
and actual calibration datum points for various
particle diameters, dTp total flow rates, Q, and
potential difference--" 12 kV obtained from the

experiments with the spectrometer plotted as
deposition distance from nozzle versus the re-

ciprocal of the number of charges (np) at atmos-
pheric pressure P = 0.816 atm.

Figure 4. Comparison of the theoretical curves
and actual calibration datum points obtained from
the spectrometer after the data were normalized
to a total flow of 2 liter/min for various particle

diameters, dp, plotted as deposition distance
from nozzle versus reciprocal of the number of

charges (np).

Figure 5. Deposition pattern on the plates and backup filter of the spectrometer
from a polystyrene latex aerosols; d = 1.18 ~m, Q = 2000 cc/min, V = 12 kV.
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ERROR ANALYSIS

Several factors may be attributed to the discrepancy between the theoretical and actual data:

I. Although the rotameters had been calibrated, the estimated flow rate error due to rotameter

scale reading was about 3%.

2. The error in applied high voltage was estimated as about 5%.

3.

The error in locating x° on the plates ranged from 1% to 6%, depending on the position of

deposition.

4. Because of the small size of the unit, the flow was in the developing region rather than

either the slug flow or fully-developed flow for parallel plates, as assumed in theory. Additionally,

since the ratio of height to width of the rectangular channel was actually 3 instead of the theoretical

assumption of infinity (much greater than i) there was an "end" effect.
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AN INSTRUMENT FOR REALTI/vlE DETEP, IvlINATION OF CONCENTRATIONS

OF AEROSOLS OF ALPHA-EMITTING RADIONUCLIDES FOR USE

IN ANIMAL INHALATION STUDIES

ABSTRACT

An aerosol concentration monitor has been designed and

fabricated for the purpose of measuring aerosol concentra-

tions of alpha-emitting radionuclides during exposure of

experimental animals. Aerosol samples are drawn at flow

rates of 200-500 cc/min from the exposure chamber and

through a filter which is separated from a diffused-junction

silicon radiation detector by approximately I cm. The

face of the detector is covered by a light tight mylar cover.

Amplified pulses from the detector are routed through a

discriminator so that only particles above a threshold

energy are counted. The counting circuitry computes

and displays accumulated activity and the rate of accumu-

ation.

INTRODUCTION

PRINCIPAL INVESTIGA TORS

M. E. Light
A. J. Hulbert
W. K. Johnson

Studies to determine the toxicity of inhaled plutonium in experimental animals require that predetermined

amounts of 239puo2 and 238puo2 can be deposited in the animals assigned to each dose level in the experi-

ment over a wide range of dose levels. To help achieve the desired predetermined aerosol deposition in

each animal, it is necessary to measure the aerosol concentration during the exposure. The aerosol con-

centration can be predicted from generator and system calibrations, but the actual concentration data are

not known until after the exposure is completed when filter samples taken during the exposure are analyzed.

In order to overcome this limitation, a realtime system has been constructed which continuously sarnples

the exposure aerosol and computes accumulated activity on the filter and the rate of accumulation. It con-

sists of a sampling head containing a filter and radiation detector, power supply and associated electronics,

and a digital subsystem to count, compute and display the activities.

METHODS

Figure 1 shows a block diagram of the alpha aerosol monitoring system. The radiation detector is

a 4 cm2 diffused-junction silicon sensing element (Model DJC-400-50-100, manufactured by Harshaw Chem-

ical Co.) . Figure 2 shows the detector and filter holder. The aerosol sample is drawn in through a fitting

on the side of the center piece and is collected on a 25 mm diameter membrane filter. The active side of

the detector is covered with a 0.85 mg/cm2 thick layer of light tight aluminized mylar. The mylar cover

acts as a barrier to prevent contamination of the detector face. One of the important features of the de-

tector is that the active side can be cleaned if it becomes contaminated. The active side of the detector

is about one centimeter from the filter, therefore, thealpha particles must traverse about one centimeter

of air and one layer of 0.85 mg/cm2 thick aluminized mylar before reaching the detector.

The power supply for the system is a Harshaw, Model NV-20 300 volt bias supply. The signal pulses

from the detector are fed to a Harshaw Model NB-25 charge sensitive preamplifier then to a Harshaw Model

NA-16 variable shaping linear amplifier. The signal is then processed by a Harshaw Model NC-10 integral

discriminator which yields a standard output pulse suitable for scalers and ratemeters. The threshold

triggering level may be varied over the dynamic range of the linear amplifier. From the integral discrim-

inator, the signal is sent to the counting subsystem which consists of two parts: (I) the total counting
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section (activity counter) with associate live time gate and (Z) the difference counting section (difference

counter). Each input pulse causes the addition of the contents of a set of 4 decade calibration switches

(value of 1 to 8191) to be added to the accumulated activity register. At predetermined time intervals,

the accumulated activity register is transferred to a display and then reset to zero. Concurrently, the

difference from the previous accumulated activity is computed and transferred to a display. The differ-

ence display performs the important function of alerting the operator that the aerosol concentration is either

increasing, decreasing, or remaining essentially constant. Since the aerosol sampling rate through the

aerosol monitor is known, the concentration measurements are quickly convertible to microcuries per

unit volume. Analog signals are also provided from the displays for input to strip chart recorders, where-

by a permanent record is maintained of the accumulated activity and the differential accumulation recorded

as microcuries and microcuries per minute, respectively. Counting intervals of 1, 10-1, or 10-2 minutes

may be selected by setting the time base selector to 0, 1, or 2, respectively.

The counter is calibrated in the following manner: (1) preset the calibration switch anywhere be-

tween 2000 and 8000; (2) determine the average of three or four one-minute readings taken from a known

quantity of the radionuclide on a filter of the type to be used (the activity should be about midway between

the lowest and highest levels expected during exposures); and (3) correct the calibration switch setting

by the following formula:

correct setting = preset setting X
actual activity-on filter

indicated activity on filter

A typical calibration is as follows:

1. Preset calibration switch at 4105.

2. a. Activity determined from aerosol sample collected on filter = 1.28 pCi.

b. Filter sample removed from sampling head and counted in a zinc sulfide scintillation

counter. Activity on filter determined to be 1.53 ~Ci.
1.53

3. Correct setting = 4105 X ~ = 4907.

DISCUSSION

The aerosol sampling device can provide measurements of successive samples on the same filter.

This eliminates the need to change filters between each sample. At the start of each test run, the back-

ground is determined and subtracted from subsequent measurements. This gives the net activity of the

latest filter sample. However, if the total activity on the filter gets too high, the statistical counting fluctu-

ations may reduce the reliability of the differential counter in determining aerosol concentrations.

Due to changes in generation rate, the concentration of an aerosol may change during an exposure

experiment. If there is no provision for monitoring the aerosol generated, the animal or animals exposed

may breathe aerosols with unsatisfactory concentrations of radioactive material. This condition can be

detected by use of the alpha aerosol monitor. Before the exposure run, the desired aerosol concentration

is computed analytically and time history of activity accumulation on the sampling filter can be predicted.

During the exposure run, the accumulated activity display can be visually monitored as well as recorded

on strip chart paper and the activity buildup on the filter can be compared with that predicted analyti-

cally. Also, the differential display can be visually monitored and when a deviation from the desired value

is observed, indicating a malfunction in the aerosol generation, appropriate action can be taken.



STUDIES OF THE IN VITRO SOLUBILITY OF RESPIRABLE PARTICLES

OF 238pu AND 239pu OXIDES AND AN ACCIDENTALLY RELEASED

AEROSOL CONTAINING 239pu

ABSTRACT

The solubility of monodisperse submicrorneter particles

of 238pu02 and 239pu02 under nonequilibrium conditions

has been studied using an in vitro system designed to

simulated in vivo dissolution. A continuously flowing

stream of a chemical simulant of blood serum passes a

sample of particles which are sealed between membrane

filters. Dissolved plutonium is carried off in the stream

and measured to determine the dissolution rate and the

rate constant of specific solubility. At 37~C, the aver-

age value of the rate constant was 6.5 x 10-11 gin-cm-2

~d~~1
for 239pu02 and I. 2 x 10-8 gm-cm-2-day -I for

238pu02. To demonstrate the potential usefulness of in..~

vitro dissolution studies for hazard evaluation, a sample

containing 239pu aerosol accidentally released at an-

other laboratory and involved in human exposures was

studied using the same dissolution system. Applica-

tions of in vitro dissolution data in the evaluation of

lung burden from urinary excretion data and on the

efficacy of DTPA therapy are discussed.

INTRODUCTION

PRINCIPAL INVESTIGATORS

O. G. Raobe
G. M. Kanapilly
H. A. Boyd

The dissolution behavior of radioactive aerosol particles such as may be involved in inhalation acci-

dents is important in determining the retention and absorption from the site of deposition. The critical

organ and the relative radiation hazard of an inhaled radioactive aerosol depend on the in vivo dissolution

of the aerosol particles. Also, for estimations of lung burdens of radionuclides, such as 239pu and 238pu,

by urine analysis, in vivo dissolution rates of the lung-deposited aerosol particles are important. I, 2

Further, the effectiveness of chelation therapy for inhaled actinides and lanthanide nuclides will depend

3on the degree of solubility of the aerosol.

The main objectives of this study were (a) to measure the in vitro dissolution rates of samples of rnono-

disperse particles of 238puO2 and 239puo2 in a chemical simulant of lung fluid at 37°C and (b) to test the

usefulness of the in vitro dissolution system in predicting the in vivo dissolution of inhaled aerosols con-

taining plutonium.

A parallel flow dissolution system has been used in these studies .4 This system involves flowing

a solvent of "serum simulant" past a sample of particles on a filter which is sealed between membrane fil-

ters. This provides nonequilibriurn dissolution conditions recognizing that dissolution in the lung of

inhaled particles of relatively insoluble materials involves such conditions. Carefully produced rnono-

disperse aerosol particles were studied to provide information of the dissolution of known samples of both

238pu02 and 239pu02.

In vitro dissolution of a 239pu aerosol accidentally released at another laboratory and involved in

human exposures was also studied. Application of the in vitro dissolution data in the evaluation of lung



burden from urinary excretion data is illustrated. Rates of dissolution of the 239pu aerosol particles in

serum simulant and serum simulant containing diethylenetriaminepentaaeetic acid (DTPA) were determined

and the use of such comparative dissolution data in determining the efficacy of DTPA are discussed. The

research described in this report is a continuation of the work described in last year’s Annual Report

(LF-45, pp. 29-35).

MATERIAL AND METHODS

The general procedures used in these studies have been previously described 4 (197]-1972 Annual

Report, LF-45, pp. 29-35). Briefly, the procedures consist of sandwiching the sample filter between

two 47 mm diameter, I00 m~l pore size cellulose acetate membrane filters, placing it in a parallel flow dis-

solution system and eluting continuously with a solvent. The schematic of the dissolution system and fil-

ter holder assembly is shown in Figure 1. The solvent from a large reservoir (20 I) was introduced into

the secondary reservoir (200 ml) at 1 ml/min by gravity flow and controlled with a valve. The secondary

reservoir, the filter holder and the associated tubing, all noncorrosive plastics, were immersed in a water

bath at 37°C. The secondary reservoir a11owed temperature equilibration of the solvent and served as

a bubble trap. The filter holder was placed in the bath at an angle to prevent reduction in solvent flow

by gas bubbles.

In order to prepare a solvent to simulate lung fluids with their natural chelating agents, a serum sim-

ulant was prepared with composition chemically similar to that of blood serum with the exception of protein

and lipid constituents. The composition was the same as described earlier 4 except that the organic acid

in the present serum simulant consisted of 5 and 1 mmoles of glycine and L-cysteine, respectively, per

liter and contained an anti-bacterial agent, 50 ppm of alkylbenzyl dimethyl ammonium chloride. In some

cases, the effect of adding a strong chelating agent to the lung fluid simulant was studied with the addition

of 0.2 nmole disodium ethylenediaminetetraacetate (EDTA) per liter or 1 nmole dtethylenetriaminepenta-

acetic acid (DTPA) per liter. The pH of the solvent was kept at 7.3 to ?.4 by equilibrating with an atmos-

phere of 5% CO2 in N2 gas in a weather balloon (Fig. I) . For comparison, some studies were done at room

temperature (2Z-24°C) 238pu02
Solvent Refill__ Inlet

Samples of monodisperse particles of k._ ~._

and 239puO2 were both prepared as has been ~)~

described (this report, pp. 1 to 9 ) using
~~

I150°C heat treatment. After collection of a sam- Solvent

pie onto a filter, it was assayed by alpha counting
95% Nz )

L Gas /
or by spectral analysis of the 17 KeV x-rays.

It was then sandwiched between two 0,1 ~nn pore

size membrane filters in the sample holder with

the sample side facing the channel of the flowing

solvent. The flow rate of solvent was normally

maintained at 1 ml/min and eluants were collected

on a regular, usually daily, basis for analysis on the

activity of the dissolved material. Most samples were

studied for three to four weeks.

Samples of 239puO2 were analyzed by ion ex-

change, electrodeposition and alpha spectroscopy

with 236pu used as a reference tracer in the radio-

analytical techniques. Because of the higher solu-

bility of the 238puO2 and the unknown 239pu aerosol

sample, analyses of the eluants of these samples were

performed by liquid scintillation counting.

C~OSS SECTION
of Dissolution Reservoir

Chomber
O-Ring

"~- In ~ Out-j

Filter Sandwich Flow
Control
Valve

Cos

Both L

Collecting Bottle

Figure l. Schematic of parallel-flow disso-
lution system and filter holder assemblies.
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Data were evaluated in terms of the fraction of the 239pu or 238pu which was eluted per day of the

study. Using the average fraction eluted per day for monodisperse particles, the rate constant of non-

equilibrium specific solubility (grams dissolved per day per cm2 of particle surface area) was determined

5using the mathematical dissolution model of Ivlereer.

RESULTS

Monodisperse Particles of PuO2:

Monodisperse (ag < 1.2) particles of both 238puO2 and 239puO2 were found to be relatively insoluble;

however, 238puO2 was observed to dissolve about two orders of magnitude faster than 239puo 2. Examples

of the dissolution data for two different monodisperse sizes of 238puo2 particles and for one monodisperse

size of 239puO2 particle are shown in Figure 2 plotted as fraction dissolved per day (F d) versus elapsed

days of dissolution. The 0.66 ~m particles of 238puOe are seen to have dissolved at a rate about one hun-

dred times higher than the 0.66 ~m particles of 239puO2. Both were prepared with the same chemical

and physical conditions, and with I150°C heat treatment.

r~,.~3% DISSOLVED OLIRING
the FIRST DAY

~’o~ ~1(~: SERUM SJMULANT + EDTA

~ -~-°-~___~ ~u_r~-
2SSpu 02 D-O.gR~m

W

~ Jd!
0
m
m

SERUM SIMULANT

’PuO2 D-O.6$/*m
K) + EOTA

,~l , ,
0 6 2 8 24

ELAPSED DAYS

Figure 2. Dissolution data for two monodisperse particles sizes
of~238puO2 and one monodisperse size of 23~PuO2.
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The data are summarized in Table 1 in terms of the calculated dissolution rate constants for all samples

with serum simulant at 37°C as the solvent. Plutonium-239(Cr) refers to 239puo 2 particles labeled with

51Cr (1971-1972 Annual Report, LF-45, pp. 21-28) which were taken directly from the LAPS foil without

aerosolization. Plutonium-239(Cr)H refers to similar particles which were resuspended in water, aerosol-

ized and heated again to 1100°C for animal exposures (1971-1972 Annual Report, LF-45, pp. 50-54).

Table 2 summarizes the data for serum simulant with added EDTA at 37°C and Table 3 summarizes

the data for these studies that were performed at room temperature. Within the limits of experimental

variability, there was no definitive difference in values of k for samples of 239puO22in the three tables
38with values of the orders i0 -II to i0 -I0 gm-cm-2-day -I. Also, the values of k for PuO2 were not

clearly different from each other with values of the orders 10-9 to 10-8 gm-cm-2-day-I

The average observed rate constants, k (gm-cm-2-day -I) for 239puo 2 were 6.5 x i0 -II in serum

simulant at 37~C, 2.2 x i0 -I0 in serum simulant at 37°C with added EDTA, 9.0 x i0 -II in serum simulant

at room temperature and 3.5 x I0 -I0 in serum simulant at room temperature with added EDTA. The aver-

age observed rate constants, k, (gm-cm-2-day -I) for 238puO2 were 1.2 x 10-8 in serum simulant at 37°C

and 4,1 x 10-8 in serum simulant at 37°C with added EDTA.
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Table i

Plutonium Oxide

Dissolution Rate Constants-Serum Sirnulant 37°C

Sample MMD (~m) k( gm cm -Zday- 1 )

Pu-238 0. 13 1.6 x l0-8

Pu-238 0.66 7.9 x 10-9

Pu-Z39(Cr)H 0.53 1.9 x i0-I0

Pu-239 0.66 7.9 x I0-II

Pu-Z39 0.41 5.0 x I0-II

Pu-Z39 0.23 4.6 x i0"II

Pu-239 0.60 I.Z x i0-II

Pu-Z39(Cr) 0.40 l.g x i0-II

Sample

Pu-g38

Pu-239

Pu-Z39 (Cr)H

Pu-239

Pu-Z39(Cr)

Pu-Z39

Table 2

Plutonium Dioxide

Dissolution Rate Constants-Serum

Simulant + EDTA 37°C

MMD(bm) k(gm cm’Zday"i)

0.36 4. 1 x 10-8

0.41 7, 0 x 10-10

0, 53 1.8 x 10-10

0.66 8.6 x 10-1 1

0.40 7. 1 x 10-11

0.66 7. 1 x 10-I1

Sample MMD(bm)

Pu-239 0.41

Pu-Z39 0. Z3

Pu-Z39 0.39

Pu-239

Pu-Z39

Table 3

Plutonium Dioxide

Dissolution Rate Constants-Serum

Simulant 22-Z4°C

k(gm cm’Zday-1)

1.4 x 10-10

1.2 x 10"10

1.0 x l0-ll

WITH EDTA

0.41 5.4 x 10-10

0.66 1.6 x 10-10

Accident Aerosol:

The dissolution of two sections of a filter sample containing a plutonium aerosol (97.5% 239pu and 2.5%

241Am), accidentally released at another laboratory was studied. One (1.7 pCi) was studied with serum

simulant at 37°C and the other (I .2 IxCi) with serum simulant containing 1 x -3 M DTPA at 37°C. The

dissolution experiment with serum simulant as the solvent involved 8 days of continuous elution and then

elution with serum simulant containing 1 x i0 -3 M DTPA for an additional four days for comparison with

the sample studied for seven days only with serum simulant containing DTPA.

The early dissolution data expressed as fraction dissolved per minute (F ) for the first five hoursm

are shown in Figure 3. After an initial increase, the dissolution rate decreased with elapsed time in both

experiments. The data, expressed as fraction dissolved per day (F d) obtained during the entire dissolu-

tion experiment is summarized in Figure 4. Higher rates of dissolution in serum simulant containing DTPA,

compared to that in serum simulant alone, were seen between two hours and up to about five days of

elapsed time. The rates of dissolution decreased in both studies during the next few days. When the

sample eluted with serum simulant was subsequently eluted with serum simulant containing DTPA, in-

creased rates of dissolution were observed.

The percent dissolution during different periods of elution is summarized in Table 4. The total dis-

solutions were 29.0% in serum simulant containing DTPA during 7 days and 31.5% from the second sample

during 12 days. The dissolution in plain serum simulant during the first 8 days was 17.9% and in serum

sirnulant containing DTPA, during the next 4 days, 13.6%.
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Figure 3. Early dissolution data histogram
of an accidental 239pu aerosol sample as

determined in a parallel-flow dissolution

system with serum simulant and serum

simulant containing DTPA.

Table 4

Cumulative Percent Dissolution of

(~ Activity During Various Periods

of Elution Expressed as Percent

of Initial o~ Activity on the Filter

Period In Serum
Simulant In Serum

Period + DTPA Simulant

2 Hours 0.27 0.47

5 Hours 0.70 0.79

I Day 5. Z 2. 1

5 Days 28.3 15, 3

7 Days zg. 0 17. 1

8 Days .... 17, 9

IZ Days .... 3 i, 5~’;

;:: Last four days elution with serum
simulant and DTI~A.

1.0

v
>_ 0.1

c~
cE
bJQ.
ow

o
&0
(,9
~ e.0~

z
o
~D

0001
0

I

£RUM SIMULANT

.ol

ELAPSED DAYS

Figure 4. Dissolution data histogram of an accidental 239pu aerosol sample

during several days as determined in a parallel-flow dissolution system.

The solvents used in these experiments are indicated in the figure.
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DISCUSSION

Although monodisperse particles of both 238puO^ and 239puO~ heat treated to I150°C both were rela-
£ £.... 238

tlvely insoluble, the solublhty rate constants for samples of PuO2 were about two orders of magmtude

higher for 238puo 2 particles than for 239puO2 particles. For example, 0.66 gm diameter 238puO2 parti-

cles had a rate constant, k, of 7.9 x 10-9 gm-cm-2-day -1 in serum simulant at 37°C which is equivalent

to a dissolution half-time of about six years. On the other hand, 0.66 ~tm diameter 239puo2 particles had

a rate constant, k, of 7.9 x 10-ll gm-em-2-day -1 in serum simulant at 37~C which is equivalent to a dis-

solution half-time of about 600 years.

The accident aerosol was originally believed to consist of insoluble 239puo2. However, the in vitro

dissolution data show that a significant fraction dissolved in serum stimulant and about 30% is soluble in

the presence of DTPA. The increased in vi.’tro dissolution due to the presence of DTPA suggests that

DTPA therapy would be useful in treatment of an individual who had inhaled this material. The possible
239~

usefulness of repeated therapy with DTPA is also indicated by the persistently higher dissolution ol ~u

between two hours and five days in serum simulant containing DTPA compared to serum simulant alone.

The increased dissolution in serum simulant containing DTPA of the sample first eluted with serum simu-

lant alone suggested that DTPA treatment may be useful, even after several days post-exposure, for en-

hancing clearance.

The usefulness of in vitro dissolution data on accidentally released aerosols in the estimation of lung

burden from urinary excretion may be illustrated. An individual who had inhaled some of this aerosol

had an estimated lung burden of about 450 nCi 239pu and underwent treatments consisting of bronehopul-
6

monary lavage and DTPA therapy beginning on the eighth day after exposure, The urinary excretion

on the seventh day was measured as 0.112 nCi (see last year’s Annual Report, LF-45, pp. 2[{7-294).

The in vitro dissolution data for the aerosol sample may be used to estimate the human lung burden

from urinalysis data. Healy’s method for the estimation of 239pu initial lung burden, Q , from urinary
1

o
excretion, E , at the Rth day after inhalation deposition is given as:

U

R
E = 0.002 X Qo f d-F’t(R-t)-0"74 

U S
O

with t the time in days after inhalation deposition, k the daily fractional rate of dissolution and transfer
S

to the blood (assumed constant by Healy), and X, the total daily fractional removal rate from lower respi-

ratory tract due to both dissolution, k , and ciliary clearance, ~.. The in vitro fractional dissolution
s c -3

of the aerosol sample in serum simulant varied from 5.2 x 10-2 to 4.5x 10 per day (Fig. 4). However,

the total dissolution during tkxe first 7 days was 17.1% with an average fractional dissolution of 2.44 x 10.2

~er day. This value may be used as ~. in the Healy equation. The numerical values for the integral
s-Xt -0.74 ....e (R-t) dt when R = 7, are relatively insensitive to ~. values; these values are 5.58 and 4,86

o
10_2/dayfor ~- of 2.44 x 10-2/day (l = ~s) and 5.0 (l = 2~s), respectively. 2 Also, after the rapid

clearance phase, the ciliary clearance rate from the pulmonary region, is relatively slow, < 8 x 10-3 per

day. 7 If ~.= ~. = 2.44x 10-2/day then Q = 0.112/0.002 x 2.44 x 10-2 x 5.58 = 411 nCi. Similarly,
s~ O

if ~ = 5.0 x I0 -~ then Qo
o’= 472 nci. These values are in general agreement with the estimate of Q 450

6nCi, obtained by whole body counting.

Using the method described above, the fraction of initial lung burden expected to be excreted in urine,

E /Q , during the first days post-exposure were calculated (Table 5). Two values for )~ (3.0 -2 and
u o -2

5.0 x I0 ) were used to calculate the integral I. According to the values in Table 5, the daily urinary

excretion should be a maximum at 5 days post-exposure and it is about 0.03% of the initial lung burden.

If 239pu urinary excretion data from the exposed individuals during the first 8 days post-exposure are

available, it will be useful to compare the calculated and measured urinary excretion data. Such a com-

parison should provide further check on the validity of the application of in vitro dissolution data for the

estimation of initial lung burden and possibly for estimating the magnitude of the ciliary clearance rate,

.
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Table 5

Expected Daily Urinary Excretion 239pu During

As Calculated by Healy’s Method by Using

ks, per day

t, Cumulative
Days Post Average In Vitro
Exposure Dissolution Rate

1 Z. 07 x 10-2

2 Z. 86 x i0-z

3 Z. 93 x I0"2

4 2.94 x I0-Z

5 3.03 x I0-Z

6 2.76 x I0-Z

7 2.44 x I0"Z

8 2. Z3 x 10-2

1 I = fR
e-kt(~_t)-O. 74dt

0
Z Eu/Q

O

the First 8 Days Post Exposure

In Vitro Dissolution Data

Whenk = 3.0 x I0"2 When k = 5.0 x i0"2

2
Eu/Q°

II Eu/Qo I

3.76 1.56 x 10-4 3.70 1.53 x 10-4

4.39 2.51 x i0-4 4.26 2.44x i0-4

4.77 2.80 x 10-4 4.55 2.67 x 10-4

5.02 2.95 x 10-4 4.71 2.77 x 10-4

5.19 3.15 x I0-4 4.80 2.21 x 10-4

5.32 2.00 x 10-4 4.85 2.68 x 10-4

5.41 2.60x 10-4 4.86 2.37 x i0-4

5.47 2.44 x 10-4 4.84 Z. 16 x 10-4

= fraction of initial lung burden in urine.

i.

2.

3.

4.

5,

6.

7.
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THE PRODUCIFION OF 198Au TAGGED AEROSOLS

FOR USE IN INHALATION DEPOSITION STUDIES

ABSTRACT

The aerosol particle size characterized by inertial

samplers and filter tests is usually described as a

function of the aerodynamic equivalent diameter of

o unit density sphere. Common test aerosols are polysty-

rene latex (p ,~ I) and dioctyl phthalate (DOP p ~ 0.8).

Since many of the environmental aerosols of interest

ore more dense and since diffusion can be an important

factor in sampling or in inhalation studies, a need for

a standard high density aerosol exists. A method for

production of polydL6perse and monodisperse gold

particles (p ~ 19.3) is described. Neutron activation

of stable gold is suggested to provide sensitive detection

of the aerosol. Activity levels in NCi per liter of test

aerosols for respirable-sized particles from 0.06 to

T. 0 Nm real diameter are described.

INTRODUCTION

PRINCIPAL INVESTIGATORS

G. J. Newton
O. G. Raabe
R. Yarwood
R. F, Phalen

Inhalation toxicology research efforts using laboratory animals require a sound knowledge of the char-

acteristics of the aerosols in question. One of the more important of these characteristics is information

on deposition of standard aerosols in the respiratory tract. To this end, deposition in the respiratory

tract of experimental animals and man using standard aerosols of labeled clay and 198Au tagged gold is

being studied. The 19t~Au-gold-- aerosol offers several desirable features not found in other standard aero-

sols. The radiolabel, 198Au, decays by beta emission accompanied by 412 KeV gamma photons. Its half-

-life of 65 hours is ideal for deposition and early clearance studies in animals and allows for repeated

exposure of the same animals to a variety of particle sizes. The density of gold (p = 19.3 gm/cm3) is an-

other desirable feature of this aerosol. Many of the environmental aerosols of interest such as the oxides

of the aetinides and other heavy metals are dense, and since the important deposition mechanisms of

Brownian diffusion is independent of density, a need for a high density aerosol exists. As an example,

consider two particles both having 0.5 IXm aerodynamic diameter with one particle having a density of
i. 0 gm/ cm3 and the other particle a density of 11.0 gm/cm3 . These two particles would have a real size

of 0.40 Nm and 0. 081 Nm, respectively; however, the smaller particle would have a diffusion coefficient

ten times greater than the larger particle. Gold aerosols are also insoluble, a requisite for conducting

inhalation deposition and particle clearance studies.

Polydisperse and monodisperse aerosols of labeled clay and 198Au-gold will be used to accurately

determine the deposition of particles in the respiratory tract of experimental animals. Polydisperse tagged

aerosols will be produced using the various techniques developed in this laboratory. Monodisperse aero-

sols will be produced by sampling the polydisperse aerosol with the Lovelace Aerosol Particle Separator

(LAPS)1 which collects the particles on a stainless steel foil. Particles are then resuspended from a nar-

row band of the foil and aerosolized.

Neutron activation of stable gold-197 is the method of producing the 198Au tag on the particle. Con-

sider a 48-hr irradiation time of 1 gm of 197Au. Then the specific radioactivity (A, curies per gram) 

given by



A = o fn(l - e-ktl)e-kt2 - 25,37 Ci/gm
3.7 x 10I0

where o = thermal neutron cross section capture area = 9.8 x 10-23 cm2

f = neutron flux = 1.0 x 1013 n/cm2/s (Omega West reactor at LASL)

n = number of target nuclei per gram of gold = 3.06 x 1021

tI
= irradiation time = 48 hr

t2
= time from removal from reactor to use (- 24 hr)

k =.In 2 _ 0.693

TI/2 64.75 h gold-198 decay constant

Consider the mass and activity concentration of I. 0 llm diameter 198Au-gold particles at the specific activity

of 25.37 Ci/gm and a concentration of 3.5 x 108 pamticles/ml in an aqueous suspension.

Mass/particle = volume x p

where p = density of Au = 19.3 am/cm3

Total mass/ml = Vparticle x p x 3.5 x 108 particles/ml

=~ D3
-ff x 19.3 x 3.5 x 108 = 3.54x 10-3 am/ml

mass activity = 3.54 x 10 -3 am/ml x 25.37 Ci/gm = 0.090 Ci/ml
Activity/ml = -~x mass

Using the calculation above, one can compute the mass or activity for any particle size of interest by

multiplying the results obtained by the cube of the diameter in micrometer units.

Consider the following hypothetical dog exposure. Wanted: the activity/mass concentration required

to yield an aerosol of 198Au-gold that will deposit in the lungs of a Beagle dog ~ 1.0 ~tCi initial lung bur-

den (ILB) in 10 min.
2

Using the dog exposure apparatus and assuming 25% pulmonary deposition and a respiratory minute

volume of 2.8 I/m, the activity concentration of the particle suspension in a Lovelace nebulizer (0.05 ml/m

output) with 20 I/m total aerosol volume is:

1 lICi x 20 I/m
= 57.1 lICi/ml

i0 min x 0.7 I/m x 0.05 ml/m

Table i lists parameters of interest for several particle sizes.

Table 1

Monodisperse 198Au Aerosols

Generator Concentration
~tCi/ml at 3.5 x 108

Particle s/ml Aerodynamic Diameter Dreal

Pulmonary Deposition
In A Beagle Dog

~tCi/min

90000 4.81 ~rn 1.00 ~m ~ 158

4549 2.00 0.37 7.7

1579 1.50 0.26 2.6

307 1.00 0.15 0.5

121 0.80 0.11 0.2

20 0.55 0.06 0.035

Activity levels \vere calculated assuming I. 0 x 1013 n/cruZ/s,48 hr irradiation time,
24 hour "cool off" and preparation time, Lovelace nebulizer, 20 i/m flow rate in the
dog exposure apparatus, 25~ pulmonary deposition and 3.5 x 108 particles/ml in the
generator.

* Dae r = Dreal,/-~
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METHODS AND RESULTS

It was assumed that solutions of AuCI3 could he aerosolized and subjected to thermal degradation at

1200°C which should reduce the AuCI3 to metallic gold since AuC13 is relatively unstable and gold melts

at I063°C. This technique fMled to yield spherical particles and several dozen different chemical systems

were tested without success, One system yielded spherical metallic gold particles at usable concentrations,

This was a suspension of fulminating gold 3 prepared by adding NH4OH to AuC13, pH = 8.0

4 AuC14- + 4 NH4OH + H20----~Au203 ’ NH3 + NH(AuNH2C1)2 + H20 + HCL

where NH(AuNH2C1)2 is the fulminating gold precipitate,

This material was then subjected to running water dialysis to remove the soluble materials. Using a solu-

tion of AuC13 containing 198AuC13 spherical gold aerosols were prepared as shown in Figure 1, The use

of dry nitrogen for the nebulizer gas was found to be necessary in the procedure, Figure 2 is an electron

micrograph of a pelydisperse sample of the gold aerosol obtained with a point to plane electrostatic precip-

itator 4 and a high resolution electron microscope, The lines on the electron micrograph are replicas of

a diffraction grating and are spaced at an interval of 0.83 pm. The gold particles have the classic shape

of crystalline gold which implies that the mehing point of metallic gold was reached.

to dryness I to precipitate I Running Water Aerosolize

~q~°~:gln add O. i rn HCI >[Fulminating Gold[ > Dialysis ~ gold suspension

Collector Deionizer to cool aerosol Temp. ~ IZO0°C| Temp. ~ ZO0°C

Figure 1. Preparation of a spherical gold aerosol.

i~ii~i!iiii~i~iiiiii!iiiii~ii!ii

Figure 2. Electron micrograph from a point to
plane electrostatic precipitator sample of poly-
disperse gold particles showing crystalline
structure.



The production of monodisperse gold particles involves sampling the polydisperse aerosol with the

Lovelace Aerosol Particle Separator (LAPS) which collects the gold particles on a 0. 006-in. thick stainless

steel foil. The foil is then cut into narrow segments, each containing a narrow size distribution of parti-

cles (o < 1 .i). The particles are first suspended in water using a surfactant and ultrasonic agitation
g

after which they are washed, centrifuged and then transferred to a suitable container for neutron irradi-

ation. After neutron irradiation, the particles are suspended in water using a surfactant and ultrasonic

agitation, washed, centrifuged and the concentration adjusted to the desired level. The tagged gold par-

titles are then aerosolized and the surfactant degraded using a heat treatment (SD0aC), and the experi-

mental animals are exposed to the 198Au-gold monodisperse aerosol. Figure 3 is a schematic represen-

tation of the monodisperse gold production system,
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Figure 3. Production of monodisperse 198Au aerosols.

Figure 4 and 5 show electron micrographs of monodisperse gold particles collected on electron micro-

scope grids placed on the LAPS sampling foil. The grids contain a replica of a diffraction grating with

a line spacing of 0.83 pm. Figure 5 contains monodisperse gold particles and reference particles of poly-

styrene latex, p = 1.05. Both populations of particle sizes have the same aerodynamic diameter.

Estimate of LAPS Sampling Time Necessary to Obtain Useful Numbers of Monodisperse

Gold Particles:

Wanted: Estimated run time utilizing a single LAPS unit to obtain enough gold particles

for one generator loading for a single size range, ILB for a Beagle dog = 1.0 gCi.

Assume: Lovelace generator (0.05 ml/min output), 7 1/m diluting air and 300 cc/m LAPS

sampling rate, and a generator suspension concentration of 2 mg Au/ml and 5% of

LAPS sample per segment, Then the sampling rate is given by:

0.3 1/m/foil x 0.05 seg sample/foil = 2.14 x 10-7 gm/m/foil segment
2 mg/ml x 0.05 ml/min

7 I/m

By assuming a generator load in the exposure chamber of i0 ml at a concentration of 60 gCi/ml, the LAPS

sampling time required per generator load is given by

60 pCi/ml x 10 ml = 110.4 m/generator loading
2.14 x 10 .7 gm/m x 2.537 x 107 gCi/gm

A 10 ml generator solution is adequate for 120 m of generation time. A test irradiation of a sample of mono-

disperse gold particles yielded 90% of the expected radioactivity which was considered excellent in view

of the inaccuracy in estimating the mass of gold on a foil segment.
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Figure 4. Electron micrograph of monodisperse
gold particles from a LAPS sample. Real
diameter = 0.26 ~n.

Figure 5. Electron miorograph of monodisperse
gold and monodisperse latex particles from a LAPS
sample. Real diameter of gold particles = 0.54 ~m
and tea] diameter of latex particles = 1.7 }~m.

CONCLUSIONS

The production of 198Au-gold particles in both monodisperse and polydisperse size distributions has

been described. Even considering the smallest size obtainable with the LAPS (0.55 ~tm aerodynamic di-

ameter), inhalation deposition and early clearance studies with monodisperse particles are possible in

Beagle dogs, rodents and man. Gold as a laboratory aerosol is desirable because it is stable under the

electron beam of an electron microscope, insoluble, chemically inert, non-hygroscopic, non-toxic and

available in high purity.
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SECTION II

RADIATION DOSE PATTERN FROM INHALED RADIONUCLIDES

A BIOMATHEMATICAL MODEL OF

TO AEROSOLS OF

ABSTRACT
Retention and distribution patterns of 144Ce were studied

in Beagle dogs following inhalation of 144CEC13 in CsCI

aerosols and of 144CEC13 aerosols alone. Lung retention

was greater after inhalation of CeCI3 alone, however,

144Ce absorbed into blood was distributed between liver,

skeleton and other soft tissues in a similar manner far

both aerosols. Tissue retention and excretion were de-

scribed by a first order, mathematical model using a

single set of tissue exchange rate constants for both aerosol

forms except for lung clearance rates. In vitro dissolution

of aerosol samples collected during the inhalation exposures

demonstrated the influence of solvent pH and a chemical

complexing agent, Na citrate, upon the rate of dissolution.

INTRODUCTION

INHALATION EXPOSURES

CERIUM

PRINCIPAL INVESTIGA TORS

R. G. Cuddihy
S. R. Gomez
R. C. Pfleger

Rare earth isotopes including 144Ce are major elements of concern in handling fission products

of nuclear industries. For 144Ce, inhalation of airborne particles is considered the most significant

potential exposure route of humans in the vicinity of accidental releases. Exposures involving ingestion

of contaminated liquids or solids are generally less serious since gastrointestinal tract absorption of

cerium is very small. 1 Contamination through wounds is rare and can be treated surgically.

Human inhalation exposures can produce a broad spectrum of internal dosimetry patterns because

of the widely variable possible accidental releases of aerosols containing cerium. Chloride forms can
2

be readily absorbed from the lung into blood, whereas oxides and other chemical forms entrapped in

inert particles may be retained in lung tissues for very long periods of time with little systemic absorption

(1969-1970 Annual Report, LF-41, pp, 19-35) . Analyses of such inhalation exposures, especially for

evaluation of methods for therapeutic treatment, are very dependent upon knowledgeable assessment

of pulmonary clearance and rates of systemic absorption. Measurements of whole-body retention, i__n_n

vivo lung counting, blood activity levels, excretory patterns and in vitro aerosol particle solubility

can all provide useful data for predicting clearance kinetics of inhaled compounds. This paper supports

the value of such analyses and provides an integrated biomathematical model for incorporating the various

available data into these multidimensional problems,

EXPERIMENTAL METHODS

Inhalation exposures were conducted with 15 Beagle dogs, 9 males and 6 females, at 16 too. of age.

All dogs were housed in metabolism cages from 2 weeks prior to inhalation exposure until sacrifice.

containing trace quantities of 144CEC13 in CsCI particles were used for 9 dog exposuresAerosols and

3 dogs were exposed to aerosols of 144CEC13 alone. The aerosols were produced by nebulization of solu-

tions of either CsCI or CeCI3, 1% by weight, containing 144Ce with resulting activity median aerodynamic

diameters of 1.8 btm and geometric standard deviations of about 2.



Initial body burdens of about I00 ~Ci were produced in 10-min inhalation exposures. Groups of

3 dogs were sacrificed at 2, 8, 16 and 32 days after inhalation exposure to 144CECI3 in CsCI aerosols

and the 3 dogs exposed to aerosols of CeCI3 alone were also sacrificed after 32 days. Urine and fecal

collections were made daily for all dogs sacrificed at 32 days after inhalation exposure. Radioactivity

collected in washing the metabolism cages after draining urine and collecting feces was apportioned

between urine and feces samples according to the amount of 144Ce appearing in each separate collection.

Blood samples were also taken from these dogs at frequent intervals for 18 days. After sacrifice, the

dogs were dissected and tissues were analyzed for 144Ce by radioactivity counting using large volume,

well-type, liquid scintillation detectors.

Samples of the aerosols were collected on cellulose acetate filters during the animal exposures and

subjected to dissolution in various solvents. Solutions of NaCI, 150mM, in 50 mM Tris buffer (hydroxy

methyl amino-methane) at pH 6.5, 7.0 and 7.5; solutions of’Na citrate, 0.275 mM, in Tris buffer at pH

6.5, 7.0 and 7.5; normal saline at pH 6.9, and a simulated serum3 solvent at pH between 7.3 and 7.8

were used in these studies. The aerosol filter samples were contained between 50 m~ cellulose acetate

filters and placed in a container with i00 ml of solvent. The solvents were changed daily and filter

retention of 144Ce was measured.

RESULTS

Lung retention of 144Ce after inhalation of aerosols of 144CeCl3 and 144CEC13 in CsCl is shown in

Figure I. Datum points represent average values obtained from 3 dogs sacrificed at each time and the

bars indicate the total range of observed values. Solid lines drawn in each of of the following figures

were produced from a biomathematical model discussed below. Retention of 144Ce in lung tissue was

greater after inhalation of 144CeCl3 as compared to inhalation of 144CEC13 in CsCI aerosols. This obser-

vation was consistent with the slower appearance of 144Ce in blood following inhalation of 144CeC13

(Fig. 2) and in urine (Fig. 3) . The greatest differences occurred during the first 2 days following

inhalation after which blood levels were similar for both aerosol forms. Fecal and urinary excretion

were also generally similar for both aerosols inhaled after the first 2 days.

Liver and skeletal accumulations of 144Ce are shown in Figures 4 and 5. The liver was slightly great-

er than skeleton after inhalation of both aerosols. Greater quantities of 144Ce were transferred to liver

and skeleton after inhalation of 144CEC13 in CsCl indicating that CeCl3 alone was probably less soluble in

lung fluids than 144Ce in highly soluble CsCI aerosol particles. This effect of local mass concentration

upon lung retention for lanthanide elements has been reported previously 4 for other lanthanide elements.

tOO 1 I I

DAYS POST-INHALA’TION
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Figure i. Retention of 144Ce in lungs following

inhalation of aerosols of 144CEC13 and 144CeCi3
in CsCI by Beagle dogs.
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Figure 2. 144Ce in blood following
inhalation of aerosols of 144CEC13
in CsCI and 144CeCl3.
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144
Figure 4. Ce in liver of Beagle dogs

inhalation of aerosols of 144CECI3following

and 144CECI3 in CsCI.

Figure 3. Excretion of 144Ce following

inhalation of 144CeCl~ in CsCI aerosols
( O feces, ¯ urine solid lines) and
144CECI3 aerosols (A feces, ¯urine
dashed lines

144
Figure 5. Ce in skeleton of Bea~le dogs
following inhalation of aerosols of 1-44CeCl~
and 144CeC13 in CsCl.
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Dissolution of 144Ce from aerosol samples of 144CEC13 in CsCl collected during the inhalation expo-

sures of individual dogs is shown in Figure 6. ]44Ce was eluted from aerosol samples more rapidly with

solvents containing Na citrate. For each solvent system, dissolution increased as the pH was decreased.

Dissolution in normal saline was similar to that in 0.15 M NaCI which also included Tris buffer at pH

7.0. When "serum simulant" was employed in this system, little dissolution was observed. Retention

of 144Ce in Beagle lungs exposed to this aerosol was intermediate to the NaCl and Na citrate solutions used

in these studies. Data for aerosol samples of 144CEC13 alone in these dissolution systems are not yet

completed.

I I I I

DAYS OF ELUTION

Figure 6. Retention of 144Ce on aerosol filter samples in various

solvents and in Beagle dog lungs following inhalation of 144CECI3
in CsCI particles. Bars at each datum point represent the total
range observed in two studies at filter elution and three dogs
sacrificed at each time period.

DISCUSSION

A biomathematical model for 144Ce metabolism in Beagle dogs was constructed from experimental data

obtained in this and other studies 2’ 5 following inhalation of 144Ce chloride and fused clay aerosols. A

diagram of the model is shown in Figure 7. Data from each inhalation study used for construction of this

model provided different initial respiratory tract deposition patterns and lung clearance half-times char-

acteristic of the aerosol employed, however, it was possible to obtain acceptable simulations of all tissue

retention and excretion data without further adjustment of internal transfer rate constants. Solutions for

the model were obtained with analog and digital computer programs. A further example of correspon-

dence between the model simulation and cerium retention in Beagle dogs is given elsewhere in this report

(see pp. 92 -93 ).

From the data observed in this study for blood, urine, liver, skeletal and estimated endogenous fecal

excretion of 144Ce after inhalation of both aerosol forms, no differences were apparent in the tissue dis-

tribution or retention patterns for the 144Ce absorbed into blood in each case. Since 144Ce incorporated

into fused clay or oxide aerosol particles has a very long residence time in lung tissue as compared to the

chloride forms used in this study, it is important to develop reliable means to characterize aerosol samples

with regard to solubility. Such information can be beneficial in analyses of accidental inhalation exposure

incidents involving aerosols of uncertain origin and physical-chemical forms. The dissolution pattern in
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the solvent systems used here illustrate the influence of pH over a narrow range, 6.5 to 7.5, in the neigh-

borhood of what may exist in lung tissue environments. Citrate at a concentration near that of blood plas-

ma stimulated the removal of 144Ce from filter samples. The rate of dissolution of this aerosol in saline,

pH ~ 6.9, was similar to that observed in 150 mM NaCI, in Tris buffer at pH 7.0. A stable buffered solvent

is probably desirable, however, due to the noted influence of small changes in solvent pH upon the disso-

lutlon process. Elution of 144Ce with "serum simulant" at a pH between 7.3 and 7.8 was not observed.

About 94% of the initial lung burden was estimated to have been absorbed into blood during the first

8 days after inhalation. During the same period of time, 99%, 98% and 96% of the 144Ce was eluted from the

filter samples in solvents containing Na citrate at pH 6.5, 7.0 and 7.5, respectively. This observation would

would support the use of such a biologically active complexing agent in dissolution studies for character-

izing the solubility of inhaled aerosol partieles. Further dissolution studies are being conducted with

144CEC13 aerosols collected during inhalatuon exposures of the second group of dogs. Here, about 75~

of the initial lung burdens were absorbed into blood in 32 days following inhalation, however, no results

are yet available for the in vitro dissolution studies.
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ABSORBED DOSE DISTRIBUTION PATTERNS IN THE BEAGLE THORAX

AFTER INHALATION OF- 90Sr-90y FUSED CLAY PARTICLES

ABSTRACT

Methods were developed to determine distribution patterns

for the absorbed beta dose in the Beagle thorax after

inhalation of an aerosol contain/ng relatively insoluble
radioactive particles. Preliminary results are reported

for two Beagle dogs sacrificed 8 days post-inhalation
of an aerosol consisting of 905r-90y in fused clay parti-

cles. For one dog, the ratio (observed absorbed thorax

dose)/ (average absorbed thorax dose) = "relative

dose" ranged from 0 to 3.98; for the other dog the range

was 0 to 3.19. Data indicated that a signfficant portion

of the therax received an absorbed dose which was

3 or 4 times the average value. The location of these

"hot spots" will be identified by future analysis of

data," it will then be possible to relcrte relative absorbed

dose to specific areas of interest in the Beagle thorax.

This study will provide a better understanding of the

beta dose patterns in the lung and thorax of the Beagle

dog after inhalation of relatively insoluble radioactive

particles. In addition, it will allow quantitation of

anomalies in deposition patterns, such as the striated

pattern near ribs previously observed in this laboratory.

The result will be a better understanding of deposition

and dose patterns and allow a better correlation between

absorbed dose and biological response for Beagles

exposed to relatively insoluble radfoactive aerosols.

INTRODUCTION

PRINCIPAL INVESTICA TORS

M. B. Snipes
A. J, Hulbert
G, E. Runkle
R. T. Scott

Radiation dose estimates for lung tissue are based on the assumptions that (i) the hazardous material

is uniformly dispersed throughout lung tissue and (2) the dose to the lungs is uniformly distributed and

equal to the average value for absorbed dose in the lung. Prior work in this laboratory has indicated

that the second assumption is not valid, at least for high-energy beta-emitting radionuclides and, in fact,

there is a significant range for dose to lung tissue due to radioactive material deposited there. There

were also strong indications of striated radionuclide deposition patterns in lung tissue, especially near

ribs (1968-1969 Annual Report, LF-41, pp. 88-93; 1970-1971 AnnualReport, LF-44, pp. 114-120). 1 De-

termination of the extent of non-uniformity of radionuclide deposition patterns in the lung and quantitation

of the range and distribution for absorbed dose patterns in the lung will allow better understanding of

deposition and close patterns and allow correlations, if they exist, between "hot spots" and biological

responses such as fibrosis and tumor induction.

This paper outlines the experimental approach used to define absorbed dose models in the Beagle

dog and preliminary results using a relatively insolub]e form of 90Sr-90y. This radioactive rnaterial was

chosen as a typical high-energy beta-emitting radionuclide with an effective half-life sufficiently long

to allow long-term experiments.
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EXPERIMENTAL METHODS

Sixteen Beagle dogs (14 to 15 months old at time of exposure and 9.1 to 12.8 kg body weight) from

our colony were exposed to an aerosol containing 90Sr-90Y in fused montomorillonite clay particles 6 using

a method described previously, 2 Food was withheld on the day of exposure. Each dog was orally admin-

istered 60 mg of phenobarbital 2.5 hours prior to exposure, followed by an intravenous injection of Vetame

(0.55 mg/kg body weight; E. R. Squibb & Sons, New York, N.Y.) 45 minutes before exposure. Initial

lung burdens ranged from 91 to 200 [~Ci; the activity median aerodynamic diameters (AMAD) and geometric

standard deviations averaged 2.2 Nm (1.9 to 2.4 ~tm) and 1.7 (1.5 to 1.6), respectively. Four dogs 

sacrificed at 8 days post-exposure and three dogs were sacrificed at 64 days post-exposure. The remain-

ing dogs will be sacrificed at I, 2 and 3 years post-exposure to assess the changes in dose patterns after

allowing time for a significant amount of lung clearance.

Immediately prior to sacrifice, each dog had the hair clipped from its thorax to facilitate a later step

in which the dogFs thorax was encased in a rectangular block of polyurethane foam. Dogs were sacrificed

with an intravenous 10 ml dose of a concentrated solution of potassium chloride, a method chosen on the

assumption that it would cause a lesser degree of blood volume change in the lung than other methods

(1971-1972 Annual Report, LF-45, pp. 119-128). The dog was positioned in an insulated box; its config-

uration in the box was the same as in our plastic whole-body counting boxes. Liquid nitrogen was poured

into the box to freeze the dog; the freezing process was continued for 1-2 hours. A hand saw was used

to cut the thorax from the frozen dog, leaving two cervical vertebrae and all of the thoracic vertebrae

with the thorax block. The frozen thorax was positioned in a mold (Fig. i) and polyurethane foam 

Ibs/ft 3, obtained from Test Feb i%~aterials and Engineering Co. , Albuquerque, New Mex. ) poured around

it. A rectangular block of solidified foam containing the dog thorax was the result. Each block could eas-

ily be sliced in one of the three planes through the block to examine anomalies in deposition and dose pat-

terns.

Figure 1. Beagle thorax positioned in plexiglas
mold to be encased in rectangular block of poly-
urethane foam.

iiii!!i!! ili~iiiiiiijii¸¸

Each thorax block was sliced using a meat cutter’s band saw which had been modified to allow more

precise slicing than attainable originally. A blade with four offset teeth per inch was used to slice the

frozen preparation. Slices were 9.1 mm thick and the width of the material lost during slicing was appro-

ximately 0.7 mm; cutting losses therefore amounted to 7% of each slice. Such a loss was unavoidable be-

cause frozen tissue containing bones cannot be easily cut by other than a band saw blade with offset teeth.

Depending on the plane of slicing, each thorax was represented by approximately 15 to 25 slices (Fig.

2). Slices were cleaned by gentle scraping with a single-edge razor blade and photographed on a preci-

sion grid using a Nikon F camera equipped with a 55 mm, f/3.5 Micro Nikkor lens. The minimal distortion
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Figure 2. Example of a Beagle thorax enclosed in a rectangular block of
polyurethane foam and sliced at ~ 1 cm intervals.

produced by this high resolution lens will be corrected by computer prior to later use of the photographic

data. Color transparencies obtained in this manner will be used to produce tissue distribution models

at a later date. These tissue distribution models will be used to relate dose to specific regions within the

thorax; regions of interest will include total lung, individual lung lobes, tracheobronchial lymph nodes,

perimeter of the heart, ribs, etc.

Auteradiographs were produced for each slice using I0" x 12" x-ray film (Kodak AA2) . These proce-

dures were carried out in a walk-in freezer maintained at -I0 to -20°C. A calibration block (Fig. 3) was

positioned on one end of the x-ray film to produce calibration spots for optical density simultaneous to the

tissue exposure. This procedure allows accurate calibration of optical density for each film. The calibra-

tion block contained nine apposed pairs of standards. Each standard was a plexiglas tube (2.54 cm inside

diameter) containing 90Sr-90y in Armstrong C Epoxy (Armstrong Products Co., Inc., Warsaw, Indiana).

The surface of the standard adjacent to the x-ray film packet was ground flat to allow close contact between

the radioactive epoxy and the x-ray film packet. These standards were produced and calibrated in our

laboratory with the range of radioactivity chosen to yield a wide range of optical density on the x-ray film.

Central portions of the resulting spots on the x-ray film were used to relate film density to absorbed dose.

Infinite thickness for the calibration spots and tissue was achieved by having the calibration standards

appesed on either side of the x-ray film and also having approximately 5.5 cm of thorax block slices

stacked on either side of the film plane. Figure 4 illustrates the exposure apparatus; a two-piece alumi-

num jig allowed orientation of the slices and proper apposition of slices on the two sides of the film plane.

At the same time, one end of the film was clamped between the two halves of the calibration blocks. Orien-

tation marks were made on the film with a pointed object to relate each film to its proper position in the

3-dimensional dog thorax. After exposure for 2 to 3 hours, the x-ray film was developed with standard

procedures. Position versus optical density was determined for pertinent areas of the autoradiographs

using a computer-controlled scanning microdensitometer (EG&G, Los Alamos, New Mex,), using a 200

pm x 200 pm aperature. Computer analysis of these data then yielded dose distribution models for the

dog thorax.

RESULTS AND DISCUSSION

To date, 4 dogs sacrificed at 8 days post-exposure and 3 dogs sacrificed at 64 days post-exposure

have been processed, photographed and autoradiographed. Autoradiographs from 2 of the dogs have been

scanned with the microdensitometer; none of the tissue position data have been analyzed, Complete anal-

ysis will provide two models for each dog thorax, one for dose distribution and one for tissue position;

this will allow relating dose to position within and adjacent to lung tissue for these dogs. The present

discussion, however, will include only two dose distribution models for the entire Beagle thorax developed

for dogs 589S and 593A, sacrificed 8 days post-exposure and sliced in the plane normal to the dog’s

longitudinal axis.
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Figure 3. Calibration block and standards for autoradiography.

x!¸<iil iii i!i!i

Figure 4. Exposure setup for producing autoradiographs of sectioned
Beagle thorax.



Data analysis was as follows: Background optical density for each scan was fitted to a normal distri-

bution by computer. Background was subtracted from each scan and the calibration curve adjusted

slightly, if necessary, such that the average background optical density measured between the calibration

spots was equal to the background optical density in the area of the film adjacent to the tissue autoradio-

graph. This was a trivial correction which normally equaled approximately 1% of the average optical den-

sity for the tissue autoradiograph. The reasons for this slight shift in background between the ends of

the film are unknown, but probably related to differences in temperature in the developing solution, non-

uniform mixing of developer, and other reasons. The shift appeared random, sometimes the calibration

marks had a higher background and sometimes a lower background than the sample. After computer con-

version of optical density to absorbed dose, a histogram was produced for the sum of all autoradiographs

from a particular dog. The observed absorbed dose values were divided by the average absorbed thorax

dose to produce data representing the "relative dose", rather than absolute dose for a specific portion

of the dose range. This treatment yields a more versatile representation of dose distribution. Dog 589S

had 17 and dog 593A had 22 autoradiographs. Table 1 presents tabulated data and Figure 5 is a visual

presentation of the results of this analysis. Results include the various fractions of the Beagle thorax

irradiated by a relative dose ranging from 0 to 3.98 for dog 589S and ranging from 0 to 3.19 for dog 593A

where the average dose was 1.0. It must be emphasized that while the lungs receive most of the beta dose

delivered to the dog thorax, there are areas outside the lung which also receive a dose. Identification

of those areas and quantitation of the absorbed dose to those areas must await further development of this

experiment, At a later time it will be possible to relate dose to specific tissue within the thorax. At the

moment, however, the discussion relates to the entire thorax. For dog 589S, 61.4% of the thorax received

a radiation dose less than the average dose; for dog 593A, approximately 53.5% of the thorax received

a dose less than the average dose to the dog thorax. These data indicate there is a significant range for

absorbed dose distribution in the Beagle thorax and regions within the thorax receive doses much greater

than the average dose to the thorax.

A considerable portion of the thorax received a dose less than 0,5 times the average dose to the thorax.

Many of these areas would include large airways, blood vessels and other structures near and within the

lung mass, but devoid of 90Sr-90y. Some of this dose is possibly absorbed by ribs, the perimeter of

the heart, diaphragm and other tissues in proximity to the lungs. Again, a more precise distribution of

1.5
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Figure 5. Radiation doseDattern in the Beagle
thorax after inhalation of 90St in fused clay
particles.
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Table I

90St_ 90y Absorbed Dose Distribution in the Beagle Thorax

Dog 589S Dog 593A

, Cumulative , Cumulative
Relative Thorax Thorax Relative Thorax Thorax

Dose l~’raetion Fraction Dose Fraction Fraction

0 0 0 0 0 0

0.14 0.30 0.298 0.12 0.22 0.224

0.29 0112 0.414 0.25 0.090 0.314

0.43 0.065 0.479 0.37 0.057 0.371

0.57 0.045 0.524 0.49 0.039 0.410

0.71 0.035 0.559 0.61 0.033 0.443
0.85 0.029 0.588 0.74 0.038 0.482
1.00 0.026 0.614 0.86 0.032 0.513

1.14 0.024 0.638 0.98 0.019 0.532
1.28 0.022 0.660 1.11 0.021 0.553
1.42 0.021 0,682 1.23 0.022 0.576
1.57 0.021 0.703 1.35 0.030 0.606

1.71 0.022 0.725 1.47 0.039 0.645
1.85 0.023 0.748 1,60 0.039 0.684

1.99 0.024 0.772 1.72 0.042 0,726
2.13 0.025 0.797 1.84 0.044 0.769
2.28 0.025 0.822 1.97 0.045 0.814

2.42 0.026 0.849 2.09 0.049 0.864

2.56 0.025 0.874 3.22 0.044 0.908
2,70 0.023 0.896 Z.33 0,035 0,943
2.85 0.033 0.920 2.45 0.025 0.968

2.99 0.033 0.943 2.58 0.018 0.986
3.13 0.019 0.963 2.70 0.0098 0.995

3.27 0.015 0.976 2.82 0.0030 0.998
3.42 0.012 0.988 2.95 0.0010 0.999

3.56 0.0071 0.995 3.07 0.00048 <l.000

3.70 0.0036 0.999 3.19 0.00006 1.000

3.84 0.0012 <i.000

3.98 0.0027 1.000

(observed absorbed dose)/(average absorbed dose).

dose will be presented after completion of another phase of this study designed to relate tissue position

in the thorax to the same 3-dimensional coordinate system used for the dose models. The results presented

here emphasize that a lung burden of a high-energy beta-emitting radionuclide does not yield a uniform

dose distribution to the thorax. There are "hot spots" (yet to be defined) which receive doses much greater

than the average. It will be desirable to correlate biological response with dose distributions in the thorax

to determine if these "hot spots" are more prone to result in fibrosis or fleoplasms than are other areas

within the lung.

Results were slightly different between these 2 dogs. This is expected since dogs are shaped differ-

ently and the shape of the lung mass in each thorax will be different. The shape of a 3-dimensional object

is important when considering dose distribution due to a radioactive material deposited there. For ex-

ample, the maximum range for beta particles from 90y (2.26 Mev) is approximately 1.1 cm and 5 cm,
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respectively, for unit density tissue and lung tissue. This means that a unit of lung tissue could theoret-

ically receive a radiation dose from any beta particle from 90y within a distance of 5 cm. However, the

average range is on the order of 0.5 cm in unit density tissue and 2.2 cm in lung tissue. Dog 589S weighed

8.8 kg on the day of sacrifice, dog 593A weighed 11.5 kg. If lung mass is assumed proportional to body

weight, dog 593A should have had larger lung tissue masses than dog 589S; this means that central por-

tions of the lung mass for 593A would have relatively larger areas which could be considered as "hot spots".

Data in Figure 5 and Table 1 agree with this notion. While dog 593A has a narrower dose distribution

than dog 589S, approximately 47% of the thorax of dog 593A received a dose greater than the average value;

only 39% of the thorax of dog 589S received a dose greater than the average value. These factors will

be examined in more detail as the experiment progresses.

These results pertain to 90Sr-90Y (1.13 Mev average beta energy) in fused clay for dogs sacrificed

8 days post-exposure but they should be comparable to those for other energetic beta-emitting radionu-

clides used in our laboratory such as 144Ce and 91y, For lower-energy beta-emitters, the dose distribu-

tion should be narrower due to the lower penetrating ability of these beta particles,

The next step in this experiment is to produce dose distribution and radionuclide distribution data

for a low-energy beta-emitter. 147pm has been chosen for this phase of the study. It has a maximum

beta-energy of 0. 223 Mev (average 0. 070 Mev), half-life of 2.62 years, maximum range in unit density

tissue of approximately 500 ~m and its maximum range in lung tissue is approximately 2.3 mm. The aver-

age range for beta particles from 147pm is approximately 70 ~m in unit density tissue and 330 pm in lung

tissue, making this radionuclide very useful for determining distribution patterns in the lung by autoradio-

graphy.

This report includes preliminary results of a dosimetry experiment designed to produce radionuclide

deposition and radiation dose distribution patterns in the Beagle lung and thorax, Results reported here

indicate a wide range for absorbed dose in the thorax of dogs sacrificed 8 days post-exposure to 90Sr-

90y in fused clay. Data from dogs sacrificed at 64 days, 1 year, 2 years and perhaps 3 years post-expo-

sure will hopefully define changes in those patterns due to lung clearance. A complementary experiment

with 147pm in fused clay is in progress and will be reported when data are available. Such data from

high- and low-energy beta-emitting radionuclides deposited in the dog lung will allow better understand-

ing of deposition and dose patterns. They will also permit better interpretations of biological response

to radiation damage resulting from non-uniform tissue dose patterns.

1.

2.

3.
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COPROPHAGY IN LABORATORY ANIMALS: A

STUDY TO ASSESS POTENTIAL INFLUENCES

INGESTION ON RADIONUCLIDE RETENTION

ABSTRACT

were gavaged with 144CECI3 end either prevented fromRots

or allowed to practice coprophagy. Whole-body retention date

varied widely and, in some instances, resulted in highly erra-

tic patterns end enhanced gastrointestinal tract absorption of

garaged 144Ce in coprophagy-ollowed rats. These influences

of coprophagy on whole-body retention and tissue distribution

were manifested both for animals kept in wire-bottom and plastic

shoe box cages; however, the magnitude of alteration varied

in the two caging systems. Existence of coprophagy and its

potential effects should be carefully considered in evaluating

both short- and long-term results of inhalation exposure studies.

INTRODUCTION

PRELIMINARY

TO EXCRETA

PATTERNS

PRINCIPAL INVESTIGATORS

Randi L. Thomas
L yndo J. Roe

The idea that keeping animals on raised wire floors as an effective means of preventing coprophagy

has prevailed for many years. The work of Barnes and co-workers I-3 confirmed that such a practice

may be based on a highly erroneous assumption; theirs are probably the only studies designed to quan-

titate coprophagy in the laboratory rat. Their conclusion, based on several experiments in which cop-

rophagy was prevented by means of a collection cup attached to the rat’s tail, was that rats will ingest

feces as they are extruded from the anus and that they will normally recycle from 50-65% of their feces

when fed a complete diet, and more if the diet is nutritionally inadequate. 1 Further, they showed that

growth rate could be depressed by 15-25% when coprophagy was prevented by fecal collection cups,

even when a nutritionally complete diet was provided.

Little attention has been given to the potential influence of coprophagy on retention patterns, radiation

dose or data interpretation from experiments in which animals are injected with or inhale radionuclides.

Until recently, small animals (rats, hamsters, mice) have been housed in wire screen cages in this

laboratory. Because coprophagy has not been routinely observed in the Beagle dogs, and was not com-

monly observed in small animals in wire cages, there seemed to be little reason for its investigation.

Now, however, nearly all small animals are kept in solid bottom "shoe box" cages, and coprophagy has

been observed on numerous occasions. Routinely, cage cleaning is performed weekly, which allows

an animal access to feces that have remained in the cage for up to one week.

There are several elements of concern. Animals kept in wire cages may have practiced extensive

coprophagy without its being recognized. Routine consumption of radioactive feces upon extrusion would

not cause an erratic-appearing retention pattern for a radionuclide although the slope of retention would

be somewhat altered. Since animals in shoebox cages may have access to radioactive feces for a longer

period, their retention patterns could differ from those of animals kept in wire cages and their total

consumption may be greater. If internal distribution of a radionuclide is enhanced by its being avail-

able for absorption more than once, interpretation of retention data may be in error; that is, following

inhalation of a radionuclide, the amount distributed in internal organs may be attributed to dissolution

from lung when a possibly significant portion may have been due to coprophagy. If this practice is

common among all small animals, extrapolation of dissolution data from small animals through Beagle

dogs to man may result in erroneous conclusions for man.
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The first week after inhalation exposure to a radionuclide-containing aerosol, a time when feces

contain the greatest amounts of radioactivity, is also the time when fecal consumption is critical relative

to its effects on experimental results. For practical reasons, the radioactive content of large numbers

of animals cannot be determined on a daily basis after inhalation exposure. Often, only a few newly

exposed animals (if the group is large) are immediately assessed for their initial body burden (IBB)

of inhaled aerosol. An entire group is then counted for radioactivity at approximately one week after

inhalation exposure. Since early clearance of particles deposited on the pelt or in the upper respiratory

tract is essentially complete within a week. this is a good time for assessment of the initial lung burden

(ILB) of relatively insoluble or only moderately soluble materials. In calculating radiation dose to the

GI Tract, the amount of radioactivity assumed to have passed through the tract is the difference between

the IBB and the ILB. If an animal recycled its feces at the rate of 50% per day, the radiation dose received

by the GI Tract would be about twice that calculated based on a single pass of material through the tract.

The study to be reported was performed to determine the early influences, if any, of coprophagy

on whole-body retention and tissue distribution of a radionuclide in small laboratory animals. Rats were

used in this study because of the relative ease with which they may be prevented from coprophagy. I, 3

METHODS

Twenty-four female Charles River CDF rats, 3 weeks old, were used, On receipt of the animals,

8 were placed in wire mesh cages and 16 in plastic shoe box cages. To accustom the rats to tail cups,

8 of those in shoe box cages were fitted with feces collection tail cups (Fig. i), and sham cups were

placed on the tails of the other 16 (Fig. 2), as previously described. 1,3 Some food was provided inside

the cages as well as in food hoppers, to discourage chewing on the plastic tail cups. Tail cups were

removed after 24 hr and were not replaced until the experiment was begun, two days later.

Each rat was weighed and the average weight of each type of tail cup was determined. Following

inhalation anesthesia with a mixture of 50% GO2 and 50% 02 each rat received 20 NCi 144CEC13 (prepared

in 0.01 N HCI) in 0.5 ml solution, by gavage, using a stainless steel ball-tipped needle. Quality of

gavage was judged by observation of swallowing, a reflex elicited in 22 rats. The two that did not appear

to swallow reflexly received a portion of the 0.5 ml gavage solution directly into the mouth rather than

Figure i. Rat with feces collection
tail cup. *

Figure 2, Rat with sham tail cup.*

*Tail cups were constructed from l-ounce plastic bottles cut at the shoulder for collection cups or
at the neck for sham cups, and with a hole cut in the bottom. Bottles were covered with drainage
tubing and held in place with elastic bandage,



the throat. After gavage, the IBB of each rat was determined by whole-body counting, after which a

collection or sham cup was placed on each rat)s tail. On days 1, 2, 3, 4, 7, 9, 11 and 14, whole-body

counting was repeated and the animals were weighed. Prior to the counts on days 1, 2 and 3, the collec-

tion tail cups of coprophagy-prevented rats were removed and replaced with clean cups; care was taken

to remove all feces from the cage. The contents of the cups were analyzed for 144Ce content. Cups

of the coprophagy-allowed rats were checked and feces adhering to the cups removed before whole-body

counting. All cups were finally removed on day 4, based on the lack of 144Ce in collected feces of

coprophagy-prevented rats at that time. Shoe box cages were cleaned on day 7 post-gavage. Wire mesh

cages were cleaned on completion of the study.

Half of the rats, four from each group, were sacrificed on day 7 and the remaining rats on day 14.

Dissections were performed and tissues were analyzed for 144Ce content, including pelt, paws and tail,

head, GI tract, liver, muscle, defleshed leg bones, remaining soft tissues and remaining skeleton and

muscle.

RESULTS

Considering the body weights of the four rats in each group that remained in the study for two weeks,

average 14-day weight gain of coprophagy-prevented rats was 22 gm; of coprophagy-allowed rats in

wire cages, 25 gm; and of coprophagy-allowed rats in shoe box cages, 24 gm. During the first four

days, while coprophagy was prevented, net weight gain averaged zero for the prevented rats, 6 gm

for coprophagy-allowed rats in wire cages and 4 gm for coprophagy-allowed rats in shoe box cages.

relationships, expressed in terms of the weight at time of 144CEC13 gavage, are shown in FigureThese

3 for individual animals that lived 14 days.

Whole-body retention data were graphed on a count-to-count basis for each animal (Fig. 4). Fourteen

day values, as percent IBB, ranged from 0. 0055 to 0. 028, a factor of 5, for coprophagy-prevented rats;

from 0.0062 to 0.40, a factor of 65, for coprophagy-allowed rats in wire cages; and from 0.013 to 1.3,

a factor of 100, for coprophagy-allowed rats in shoe box cages. Overall

fractions of the IBB retained at 14 days spanned I.~

arange of 250 (0.0055%to 1.3%).

Results of tissue 144Ce analyses appear in ).2-

Table I. Values are shown for tissues, the content
Lt-of which would imply contamination due to gavage

or coprophagy (head and GI tract) and in tissues
¢.9

known to be important in cerium metabolism [ liver

and carcass (skeleton)] . Two points were noted; o
z

first, for each tissue, at 7 days and 14 days, values ~-

were higher for coprophagy-allowed than for

coprophagy-prevented rats, and second, many of ~>
the 14-day values were higher than 7-day values z

o
for coprophagy-allowed rats, while none of the 14-

day values were higher for coprophagy-prevented

rats. The data for the two individual animals in Table

1 are from the rats noted earlier,that did not swallow

reflexly during gavage. All of the values for tissues

of these rats were higher than for those of the other

three rats in their corresponding groups, by more

than an order of magnitude in some instances.

the smallest and largest

I

COPROPHAGY-PREVENTED

COPROPHAGY-ALLOWED: WIRE CAGE

I COPROPHAGY-ALLOWED;
I SHOE BOX CAGE

1"2-1 S
I.0

[-- +l’oil Cup Removed

0.9O 4l I I I~ ,4

C)AYS POST-GAVAGE

Figure 3. Body weight of rats after 144CEC13
gavage.
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Figure 4 Whole-body retention of 144Ce in rats after administration of 144CEC13 by gavage.

Table 1

Distribution of i44Ce in Selected Tissues of l~ats After Administration of 144CEC13
by Gavage. Data Are Average Percent Initial Body Burden

Head GI Tract
? Days 14 Da]rs 7 Days 14 Days

I. Coprophagy-Prevented .008Z .0046 .0017 .0011

C opr ophagy-Allowed:
H. Wire Cage .013 .059 .0066 .0016

Coprophagy-Allowed:
IIL Shoe Box Cage** .030 .069 5. 13 .0050

Liver Carcas s~

7 Days |4Da~, 7 Days 14 Da~s

.0044 .0008 .002Z .0009

.0045 .O03Z .OiZ .0069

.0054 .018 .0037 .011

.078 ..... .041 .....

..... .18 ..... .10
Group H Individual*** .46 ..... .020

Group ILI Individual*** ..... .69 .....

# Carcass = Muscle and skeleton except sk~U, paws and taft

** Cages cleaned on day 7

Values not included in group averages

.018

DISCUSSION

The overall reduction of weight gain in copropbagy-prevented rats during four days in which collec-

tion tail cups were worn was not particularly significant. If, however, coprophagy were prevented

for longer periods or incorporated into toxicology studies, it could be important to understand the extent

to which lack of weight gain might disrupt the rapidly-growing animal’s metabolism and cause greater

or less vulnerability to the toxic material being studied

Average retained body burden at 14 days was 25 times higher in coprophagy-allowed rats in shee

box cages than in coprophagy-prevented rats, and 7 times higher in coprophagy-allowed rats in wire

cages than in coprepbagy-prevented rats. The fraction of retained body burden attributable to absorption

could only be estimated by disregarding 144Ce detected in the head and GI tract. Calculated values

are underestimates since 144Ce accumulated in skeleton, of which the skull (which is not incIuded)

represents a substantial portion. Average fraction of IBB absorbed at 14 days was 0.0078% for coprophagy-

prevented rats, 0. 032% for coprophagy-allowed rats in wire cages, and 0.14% (including the individual

shown in Table 1) for coprophagy-allowed rats in shoe box cages. Expressed as ratios, these values

are 1: 4: 18, respectively. GI tract absorption of cerium is generally considered insignificant. Reported

values for rats have been 0.05%4 and 0.1%. 5 The value of 0. 0078% determined for coprophagy-prevented

rats in the present study is clearly lower than these reported values.
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The importance of increasing or decreasing GI tract absorption by factors of 5, l0 or 20 when very

small fractions of the IBB are concerned, as with cerium, is questionable with regard to radiation dose

to internal organs. Following inhalation exposure to a relatively insoluble material, lung receives the

greatest dose; following inhalation exposure to a somewhat soluble material, internal organs defined

by the chemistry of the inhaled material receive the greatest radiation dose, regardless of any changes

in the amount of material absorbed from the GI tract. The area for greatest concern may be interpretation

of retention data. In small lahoratory rodents, only 10-30% of the IBB originally determined may be

the ILB. Assuming the lower value, common for mice, then 90% of the IBB is available for recycling

by coprophagy. Absorption of 0.1% would place 0.09% IBB into internal organs by means other than

dissolution from that deposited in lung. Within several hundred days, lung content decreases to about

1% of its original value6 and if the decrease were due to mechanical clearance alone, tissue distribution

data would indicate 0.1% of the IBB in lung and 0.09% IBB in internal organs; or about 52% of the long-

term body burden in lung and 48% in the internal organs. On the other hand, if GI tract absorption with-

out the aid of coprophagy is only 0.01%, similarly derived retention data would indicate 92% of the long-

term body burden to be in lung and 8% in internal organs. In the latter case, the data would suggest

relatively little dissolution of pulmonary-deposited material whereas, in the former, a rather high rate

of solubility would be attributed to the deposited material. The ramifications of these interpretations

can be speculated in terms of extrapolating small animal data to man for purposes of establishing exposure

limitations.

The influence of coprophagy following inhalation, oral or parenteral administration of different

chemical forms of cerium or of other material can best be determined by actual experimentation with

each material and form. Determination of radiation dose to the GI tract and other organs in close prox-

imity to the GI tract could be studied through use of implanted dosimeters in coprophagy-allowed and

coprophagy-prevented animals. Implications involving chronic or repeated inhalation or feeding experi-

ments of radionuclides or non-radioactive pollutants may be of particular interest. Further, judgements

made concerning toxicity of various drugs, based upon studies with coprophagous animals, may bear

reassessment.
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INFLUENCE OF AEROSOL PRODUCTION TEMPERATURE ON RETENTION

OF INHALED AND INJECTED 144Ce-CLAY PARTICLES IN MICE

ABSTRACT

Results of previous studies have indicated differences

in retention of various relatively insoluble aerosols.

To evaluate the influence of temperature of aerosol for-

mation on particle retention kinetics, 9 groups of 15 mice
each were exposed to 744Ce-clay aerosols heated at 5

temperatures, from 90°C to 1150°C when passed through

quartz heating columns of two different sizes at 2 flow

rates. Nine groups of 5 mice each were intramuscularly

injected with particles resuspended from filter samples
PRINCIPAL INVEST/CA TORS

collected during the inhalation exposures. Additional
Randi L. Thomas

filter samples, collected during each of the inhalation G. M. Kanapilly
exposures, were subjected to in vitro dissolution study, R. O. McClellan

using o serum simulont solvent in a parallel flow system.

Early respiratory tract clearance of inhaled particles,

primarily representing upper respiratory tract deposition,

was related to particle size. Smaller particles produced

at lower temperatures were retained to a greater extent

than larger particles produced at high temperatures.

Following injection, particles produced at higher tempera-

tures were retained with the greatest tenacity. Tissue

distribution data collected at 32 and 64 days post-inhalation

exposure clearly demonstrated more rapid dissolution

and subsequent translocation to internal body organs

of lower-temperature produced aerosols.

INTRODUCTION

144Ce has received considerable attention in radiobiological research due to its importance relative

to nuclear reactor operation, fuel element processing and therefore as a potential biological hazard in

the event of nuclear incidents. Studies have shown that cerium is not readily absorbed from the site

of admlnistration 1’ 2,3 by comparison with other important radionuclides such as 137Cs or 90Sr. Absorp-

tion is minimal when cerium is incorporated into a relatively insoluble aerosol vector, such as monm~o-

rillonite clay, and heat-treated to enhance its insolubility. Based on the foregoing, it was of concern in

previous work to find only one-third of the body burden in the lung 10 months after inhalation of a 144Ce

fused clay aerosol by mice, with nearly 50~ in skeleton and 10~ in the liver (1971-1972 Annual Report,

LF-45, pp. 77-84). To determine to what extent temperature or the type of apparatus used may have in-

fluenced experimental results, a series of studies was performed in which mice inhaled or were injected

with 144Ce-clay treated under various conditions of temperature and air flow. Long-term whole-body

retention and tissue distribution data from early sacrifices are presented along with results of in vitro

solubility studies of the 144Ce clay particles.

METHODS

A summary of the different conditions used in aerosol preparation is shown in Table ]. A stock sus-

pension of 144Ce cation-exchanged into unfused montmorillonite clay, having 5 mg clay per ml suspension,
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Table 1

Aerosol Production Characteristics for 144Ce-Clay Studies With Mice

Experiment Heat Column Heat Column Diluting Total AMAD
Diameter Temperature Air Air Flow (~m1Designation

N-90-0 1.0" I.D. 90°C 0 i/m 1.6 i/m 1.47 1.48

N-Z00-0 i. 0" I.D. Z00 0 i/m I. 6 i/m I. 5Z 1.53

I"I-500-0 i. 0" I.D. 500 0 1/m i. 6 i/m I. 5Z I. 47

N-900-0 1.0" I.D. 900 0 i/m 1.6 i/m 1,84 1.55

N-If50-0 1.0" I.D. 1150 0 I/rn 1.6 i/m Z.04 1.54

N-1150-Z.4 1.0" I.D. 1150 Z.4 1/m 4.01/m Z. 14 1.55

0-900-0 0.6" I.D. 900 0 I/m 1.6 I/m I. SZ 1.47

O-1150-0 0.6" I.D. 1150 0 i/m 1.6 I/rn 1,9Z 1.48

O-i150-Z.4 0.6" I.D. 1150 Z.41/m 4.01/m 1.90 1.5Z

-’:, Activity Median Aerodynamic Diameter

was used. For each of the 9 aerosol preparations listed in Table 1, 15 mice were exposed by inhalation for

30 min in a multiple small animal exposure apparatus. During the exposures, air samples were collected

using membrane filters, electrostatic precipitators and cascade impactors, to provide sufficient particles

for further in vivo and in vitro study and to give good definition of the particles and particle size distri-

butions. Resuspension of particles from one or both of the filters utilized during each entire exposure

period provided a suspension containing 10-15 I~Ci 144Ce/ml, a portion of which was intramuscularly

(IM) injected into the right hind leg of 5 mice. A third filter sample, collected for 2 min during each

inhalation exposure, was subjected to in vitro dissolution.

A parallel flow system was used to determine in vitro dissolution. The solvent used in each case

was serum simulant, at 37°C, with pH of 7.3 to 7.5 and a flow rate of 0.2 to 0.3 ml/ min. The filter

sample was placed between 2 100 ~ cellulose acetate membrane filters. 144Ce was measured in aliquots

of the eluant, using an auto gamma counter.

Mice were male C57BL/6J, 3 to 4 months of age. Inhalation-exposed and injected mice were whole-

body counted with varying frequency until sacrifice. Five mice from each inhalation-exposed group

were sacrificed at each of 32 and 64 days post-exposure with the exception of one study in which 2 ani-

mals died following exposure. Remaining mice, 5 from each inhalation group and 5 from each injection

group were sacrificed 365 days after the start of their respective excperiments, with the exception of

4 mice that died. Tissue distribution data are not yet available for mice sacrificed at 1 year. Tissues

analyzed from inhalation-exposed animals included kidneys, liver, lung, mediastlnal tissue, head (in-

cluding skin), carcass, pelt and defleshed bones of the left hind leg and both forelegs; the dissections

of 1-year sacrifice animals include a separation of carcass into a sample containing muscle and bone

and a sample containing other soft tissue. Dissections of IM injected animals will include kidneys, liver,

head (including skin), injection site (entire right hind leg), carcass (muscle and bone), pelt (except

from right hind limb), defleshed bones of left hind leg and both forelegs and remaining soft tissue.

Tissues have been or wiU be assessed for 144Ce content using a Nal counter.

RESULTS AND DISCUSSION

Aerosol characteristics, determined by analysis of cascade impaetor samples, are included in Table
144~ ,

1. All aliquots for aerosol generation were taken from the same stock t~e-elay suspenmon, and experi-

ments were performed in the order shown in Table 1. Observed changes in activity median aerodynamic

diameters (AMAD), therefore, must have been due to heat treatment of the aerosol and may reflect 

lesser tendency for larger particles to fall out of the air stream at higher temperatures due to their great-

er speed of passage through the heat column, tl~us shifting the size distribution downward at lower tem-

peratures. It is noted that particle size distributions produced with the smaller heating column correspond

somewhat to those produced at lower temperatures with the larger heating column, perhaps indicating



less heating efficiency of the smaller column. Electronmicrographs of electrostatic precipitator samples

appear as a composite in Figure 1 for all 9 aerosols. "Quality" of particles, defined by their smooth,

spherical and dense appearance, clearly is improved by higher temperature treatment. Quality appears

to have been somewhat affected by addition of diluting air when the larger heating column was used (N-

1150-2.4); this effect was more apparent under similar circumstances with the smaller diameter heating

column (O-1150-2.4).

Whole-body retention patterns of inhaled and injected 144Ce clay are shown in Figures 2 and 3,

respectively, for most of the study groups. It is of interest to note essentially opposite retention trends

for the various temperature treatments, dependent upon route of administration. Data of Figure 2, which

are only for studies using the larger heating column, show greater retention of lower-temperature pro-

duced particles, whereas the injected suspensions (Fig. 3) were retained with greater tenacity when

treated at higher temperatures. Two factors account for this. First, higher-temperature produced par-

ticles were somewhat larger and were initially cleared to a greater extent from the respiratory tract.

Second, lower temperature-produced particles dissolved more rapidly in the respiratory tract and became

translocated to internal organs from which their subsequent rate of loss was less than that for material

Figure 1. ElectronmicrograDhs of nine aerosol samples used for inhalation exposure
and injection of mice with 14~4Ce clay at various temperatures.



Figure 2. Whole-body retention patterns
of inhaled 144Ce clay in mice.
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remaining in the lung, regardless of temperature treatment. Although tissue distribution data are not

yet available from injected anLmals, whole-body retention data in Figure 3 are probably much more indi-

cative of true differences in rate of dissolution.

Average values for tissue distribution from all animals sacrificed at 3Z and 64 days post-inhalation

exposure are presented in Table 2. Greater solubility and translocation primarily to liver and skeleton,

of lower temperature-produced particles, is clearly evident. Little difference in relative distribution

was noted between aerosols N-90-0, N-200-0 and N-500-0, indicating that the physical entrapment of

144Ce due to heat treatment was not significantly altered between temperatures of 90°C and 500°C, Aero-

sols N-900-0 and 0-900-0 were handled essentially identically in vivo, also indicated by whole-body

retention data. Aerosols N-1150-0, N-;lb0-Z.4, O-1150-0 and O-1150-2.4 produced similar tissue
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Table 2

Tissue 144Ce Content Following Inhalation of 144Ca-Clay in Mice¯

Data Expressed as Percent Sacrifice Body Burden

Study Day
De si~nation P.E. Lun~ Liver

N-90-0 32 19 28

64 ii 30

N-Z00-0 32 ZZ Z5

64 12 31

N-500-0 3Z 21 Z8

64 II 34

N-900-0 3Z 88 3.4

64 81 7.6

N-IIS0-0 32 93 1.4

64 88 3.6

N-I150-2.4 32 81 I. 1

64 92 3.0

0-900-0 32 6 3.2

64 80 8.7

O-1150-0 32 91 2.0

64 87 5. 0

O-I150-Z. 4 32 88 I. 7

64 87 4.4

Kidne y

36

34

Z8

34

35

38

04

08

02

04

02

03

O4

O9

02

04

02

05

Humeri
and

Femurs Skull Carcass

4.5 9.g 35

6.4 12 35

4.0 12 Z8

6.0 Ii 35

4.6 8.3 33

6.8 Ii 33

.36 .96 4. 1

1.0 1.9 6.6

¯ 17 .62 2.2

.48 .97 4.3

¯ 13 .27 2.4

.35 .55 3.0

.43 1.0 5.8

i.I Z.0 7.0

¯ 23 ,54 Z. 5

.64 1.5 4.7

.gl .56 2.8

.62 1.0 4.7

distribution patterns. The influence of additional diluting air, apparent in whole-body retention data

at later times following injection of particles produced with the smaller heating column (O-1150-2.4),

was not evident at the times for which tissue data are available.

Dissolution patterns for each of the 9 aerosol samples subjected to in vitro dissolution study are

shown in Figure 4 and a summary of dissolution data appears in Table 3. Because tissue distribution

data from injected animals are not available, no attempt has been made to quantitate dissolution from

muscle and direct comparisons with in vitro data cannot be made. Based on tissue distribution data

from mice that inhaled these aerosols, it is reasonable to assume that whole-body retention of injected

particles represents 144Ce that iranslocated to liver and skeleton as well as that retained in the muscle,

and is therefore an underestimate of dissolution. Considering this, correlation between in vitro and in

vivo data may be seen with all aerosols except N-90-0 and N-200-0. The low solubility of aerosol N-90-

0 and N-200-0 by comparison with N-500-0, which the animal data would have indicated was similar

to them, cannot be explained on the basis of apparent particle characteristics or the animal data.

It is thus far evident from these studies that in certain instances, biological and chemical treatment

of identical materials do not produce mutually-supportive data relative to dissolution. This is disappoint-

ing from the point of view that a distinct difference in solubility of 144Ce-clay particles does exist as a

temperature-dependent phenomenon. To determine proper and effective treatment of exposed individuais,

it is important that more be known about particles produced in an accidental release than the particle

size that may be inhaled, ft is therefore an important goal to determine a sampling and assaying technique

that will yield quick and at least qualitative information or relate to the anticipated biological solubility

of inhaled materials. Results of these studies indicate that knowledge of temperature of production and the

visualization of particle quality using qualitative criteria discussed earlier may be good indicators of bio-

logical consequence, and that under conditions used here, in vitro dissolution study was not a consistently

good indicator.
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Figure 4, In vitro dissolution data of 144Ce clay aerosols as determined
in a paralle’]q-fl-’6"vT-system, using a serum simulant at pH 7.3 to 7.5 and at
37°C, are shown as the fraction of 144Ce on the filter dissolved per day
(F d) versus the elapsed days from the start of each dissolution study. The
dissolution curves are identified with the aerosol sample numbers.

Table ]

Summary of Dissolution Data

Temperature Treatment °C (Indicated b)" [D Number)

N-90-0 N-Z00-0 N-500-0 N-900-0 N-I150-0 N-ll50-Z.4 O-900-0 O-1150-0
Dissolution % During

Indicated Days

O-1150-2.4

1st Day 0 02 0.06 15 0.03 0~Z5’ 0.08 0.74 0.03 0.Z0

1st 14 Days 0,05 0.64 26 0.10 1,9 0. 80 2.3 0.13 1.6

Total 006 0.90 27 016 Z.6 1.2 Z.7 0.17 Z0

Duration of Disso-
lution Study, Days [9 30 25 Z6 30 30 25 18 24

OrlglnalActLvlty
on 7Z315 in ~Ci 9. 57 6.5Z 9 85 i|5 15.9 155 11.9 17.Z 19.4
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PRELIMINARY ANALYSIS OF SELECTED TISSUE CONCENTRATIONS

OF 144Ce IN BEAGLE DOGS AFTER INHALATION OF CeCI_3-CsCI AEROSOLS

ABSTRACT

Studies were conducted with aerosols of 144CECI3in

CsCl particles inhaled by Beagle dogs to determine

the ability of endocrine organs including pituitary,

pancreas, adrenals, ovaries, testes, prostate and thy-
roid to concentrate absorbed 144Ce. With the exception

of thyroid, the remaining tissue concentrations were

found to be considerably less than lung and liver con-

centrations at all times out to 32 days post-inhalation.

These organ distribution data were consistent with

previously reported radiation dose-response studies

also conducted with Beagle dogs. Lung, liver and

skeleton related radiation-induced diseases were the

only reported effects et the highest radioactivity

levels inhaled. Similar patterns have also been reported

for 91y and 140La when absorbed through the lung

or gastrointestinal tract although data for pituitary

were not available.

PRINCIPLE INVESTIGATORS

R. G. Cuddihy
B. B. Boecker
R. O. McClellan

INTRODUCTION

In previous studies of tissue retention and excretion of 144Ce in Beagle dogs following inhalation of

soluble aerosols containing trace quantities of 144CEC13 in CsCI particles, lung, liver and skeleton were
identified as the most significant organs with regard to subsequent radiation doses. 1 Although the nasal

turbinates in these dogs had higher concentrations of 144Ce at early times, they were generally lower

than lung and liver concentrations by 32 days after inhalation. These tissues which are calcified honey-

combed structures in dog are not comparable to nasal tissues in man. Therefore, they were not consid-

ered significant with regard to inhalation toxicity evaluations for 144Ce in humans. Other tissues of con-

siderably less mass including adrenals, pancreas, ovaries, uterus, testes, prostate, thyroid and pituitary
were reported to have smaller concentrations of 144Ce; however, only values for the upper limit of con-

centration were given due to the very small total radioactivity present.

Another recent report 2 expressed concern that several tissues having endocrine function including

the pituitary, pancreas, testes, prostate, ovaries, uterus and thyroid could accumulate high concentra-

tions of the lanthanides; La, Y and Ce following internal deposition. Spode3 had previously reported high

concentrations of 144Ce in pancreas and spleen following intraperitoneal injection into mice, however,

this was clearly related to adsorption of 144Ce on the surfaces of these abdominal organs. Pancreas and

spleen concentrations were considerably less than liver and skeleton after subcutaneous injection. The

same situation existed for 91y following injection into guinea pigs.4 Graul and Hundeshagen5 reported

high concentrations of 90y in pituitary of guinea pigs following intracardial injection. Here the pituitary

was nearly 5 times the liver concentration after 4 days and nearly twice the liver at 8 days post-injection.

After oral administration of 90yc13 the pituitary was 65 times the liver concentration at 4 days but only

about 10% of the liver concentration after 8 days. These reports emphasize the influence of the route of

administration and the radiocolloid behavior of lanthanide elements upon tissue distribution patterns sub-

sequent to injection or gavage. These influences of experimental procedures upon distribution data have



also been reported for 140La. 6 Because of the diverse nature of reports of the ability of certain tissues

to concentrate lanthanide elements, further studies were conducted with 144Ce inhaled by Beagle dogs

in which special attention was given to endocrine organs. Inhalation of 144Ce-containlng aerosols was

chosen as a more normal form of isotope administration comparable to possible human contamination events.

An alternative, gavage, was not chosen due to the very low gastrointestinal absorption of 144Ce.7

METHODS

Beagle dogs, 5 males and 5 females, between Z5 and 50 months of age inhaled aerosols containing 144Ce

in CsCI particles. Initial body burdens between 100 and 300 ~ICi were produced during 20 min inhalation

exposures. The aerosols were generated by nebulization of solutions containing 1% CsCI by weight and

trace quantities of 144Ce. A male and female were sacrificed by maximum blood withdrawal at 1 hr, 2,

4, 8 and 32 days after inhalation. They were immediately dissected and 40 tissues were taken for 144Ce

analysis.

Two methods for radioanalysis have been used including external counting with scintillation detectors

and wet tissue ashing in nitric acid, followed by beta counting in a low background gas proportional

counter. Whole-body burdens of 144Ce were determined by external counting with a Nal (TI) scintillation

detector immediately after inhalation exposure and frequently thereafter until sacrifice.

RESULTS

Whole-body retention of 144Ce following inhalation is shown in Figure i. The average body burden

declined to about 25% of the initial body burden during the 32-day period. The rather large variations

about the average retention values were due to individual animal differences generally related to the

initial 144Ce respiratory tract deposition patterns. Material aeposited in the upper respiratory tract is

predominantly cleared during the first 2 days post-inhalation. This fraction ranged between 60 and 90%

of the initial body burden in this group of dogs.

The tissue distribution of 144Ce at each sacrifice

time is given in Table i. These data were obtained

from external counting of whole tissues. Rudiochem-

ical analyses and results for beta counting are not

yet available. These tissue data are generally ranked

in order of highest concentration although some zUJ

changes in ranking are apparent at different times ,~

after inhalation. With the exception of the thyroid,
m

)-

all organs with major endocrine function are very ’~oIn
low in this ranking with lung, tracheobronchlal .J

lymph nodes, liver, thyroid, skeleton and kidney ~_

being highest. With the exception of the lymph -z

majority of 144Ce ~-nodes, the vast is accumulated by z
W
(D

each tissue during the first 8 days post-injectlon a:
UJ
0.

which then declines with nearly the physical half-

life of 144Ce, 285 days.

DISCUSSION

Tissue distribution patterns of 144Ce in Beagle

dogs after inhalation of 144CEC13in CsCI aeYosol

particles reported here are similar to those observed

in higher level exposures conducted at this laboratory

to investigate the relationships between subsequent

radiation doses and resulting biological consequences.

In these dose-response studies, dogs received

I I I

I
’" !

-----Z--b

I0 0 ,b 2’0
DAYS POST-INHALATION EXPOSURE

Figure 1. Whole-body retention of !44Ce in

Beagle dogs after inhalation of 144CEC13 in
CsC1 aerosols. Points represent the average
of measurements of all dogs and bars indicate
total range of measurements at each time.
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Table i

Average Concentration of 144Ce in Various Tissues Following Inhalation of 144CEC13

in CsCl Aerosols by Beagle Dogs. Two Dogs were Sacrificed at Each Time and Values

for the Range of Observed Data Indicate the Concentrations Above or Below Average

Weight
Tissue (gm)

Lung 110

TBLN 0. 5

Liver 500

Thyroid 0.7

Skeleton 1000

Kidney 70

Sternal LN . 12

Popiteal LN 1

Pituitary .07

Hepatic LN 0.4

Spleen 35

Adrenals I. 5

Salivary G IZ

Pancreas 26

Prostate 13

Testes 20

Ovaries 1.4

Uterus 7

Concentrations for Each Tissue Analyzed

Time of Sacrifice (Days)

0 2 4 8

IBB
/~m Range

1950 .0680

0012 .0003

0006 .0004

0010 .0002

0001 .0001

0006 .0001

0003 .0003

0001 .0001

0008 .0007

0004 .0000

0001 .0001

0001 .0001

0003 .0002

00001 .00001

00018

00006

00001

0007

32
% IBB % IBB % IBB % IBB
/gm Range /gm Range /gm Range /gm

0770 .1020

0040 .0290

OO8O .0Z60

0150 .0Z00

0030 .0090

0O80 .0100

0023 .0090

0007 .0034

0005 .0011

0005 .0011

0003 .0014

0003 .0009

0005 .0015

00023 .00024

.00050

.00015

.00029

.00044

0670

0150

0140

0050

0050

0020

0050

0012

0011

0001

0007

0001

0008

00004

.0590

0353

0250

0130

O090

0100

0075

o022

0030

0014

0014

0010

0011

000ZO

00052

00020

00037

00016

.0140

.01Z0

.0070

.0070

0005

0010

0010

0004

0005

,0002

,0001

0002

0001

00012

1180

0110

0140

0250

0050

0110

0032

0011

0005

0006

0009

0005

0008

00024

00130

00016

00018

00018

0320

0430

0270

0130

0070

0035

0200

0043

0045

0021

0O06

0010

0008

00004

00033

00010

00019

00008

Range

0110

0010

0120

0020

0010

0001

0150

00Z0

0010

0002

0000

0004

0001

00004

initial lung burdens ranging from 2.6 ~Ci/kg body weight to 360 ~Ci/kg in the highest level animals (this

report, pp. 91 to 95). At the highest levels, dogs died within the first year due to severe damage to

bone marrow, lung or liver (Table 2). At intermediate levels, with initial lung burdens in excess of 

~tCi/kg, a number of dogs died up to 6 years post-inhalation exposure with neoplastic disease of bone,

bone marrow, liver or lung. Dogs with initial lung burdens of less than 14 NCi/ kg are surviving at 7-

1/2 years after exposure. The absence of effects related to pituitary, adrenal, pancreas, prostate, testes,

ovaries, uterus or even thyroid is consistent with the tissue distribution data reported here with the pos-

sibility that the thyroid is less sensitive than some hone elements to internally deposited 144Ce. However,

radiation doses to bone marrow cells are much greater than the average skeletal doses given here since

144Ce, as with other lanthanides, deposits predominantly on periosteal and endosteal bone surfaces.

dose-response studies conducted at this laboratory, dogs inhaled 91ycI3In other in CsCI aerosol

particles with resulting initial lung burdens from 14 to 540 ~Ci/kg total body weight (Table 2) (this 

port, pp. 96 to 99 ) . Above 200 NCi/kg dogs died within the first month due to severe bone marrow

aplasia. Three other animals with initial lung burdens of 94, 220 and 220 ILCi/kg have died at later times

also with radiation related diseases of bone and lung. However, animals that received similar radiation

doses or lower are still surviving at approximately 6 years after inhalation. In these studies as well as

those with 144Ce, the biological findings made as a result of detailed hematological, serum biochemical,

radiographic, electroencephalographic, electrocardiographic and rigorous clinical examination were re-

lated to disease that developed in lung, liver, hone or bone marrow. Detailed histopathological studies

were performed on a spectrum of these tissues as well as others obtained at necropsy and in no ease were
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any significant radiation-related histopathological changes observed in pituitary, ovaries, pancreas,

prostate, thyroid, testes, or adrenals.

Because of many factors related to differences in lung clearance rates for inhaled lanthanide-contain-

ing aerosols, and since human population exposures to lanthanide elements could conceivably occur

through ingestion, it is appropriate to consider tissue distribution patterns of absorbed radioactivity,

excluding lung and external contamination. Data in Table 3 provide a comparison of such tissue distribu-

tion patterns for 140La, 144Ce and 91y in Beagle dogs at 4 days after inhalation of soluble chloride aero-

sols. If these materials had been ingested, similar patterns would likely have occurred upon absorption

from the gastrointestinal tract. These same organ distribution data were expressed as a percent of the

absorbed activity per gram using human tissue weight values of the ICRP Committee II for standard man.

In all cases, most of the retained activity was contained in liver and skeleton. Expressed on the basis

of a projected concentration in human tissues, assuming the same relative tissue distributions, the liver,

skeleton, kidney and thyroid would represent the tissues of highest concentration.

Using these organ distribution data and mathematical models of isotope metabolism, 1,7 hypothetical

radiation doses to individual organs were calculated for humans ingesting these isotopes at MPC levels.
W

Tissue doses were calculated using effective energies and gastrointestinal tract transit times recommended

by ICRP Committee II. Tissue activity integrals were obtained from the mathematical models for each iso-

tope. It is well apparent that for ingestion of these isotopes, the gastrointestinal tract is the only tissue

of major concern for radiation dosimetry. As previously discussed, the lung, liver and skeleton are pri-

mary targets for radiation disease following inhalation. This was consistent with both organ distribution

data as well as the high level exposure dose-response studies in Beagle dogs.

Further studies are being conducted with 91ycI 3 aerosol inhalation experiments in Beagle dogs with

special attention devoted to the tissue concentrations of the same endocrine organ systems. To this point

in time, however, there is no indication that lanthanide elements are concentrated by these tissues of

Beagle dogs when absorbed through the lung or gastrointestinal tract.
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DISTRIBUTION AND EXCRETION OF

OF MONODISPERSE PARTICLES

ABSTRACT

A short-term study of the behavior ofmonodisperse,

137Cs-labeled, fused clay particles following inhelatlon

by Beagle dogs has been conducted to study the effect

of particle size on deposition and retention. The particles

used were separated with a Lovelace Aerosol Particle

Separator (LAPS) and hod aerodynamic diameters 

I. 2, 2. I end 3.9 urn. Three dogs were exposed to each

size oeroso! end sacrificed et O, ~ and 32 days post-exposure,

In contrast to results presented previously for this aerosol,

most of the 137Cs deposited initially in the lung remained

there with little absorption to the systemic circulation.

The highest absorption was seen in the dogs exposed

to the 3.9,pm particles where up to 9% of the body burden

could be attributed to absorbed activity. These data

are being used to plan e long-term study to examine these

questions in greeter depth.

INTRODUCTION

137Cs FOLLOWING INHALATION

OF 137Cs FUSED CLAY

PRINCIPAL INVESTIGATORS

B. B. Boecker
J, H. Davis
G. J. Newton
R. G. Thomas

The availability of the Lovelace Aerosol Particle Separator (LAPS) has made it possible to separate

centrifugally a polydisperse aerosol into a number of aerodynamic size groups (1970-1971 Annual Report,

LF-44, pp 1-13). Particles deposited on a specified area of the collection foil can be resuspended in

distilled water and this suspension used to load the aerosol generator for inhalation exposures.

In last year’s report (1971-1972 Annual Report, LF-45, pp 37-49), several inhalation studies using
monodisperse, 137Cs-labeled fused clay aerosols were reported. The choice of the 137Cs label was

based on the ready detectability of its gamma rays and the very soluble nature of 137Cs im body fluids

if it is released from the fused clay particles. This latter consideration improves the investigator’s

ability to distinguish between the particulate and released forms of the radionuclide. The study reported

for the dog, a preliminary 4-day study with 3 different particle sizes (0.78, 1.5 and 3.1 pm AD), was

compared with existing, more extensive data obtained earlier using a polydisperse 137Cs fused clay

aerosol.

A full-sized distribution and excretion study for a monodisperse 137Cs-fused clay aerosol lasting

several years will require many mci of 137Cs in that size of particle. A production system containing

units similar to the system used to produce the monodisperse 238puO2 aerosols (this report,4 LAPS

pp I - 9 ) is being constructed to prepare monodisperse aerosols of beta, gamma-emitting radionuclides.

Pending its completion, it was decided that an additional, short-term experiment would be conducted

using other size segments prepared at the same time as those reported last year. Sizes chosen for study

to complement last year’s study were 1.2, 2.1 and 3.9 ~m.

METHODS

Nine dogs (6M, 3F) from the p~-ogram’s colony, weighing 6.8 to 14.7 kg and ranging in age from

28 to 31 months, were used in these studies. They were transferred from the kennel facility to individual

metabolism cages at least one week before the inhalation exposure and were given a physical examination

to verify their good health status. Food was withheld on the day of exposure. Sedation for the exposure



consisted of 60 mg of phenobarbital given orally at 2.5 hours before exposure and 0.55 mg per kg body

weight of Vetame given intravenously at 0.75 hours before exposure, The exposures were conducted

individually in an exposure apparatus designed to permit "nose-only" inhalation exposures and a measure,

by whole-body plethysmography, of the respiratory flow rates and volumes. Fusing of the 137Cs into

the clay particles and LAPS separation occurred approximately 15 months prior to the beginning of this

experiment. In the intervening time, the particles were stored dry on their respective segments of the

collection foil. Just prior to these exposures, the particles were ultrasonically resuspended, and washed

3 times in distilled water containing dipalmitoyl lecithin (DPL). a surfaetant material. At exposure,

the particles were generated from a suspension in distilled water and DPL using a Lovelace nebulizer

and were passed through a heating column at 500°C to subsequently degrade the DPL before the particles

were cooled and drawn past the dog’s nose. The aerodynamic sizes of these particles as determined

by the segments of the LAPS foil from which they were derived were 1.2, 2 .i and 3.9 ~m. Exposure

duration ranged from 30 to 37 minutes. Concentrations of 137Cs in the exposure air ranged from 0.004

to 0.13 ~/Ci per liter. Three dogs were sacrificed immediately after exposure, whole-body counted and

dissected. Those scheduled for 4 or 32-day sacrifices were whole-body counted at different intervals,

had daily excreta collections and were sacrificed as scheduled in groups of 3 by maximal blood withdrawal

from a heart puncture performed under pentobarbital sodium anesthesia. After the tissues were dissected,

they were radioanalyzed by gamma counting in large well detectors employing a liquid scintillator.

RESULTS AND DISCUSSION

The whole-body retention for the 3 different particle sizes is shown for the three 32-day dogs in

Figure i. A sharp drop occurred for all 3 dogs during the first day, presumably representing clearance

primarily from the upper respiratory tract by mucociliary activity, swallowing and excretion in the

feces. This early clearance represented 50, 31 and 92% of the initial body burden for the 1.2, 2.1 and

3.9 p.m AD aerosols, respectively. Corresponding values for the 4-day dogs were 46, 47 and 92%, re-

specti~’ely. Once this early clearance phase was completed, the remaining 137Cs was apparently retain-

ed quite avidly during the first 32 days. There was a slight additional decrease during the first week

noted in the body burden of the dog exposed to the 3.9 ~m aerosol.
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Figure i. Whole-body retention of 137Cs

after inhalation of monodisperse 137Cs
fused clay particles.



The urine and feces values for the 32-day dogs were inconsistent with the whole-body counting

data with the excreta data generally accounting for a greater decrease in body burden from day 2 to

day 32 than was observed by whole-body counting. Part of this may be due to the small initial body

burdens of 137Cs, 0.7 to 4 MCi, and the measurement of the corresponding small quantities excreted

per day. In any event, cumulative fecal excretion exceeded cumulative urinary excretion from day 2

through day 32 with all 3 particle sizes. Consideration of the first 2 days was avoided because of the

influence of upper respiratory tract clearance. The difference between fecal and urinary excretion was

least for the dog exposed to the 3.9 I~m particles.

To compare the tissue distribution data, results for individual tissues were placed in 1 of 3 groups;

(a) respiratory tract, (b) possible external contamination, or (c) absorbed activity. The respiratory

tract consisted of the lung, trachea and larynx, tracheobronchial lymph nodes and, on day 0, also in-

cluded the skull, turbinates and gastrointestinal tract. Samples considered as representing potential

external contamination were head skin, nares, paws and tail, pelt and miscellaneous. The 137Cs activity

in all remaining samples was considered to have been released from the clay particles and absorbed

into the systemic circulation. Examination of the tissue data for the dogs sacrificed at zero time produced

a pattern of respiratory tract versus absorbed activity that was inconsistent with subsequent data at

4 and 32 days post-exposure. It appears quite likely that some cross-contamination from the relatively

available 137Cs activity in the upper respiratory tract occurred during their necropsies. Therefore,

results will only be presented for the 4 and 32-day dogs where this apparently was not a problem.

Table 1 presents the 4 and 32-day data grouped as described. The estimated external contamination

for the dogs exposed to the 3.9 [lm aerosol was much higher than that seen for the other 2 particle sizes.

This may be a reflection of the much higher fecal excretion that occurred during the first day for these

dogs and the potential for a residual of this activity on their pelts. If the potential external contamination

is deleted from further consideration, it is possible to compare the relative solubilities of the 3 sizes

of aerosol. For the 1.2 and 2.1 gm aerosols, less than 2% of the net body content was associated with

absorbed activity; the remainder was in the respiratory tract. For the 3.9 grn aerosol, the absorbed

activity was 9% of the total net burden at 4 days and 6% at 32 days. Values reported last year for absorbed

activity at 4 days after exposure to 0.78, 1.5 or 3.1 gm AD particles were 64, 7 and 25%, respectively.

Table 1

Relative Tissue Distribution of 137Cs Following Inhalation of

Monodisperse 137Cs-Labeled Fused Clay Particles

Post-Exposure Grouping

4 Respiratory Tract

Absorbed Activity

External C ontam.

32 Respiratory Tract

Absorbed Activity

External Contarn.

4

32

Percent Of
Sacrifice Body Burden

1. Z ~m 2. 1 F~m 3.9 ~m

97.4 98.3 81.3

2.0 0.89 7.8

0.64 0.65 1 i.

99.98 99.25 87.3

.012 .64 5.2

¯ 001 .078 7.5

Absorbed Activity x 100%
Absorbed+ Resp. Tract Activity

1.2 FLm 2. 1 txm 3.9 FLrn

2 1 9

0.01 0.6 6



The aerosols used last year appear to have been generally more soluble in body fluids than those

used this year. There may be some effect relating to particle size, but since results from both years in-

volve 3 different sizes, this cannot be the entire explanation. Another difference between the two experi-

ments relates to the heat treatment of the aerosols at the time of exposure. During last yearrs exposures,

the monodisperse fused clay particles were passed through a heating column at 1150°C before reaching

the dog. In the present experiment, the heating column was only used to dry the aerosol and degrade

the DPL; consequently it was operated at 500°C. It is difficult to understand why these differences would

affect a pre-fused clay aerosol and why additional heat treatment at 500°C might affect the resulting in

vivo solubility. Another possibility may be that some 137Cs was present on the exterior of these particles

where it was more readily available for absorption into the systemic circulation. The particle washing

procedure performed this year before the exposures may have removed this source of 137Cs. More infor-

mation is required on this point. In both experiments, the largest particle size demonstrated some de-

gree of solubility which may be related to incomplete fusing of the clay particles.

Because the foregoing tissue data show that most of the retained l$?cs was associated with the lung,

extrapolation of the long-term component of whole-body retention should yield good estimates of the

initial lung burdens. Initial lung burdens determined in this manner are listed in Table 2 for the 6 dogs

sacrificed at 4 and 32 days post-exposure. Corresponding values for the zero-time dogs were determined

from radioanalysis of the lung tissues. With these values and estimates of total inspired 137Cs activity

derived from the product of the mean concentration of 137Cs in the exposure air and the total volume

of inspired air, it was possible to calculate the percent initial lung deposition. From the values listed

in Table 2, it can be seen that there was some variability among dogs but in general, lung deposition

was highest for the 2.1 [am aerosol, less for the 1.2 ~m aerosol and least for the 3.9 Wn aerosol.

The experiment reported last year and the present one raise important questions that need to be

investigated with larger quantities of monodisperse particles. The major one appears to be the effect

of particle size on in vivo solubility. Experiments planned for the near future should yield valuable

additional information on this point.

Table Z

Initial Lung Burdens and Initial Deposition in the Lung Following

Inhalation of 137Cs in Monodisperse Fused Clay Particles

Air
Dog Sacrifice AD Conc. ILB % Lung

Number Days P.E. ~m ~Ci/l ~Ci Deposition

01-1234 0 1.2 0.086 1.6 19

03-1234 4 1.2 0. i0 1.9 18

02-1234 32 l.Z 0.092 1.8 36

01-1232 0 Z. I O. 13 1.4 14

03-1232 4 2. 1 0.074 1.4 44

02-1232 32 2. 1 0. Ii Z. 1 40

01-1233 0 3.9 0.0088 0.075 8.8

03- 1233 4 3.9 0. 0038 0. 049 16

02-1233 32 3.9 0.0091 0.055 ii



RETENTION OF 137Cs-FUSED CLAY PARTICLES IN RATS AND HAMSTERS

AS A FUNCTION OF MULTIPLET:SINGLET RATIO

ABSTRACT

One of the obstacles in achieving certain specified lung

burdens of monodisperse particles in a short exposure

time inhalation is the limitation placed upon the concentration

of starting material in the aerosol generator. As the concentra-

tion of pro-formed particles in the generator suspension

is increased, the probability of more than one particle per

droplet increases, and doublet or multiplet formation occurs.

If the biological behavior of these multiplet particles is

not different from that of singlets, then the effect is not

important. A study was undertaken in which the degree

of multiplet formation was graded, to see if an effect on

metabolism would result. Monodisperse fused montmoriltonite

clay particles were nebulized from aqueous suspensions
PRINCIPAL INVESTIGA TORS

of three different concentrations. One suspension contained
R. G. Thomas

only 137Cs-labeled particles and gave an aerosol multiplet: sin- Randi L. Thomas
glet ratio of O. 044. The other two suspensions had unlabeled

fused clay particles of similar size added to give multiplet:

singlet ratios of O. 14 and O. 17. Hamsters and rats were

exposed to each of the three aerosols and whole-body and

tissue measurements were made at various times post-exposure.

Suspensions of the filter-collected aerosols from each run

were also injected intramuscularly into both species for

retention determination. The latter studies gave a consistent

specific solubility constant, k, for all three groups of
~ I. I x lO-Sgm/cm2/doy. Long-term retention half-lives

in all hamsters following inhalation were treated as one

population, and gave a value of 100 days. For rats treated

similarly, the long-term half-life was ~ 170 days. Approximately

95% of the long-term body burden was associated with lung

and most of the remainder was in the carcass, presumably

in bone.

INTRODUCTION

When a liquid suspension of particles is nebulized into an aerosol, the individual droplets may contain

no particles, one, or some multiple of one particle. The multlplet to singlet particle ratio of the resulting

aerosol is therefore governed by such parameters as droplet size and particle concentration in the suspen-

sion. Depending upon the treatment of the droplets after nebulization, the multiplet particles formed

upon evaporation of the droplets may adhere to each other with various degrees of force. With clay

particles as used in this laboratory, passage of multiplet adherents through a subsequent heating column

could re-fuse two or more particles together with a very strong bond. In this situation, depending upon

such characteristics as temperature of heating column and time of passage, two or more particles may

re-fuse into a new sphere having the mass of the combined initial adherent particles. The increase



in diameter when two particles of equal size combine is, 3~2 = 1.26, or 26%. The biological behavior

of multiplet particles may differ from that of singlets, particularly if complete re-fusion occurs. When

two particles are re-fused only at the point of contact, an alteration in biological solubility would not

be expected inasmuch as the surface-to-mass ratio would remain essentially the same as if the two parti-

cles were behaving completely independently. Conversely, two particles that completely re-fuse into

one sphere would show solubility characteristics in body fluids that would be a function of a decrease

in surface-to-mass ratio of ~ 20%. This should lead to an initial rate of decrease in mass by dissolution

of ~ 80~ of the true doublet.

In this study an attempt was made to generate aerosols of 137Cs-labeled fused clay particles from

suspensions of three different concentrations, assumed to result in three different multiplet: singlet

ratios. It was hoped that the multiplet ratio would be sufficiently extreme in one case to definitely result

in an altered retention pattern after inhalation by hamsters and rats. The practical value in the study

would be the affect that results may have on future inhalation experiments. The higher the aerosol

generator concentration possible to use without changing the biological retention pattern, the easier

it is to attain certain lung burdens of radionuclides in experimental animals. When the aerosol generator

suspension must be diluted to avoid excess multiplet formation, then the inhalation exposure time must

necessarily be increased to achieve a specified radionuolide burden in the lung.

METHODS

Particles of 137Cs-labeled fused clay were produced in monodisperse form using the Lovelace Aerosol

Particle Separator (LAPS) . Similar production runs were made with fused clay without the radioactive

tag. Three suspensions were made from these preparations: one had only 137Cs-labeled clay and the

other two had an equal amount of labeled clay plus additional unlabeled clay. In all cases, the original

particles had been produced by passing unfused montmorillonite clay particles (polydispersed) through

a heating column maintained at II00°C prior to delivery to the LAPS unit. Aerosols of each of the three

suspensions were used to briefly expose rats and hamsters by inhalation; the nebulized droplets were

passed through a heating column at II00°C before entering the aerosol chamber. Forty of each type

of rodent were exposed simultaneously to each aerosol, and sampling by cascade impactor and electrostatic

precipitator was carried out during each run. Following exposure, sacrifices of two animals of each

species were carried out at 0, i, 2, 4 and 8 days and at 8-day intervals through 72 days post-exposure.

At approximately 300 days, five animals from each species and group were also sacrificed for tissue

distribution. Whole-body counting was done at various times post-exposure. In addition to the inhalation

studies, other animals were injected intramuscularly with the various particle suspensions as shown

in Table 1 and subsequently whole-body counted. The injection groups were comprised of 4 hamsters

and 4 rats injected with suspensions of particles from filters operated during the inhalation runs and

4 rats injected with a small volume of the original generator suspension used for each exposure.

RESULTS

The aerosols generated in this study were of primary importance to the interpretation of the biological

results. The real particle diameters changed little with addition of quantities of unlabeled fused clay

particles (range, 0.45-0.49 ~m) (Table i); however, these sizes were obtained by electron microscopic

examaination of electrostatic precipitator grids, and only the singlets were sized. The number fraction

of multiplets was obtained by scanning large fields of the particle collection; the mass fraction was calcu-

lated from this by assuming all multiplets were doublets. These latter values are therefore lower than

they should be because agglomerates containing greater than four particles were occasionally observed.

The particle size data indicate a good degree of monodispersity among the singlets, with a geometric

standard deviation ranging from 1.08 to I. 15. A most significant particle parameter relative to this study

was the density which ranged from 2.12 to 2.51 grams/cm 3 (Table i). These values were calculated

using the aerodynamic diameter obtained from calibration of the LAPS foil segments and the arithmetic

mean diameter obtained from electrostatic precipitator samples.



Table I

Summary of Data Related to Intrarnuacul&r Injection Studies

Whole Body
Clayb

Aerosol Properlfesc Multiplet Souzce Quantity Retention

Group and Conc. MMD p Fraction Ivlaterial
~

Half Life in Dayse

Specie sa trn~/mll IFml ~g Ifl/cm31 (No/)g ~ In~ectedh [Mean~ IRanse ~

I-A Hams ter 0. 036 0.45 I. og 2.12 0. 044 > 0. 084 Filfer 1.2 0.29 929 883 - 953

-B Rat | ~ ~ ~ ~ ~ Filter 1.7 0.41 795 707- 840

-C Rat ~ Generator 4.0 0. 98 634 569- 699

II-A Hamster 0. 197 0.49 I. IS 2.46 0. 142 > 0.249 Filter 5.1 0.22 I199 I118-1246

-B Rat | ~ ~ I ~ ~ Filter 6.1 0.26 960 914-I076

-C Kat ~ Generater 88.0 3.80 692 664- 720

rlI-A Hamster 0.295 0.48 1,12 2.5~ 0.170 > 0,291 Filter 21.5 0.62 1135 990-1267

-B Pat ~ ~ ~ 1 ~ ~ Filter 27.1 0.78 1295 1201-1359

-C Rat ~ Generater 65.2 1.88 734 584° 820

Four animals in each group; hamsters all male; rats an female.

b Starting aerosol generator concentration of fused montmorilfonite clay in distiUed ~ter.

c MMD - Mass Median Diameter and ~ o Geometric Standard Deviation, measured from electrostatic precipitator samples;
p - Particle Density, calculated; based on singlets only.

d Volume injected xtras varied but rarely exceeded 0.5 ml; values are median for each group.

e Calculabed by welghted least squares from 10 to 406 days poBt-injection.
Mercerrs I constant, k, in terms of particle density~ size~ shape and retention half-life.

g Median of three analyses made on electrostatic precipitator electron microscope grids {3 each); mass fraction was
calculated on basis of doublet mass only.

h Filter material was an ultrasonlc resuspension from the inhalation run; generater suspension w~s injected following
the inhalation run; all generated clay was pre-fused.

Constant O~
Solubility. k£

I g/cm2/dayl
1,03 x 10.8

1.20 x i0-8

1.01 x 10-8

1.23 x 10-8

1.05 x l0-8

o. 92 x 10-8

Whole-body retention data on II animals that died throughout the study (~ 1 to 307 days post-injection)

indicated that the injection site leg contained most of the body burden (mean, 98.3% range 97.3-99.8%) 

Five of the animals died within the first few days post-injection, perhaps an indication of improper accli-

matlon; four of these were rats. The retention half-lifes primarily represent the rate of loss from injec-

t-ion site muscle, presumably due to particle dissolution. Any translocation to regional lymph nodes

was not ascertained. The ranges in half-life shown indicate the large variation between groups. Con-

stants of specific solubility in Table 1 were calculated in the manner described by Mercer I and are based

upon the mean densities and particle sizes shown for each injection group. The mean value is ~ 1.1 x

l0 -8 grams/cm2/day.

Whole-body counting data from each group of inhalation animals, assembled by time spans from 90

through 414 days, are shown in Table 2. The means of Groups II are compared with the mean + one

standard deviation from Groups I and III. This was done not only to indicate the amount of variability

but primarily to determine whether the mean of the middle Group (II) was within the one standard devia-

t.ion of the upper and lower groups (I and III). The groups are designated lower, middle and upper

only on the basis that the means of Group Ill are higher than Group II for all hamsters and in 8 out of

the I0 cases of rats. It will be noted that the hamster values consistently increase from Groups I to II

to III whereas the Group II rats are generally lower than either those in Groups I or Ill. Based on the

statistical similarity of the data in Table 2 and even though there definitely were higher values in Group

Ill than in I, all data within a species were combined for further analyses.

The combined whole-body retention data for hamsters and rats are shown in Figures 1 and 2, as

means + one standard deviation over the indicated time span. The long-term effective half-lives were

obtained by fitting a single exponent to the data beyond I00 days post-exposure. At I00 days there

were 39 hamsters and 36 rats in the analysis and by the time of the last points shown there were 18 and

17 left, respectively. The rats had a longer mean effective retention half-life at later times, 170 days

compared to i00 days. The difference in intercepts of ~ 12~ for hamsters and ~ 6% for rats may be a

reflection of differences in initial contamination or, it may represent a true species difference in clearance

kinetics.

When suspected external contamination and gastrointestinal (GI) tract 137Cs were subtracted from

the total body burden, most of the activity was localized in lung and carcass. The carcass sample was

comprised primarily of the muscle and skeleton remaining after other internal organs had been removed



Table 2

Comparison of Whole Body l~etention Data Within a Species as Percent Initial Body Burden

I-A II-A III-A I- B II- B III-B
Mean ~ Mean Mean ~ Mean

Time Span Plus Minus Plus Minus
In Da)rs Mean 1 S.D. 1 S.D. Mean Mean 1 S.D. 1 S.D. Mean

90-108 4.8 7.2 6.4 5.8 8.3 4. 1 6.8 3.6 3.5 4.9

112-128 4. 1 6.3 4.7 4.3 6.3 4. 1 6.7 3.Z 2.8 4.2

140-157 3. 1 4.6 4.0 3.5 5.0 3.4 5.9 3. 1 2.7 4.0

175-190 2.3 3.4 3.0 2.7 4.0 3.1 5.6 2.4 1.9 3.2

226-241 2.0 2.8 2.2 1.8 3.0 2.7 5.0 1.9 1.3 2.6

245-262 1.6 2.3 Z.0 1.6 2.5 2.4 4.6 1.9 1.3 2.6

280-295 1.4 1.9 1.6 1.4 2.1 2.2 4.3 Z.0 1.2 2.4

Z94-301 1.5 g,l 1.9 1.5 2.5 4. g 6.8 Z.0 1.5 3.0

329-344 0.8 1.2 i. 1 1.2 1.4 0.8 1.0 1.4 i. 1 1.7

399-414 0.9 1.3 0.9 0.8 1.2 0.7 0.9 0.9 0.8 1.3
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and represented what might be expected to be the primary reservoir for any absorbed cesium that may

have been released from the particles. Data from the lung, presented as percent of the sacrifice body

burden adjusted for external and GI tract activity, have been combined for both species as they appeared

to be from one population (Table 3). The generally small standard deviations indicate the consistency

of the lung data in most instances. Data presented for only a few carcass values at later times represent

only those that contained radioactivity signlfieanfly great not to be considered background. The carcass

values decreased as the lung values increased, with the activity not accounted for at early times being

spread rather uniformly throughout the internal organs and the head. Statistically, carcass values other

than those shown were not significant, but the raw data indicated that a level of about 5% of the adjusted

body burden was maintained in the carcass throughout the study beyond 24 days.

Table 3

Lung and Carcass 137Cs Content as % Adjusted Sacrifice Body Burden~"

Time Span Lun~ Carcass

Or Mean Standard # Standard #

Time (Days) Mean Deviation Observations Mean Deviation Observations

0 68.9 19.4 17 14.7 5.2 17

1 73.5 9.9 14 17.9 6. I 14

2 80.5 4.8 12 13.3 3.6 IZ

4 85.Z 2.4 8 10.5 2.3 8

8 86.4 5.9 15 9.7 4. 1 15

16 93.7 4.3 1Z 7.0 1.5 7

Z4 95.9 3.5 13 4.9 1.7 7

3Z 95.9 3.3 iZ 5.3 0.7 6

40 97.4 2.4 1Z 4.6 (3.7-5.2)** 4

48 97. X 3.0 12 5.8 (3. ~-7.8)** 3

56 97.9 Z, 7 12 5, 7 ( 5, 4-5.9)** Z

64 98.5 Z, 7 IZ

72 98.5 2.0 13

ZI3 (ZOZ-23 i) 97.7 1.6 5

Z94 (272-317) 90.7 ii.i 3Z

* Adjusted Sacrifice Body
external contamination.

Burden = Total tissue activity minus GI tract and potential

** Ranges instead of standard deviations.

DISCUSSION

The fraction of multiplets obtained in the three aerosols increased by at least a factor of three but

not as markedly as was hoped. All multiplets were assumed to be doublets in Table 1 and they therefore

represented a factor greater than three by weight. Electron micrographs of the aerosols showed many

clusters of > 2 particles, making the calculations a conservative estimate. Caution should be stressed

in interpreting these particle data in terms of the retention kinetics following intramuscular injection.

The suspensions injected (Table 1) were derived from ultrasonification of material collected on filters.

The fate of multiplets under such stress is not known, so the mulfiplet ratio injected is not known.

Whatever the case, the singlet particle real diameter increased about 10% and the density about 20% in

going from the first group (no stable clay) to the other two groups. The increase in particle size, although

small, may be explained by a re-fusing of some of the particles to form spheres of 26% larger diameter

(see Introduction). The increase in ag by ~ 5% would substantiate the formation of a small percentage

of re-fused particles, thus resulting in a "less-tight" particle size distribution. The increase in density



is probably explainable by the difference in makeup of the labeled and unlabeled particles. Montmorillonite

clay has a cesium packing capacity to accept about 18% of this monovalent cation hy weight. The unlabeled

clay did not have stable cesium added but was packed with sodium and therefore might have fused much

more solidly. If this were the case, the increase in overall calculated density when unlabeled clay parti-

cles were added to the suspension would not be surprising. With the 26% increase in diameter following

fusion of two particles, and a density greater than 2.5 for unlabeled clay, the density measured could

easily be as obtained in these studies, This explanation would seem proper and would not interfere

with the results shown in Table 1 for the intramuscular retention times, as shown in the comparison

of the half-lives of retention of the injected aerosol generator suspensions from the three groups. There

was an increase in mean half-llfe from 634 to 692 to 734 days (~ 15%) but the ranges overlapped between

groups. Most values were only obtained on three animals per day due to a death during the study.

The differences between the half-lives of retention in these groups (generator suspension) and those

shown in Table 2 with stable clay added (Groups II and III) are obvious. The consistency in the calcu-

lated values of specific solubility (k), however, only attest to the differences in density and particle

size. There appears to be no consistent trend between retention half-life and amount (~/g or ~Ci) 

material injected. Within Groups I and II, there would appear to be a decrease in retention with increased

clay injected but this trend is not consistent in Group Ill. Between groups, however, there appears

to he an increased half-life with increased amounts injected. The intramuscular injection data presented

in Table 1 would have to be interpreted as indicative that the treatments between Groups I, II and IIl

had no affect upon the specific solubility constant, k, within experimental limits. There were changes

made upon the aerosol particles between groups that primarily affected the density, and to a limited

degree, the particle size and distribution.

The whole-body retention data following inhalation have been discussed to some extent under Results.

The combined data from each species (Figs. l and 2) indicated a trend in the hamsters for a shorter

retention half-life, which could perhaps be explained on the basis of the differences in solubility half-

lives presented in Table I. One can assume only two mechanisms acting to clear the lung; ciliary move-

ment and solubilization. Amounts of radioactivity transferred to lymph nodes in these studies were

generally too insignificant to be counted, as were carcass values at later times (Table 3). A rate constant

for total lung clearance, ;%t’ may be related to ciliary and solubility rate constants, Xc and Xs’ by 2~t =

;% + ;% . If ;% is assumed to remain constant in these studies for a given species, the slight effect of
C S C

differences in solubility (Table 1) may be seen through simple calculation. For hamsters, assuming

the whole-body and lung clearance rates to be constant at 0. 693 + 100 = 0.00693 day-I (Fig. i) the effect

of solubility would be negligible.

Group IA:
%s =

0.693 + 929 = 0.000746

IIA: l = 0.693 + 1199 = 0.000578
S

IliA: ;% = 0.693 + 1135 = 0.000611
S

Compared to the total clearance rate of 0.00693 day -1 , these represent an influence of slightly less

than 10% overall and the difference between Groups I and III is only about 2% of the total clearance

rate. Although clearance ~ates are not directly transformable into absolute quantities in the body

at any time, they may be reflected. Returning to the whole-body retention kinetics, there is a

definite difference between hamsters and rats in long-term clearance (Figs. 1 and 2). This differ-

ence, because solubility rates in body fluids seem to be similar regardless of species, is doubtless

attributable to ciliary clearance. Using the formulation presented above for clearance rates and
-I -I

assuming the constant rate of total loss from lung of 0.00693 day for hamsters and 0.00408 day

for rats, the respective ciliary clearance rates calculate to be 0.00628 and 0.00337 day -I or half-

lives of Ii0 and 206 days. Clearance by this route is about one-half as rapid in the rat as in

the hamster. Reflecting upon past experiences with the mouse and dog after inhalation of fused

clay aerosols, retention half-lives of ~ 70 and 400 days, respectively, and the small part played



by solubilization of particles in the lung at earlier times, one is tempted to postulate that ciliary

clearance rate bears a definite inverse proportion to body size. Many factors are involved in this,

such as breathing rate and lung anatomical configurations. Of interest also is the relative contribu-

tion of calculated ciliary clearance to overall clearance, Over the times under discussion (90-414

days) ciliary clearance is an average 91% of the total in hamsters and 83% in rats, These differences

are reflected in the magnitude of the so-called "intermediate" clearance phase observed in interspecies
2

comparisons.

The tissue data from this study are not outstandingly significant with one possible exception; the

carcass (skeleton~ musc|e, other soft tissues) values are perhaps higher than would be expected (Table

3) . The large relative fraction seen at early times in carcass implies a soluble portion of 137Cs in the

aerosol. This finding is not uncommon and apparently represents some sort of coating on the particle

surface, probably due to condensation of cesium. Although the absolute values of radioactivity in car-

cass samples quickly became statistically unreliable, there is indication that approximately 5% of the

body burden is maintained in this sample. There was obviously a fairly large portion deposited in the

carcass sample initia21y (Table 3) but this appeared to leave with a ]0-day half-life, indicative of soft

tissue cesium in rats. To describe the entire metabolic scheme precisely in these studies would require

a more detailed study.

The results of this study substantiate the importance of aerosol particle characteristics upon biologi-

cal retention patterns. Based upon the speculation set forth, the differences observed appear to be

from the re-fusing of one or more particles into a larger particle, as the aerosol traversed the heating

column. Any possible effect of multiplets per so, was not manifested, or it was masked by the other

aerosol-related phenomena.
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INITIAL LUNG DEPOSITION FOLLOWING INHALATION OF THREE SIZES

OF MONODISPERSE 238pu02 AEROSOLS IN THE BEAGLE DOG

ABSTRACT

This study was conducted to define inhalation exposure

parameters and to determine initial pulmonary deposition
238

and distribution of PuO2 monodisperse aerosols in the

Beagle dog lung immediately after inhalation exposure.

Three monodisperse particle sizes of 238pu02 aerosol

were used to expose 27 Beagle dogs. The animals were

sacrificed at 2 hours post-inhalation exposure. Samples

of the aerosol obtained during animal exposure indicated

a slight deviation from expected size of the aerosol and

its monodispersity. Initial pulmonary deposition ex-

pressed as a percent of the inhaled aerosol deposited in

lung was 20.5, 31.6and 26.5%for 0.75, 1.5and 3.0pm

238pu02 particles, respectively. Distribution ofAD

activity among the 6 lung lobes was only slightly differ-

ent from the distribution of activity following inhalation

of several fused clay polydisperse aerosols.

INTRODUCTION

PRINCIPAL INVESTIGATORS

J. A. Mewhinney
J. J. Miglio
C. H. Hobbs
R. O. McClellan

Preparatory to the initiation of longevity studies in the Beagle dog using monodisperse aerosols of

238puO2, this study was conducted to define aerosol exposure parameters, determine initial pulmonary

deposition, and lobar distribution of activity within the lung. The study utilized monodisperse 238puO2

aerosols of 0.75, 1.5 and 3.0 um aerodynamic diameter (AD) produced by the Lovelace Aerosol Particle

Separator (LAPS). Previous work at this laboratory has led to a body of knowledge regarding initial

pulmonary deposition following inhalation of polydisperse aerosols I’2 and the lobar distribution of activity

3
in the Beagle dog following inhalation of such aerosols.

METHODS

Preparation of monodisperse 238puO2 aerosol particles was accomplished as outlined in this report

(pp. i to 9 ). The particles were resuspended from the LAPS foil segment in distilled and deionized

water containing 0.01% dipalmitoyl leethin (DPL) in 0.9% ethanol using ultrasound for a period of 4 hours.

The particles are subsequently suspended in the required volume of DPL-water by centrifugation and di-

lution to the proper concenh’ation.

For the exposure of Beagle dogs, the resuspended particles are aerosolized by a Lovelace nebulizer,

passed through an aerosol discharger (85Kr ionization source) and through a heat column maintained 

400°C. The improved exposure apparatus employed in this study is fully described in this report (pp.

10 to 15 ) . Aerosol concentration during exposures was determined by multiple samples obtained on

filters. A whole-body plethysmograph was employed to record respiratory flow and volumes for each

dog throughout the exposure run. Nine dogs were exposed to each of 3 particle sizes.

Animals were sacrificed by maximal blood withdrawal under pentobarbital anesthesia at 2 hours post-

exposure initiation. Necropsy was by standard techniques and lung tissue analysis for 238pu content

by radiochemical analysis and internal sample liquid scintillation counting.
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RESULTS AND DISCUSSION

Comparison of the aerodynamic diameter (AD) of the aerosol particles as determined by the LAPS sys-

tem calibration and the activity median aerodynamic diameter (AMAD) and geometric standard deviation

(Og) determined from cascade impactor data obtained during dog exposures are presented in Table 
These latter data indicate that for the 0.75 and 1.5 ~tm AD particles, the particles presented to the dogs

were slightly larger than expected. Also, the o for the 0.75 ~m AD particles is larger than expectedg
indicating an aerosol slightly outside the range of monodispersity. Electron micrographs of the aerosol

obtained during animal exposure showed that numerous small particles were present in all cases. These

particles were traced to the surfactant material (DPL) employed to prevent particle aggomerafion during

resuspension and animal exposure. It is felt that the 400°C heat column did not achieve complete degrada-

tion of the surfactant material and the residue appeared as both numerous small particles and as a "coating"

on the 238puO2 particles. No 238pu activity was found associated with the numerous small particles as

evidenced by the lack of activity on the backup filter on cascade impactor samples. The "coating" effect

of the partially degraded surfactant may explain the slight increase in particle size for the two smaller

sizes employed and the associated increase in the o value. The effect of the coating would be expected
g

to be more significant in changing the AMAD and o for small particles than for the larger, 3.0 ~ AD,g
particles.

The fractions of inhaled monodisperse aerosol deposited in the pulmonary region of the Beagle dog

lung are presented in Table 2, along with the range of deposition fraction values observed for each par-

ticle size. No significant differences in deposition among the three particle sizes are discernable from

these data. For comparison, the last column in Table 2 presents the deposition fraction values corrected

to two days post-exposure by the method of Cuddihy and Boecker 2 (0.87 x ILB) . The fraction of 238puO2

aerosol deposited falls within the limit of values measured for 140La labelled polydisperse fused clay

aerosol at 0.75 and 1.5 ~tm AD. It is interested that the deposited fraction of 238puO2 aerosol of 3.0 [~m

AD is slightly greater than was noted for 140La label]ed fused clay. Considering that polydisperse aero-

sols with an AMAD of 3.0 p,m would have 50% of its mass made up of particle sizes greater than 3.0 [~n and

considering that many of these larger particles would be preferentially deposited in the nasopharyngeal

region, it is not unreasonable to expect a monodisperse aerosol of 3.0 ]Xm AD to be deposited in the pul-

monary region to this greater extent. Continuing work in this laboratory is being conducted to elucidate

the effect of monodispersity upon lung deposition using aerosols of differing physical size and density.

The distribution of monodisperse 239puo2 aerosols in the six individual lung lobes of the Beagle dog

is presented in Table 3. Also presented in Table 3 are data for lobar distribution following inhalation

of several polydisperse fused clay aerosols. 3 These data indicate that no significant statistical differences

in lobar distribution are apparent following inhalation of monodisperse 238pu at these particle sizes.

However, it is interesting to note that these data appear to indicate slight differences may exist. For ex-

ample, the right apical lobe deposition is lower for all particle sizes while the right diaphragmatic lobe

Table i

Particle Size Parameters of g38puO2
Aerosols Generated from an Aqueous
Suspension of Monodisper se Particle s
Produced by the LAPS

Activity
Median Geometric

Aerodynamic Aerodynamic Standard
Diameter Diameter Deviation

0.75 0.79+ 0.06* 1.39+ 0.09*

1.5 1.68+0.12 1.18+0.03

3.0 2.95+ 0.04 1.06 + 0.03

Mean + 1 S.D.

Table Z
Z38

Initial Deposition of Monodisperse PuO2
Particles in the Lung of Beagle Dogs ExpresSed

as a Percent of the Inhaled Aerosol Deposited

Particle Corrected to Z

Size (AD) n X Range Days P.E.

0.75 8 20.5 14. 1-31. I 17.8

1.5 9 31.6 18.1-41.5 27.5

3.0 7 Z6.5 ZI.0-43. 5 Z3. I



Table 3

Monodisperse 238puO2 and Polydisperse Fused ClayDistribution of

Aerosols in the Lung Expressed as a Percent of the Total Lung Content

Monodisper se 238pu
Polydisper se

Lung Lobe 0.75 ~m AD i. 5 ~m AD 3.0 ~m AD Fused Clay

Right apical 16.8 + 2.4~ l:~17.7 + 2.I:~ 17.2 + 2.8~ 19.4+2.

Right cardiac 10.5+ 1.4 9.4+ 1.4 7.6+ 1.8 9.2 + 1.6

Right
diaphragmatic 26.1+2.8 23.3 + 2.2 Z4. I + 2.Z 21.2 + 2. 1

Right
intermediate 7.7 + 1.4 9.1 + 2.6 8.6 + 0.9 7.9 + 1.2

Left apical-
cardiac 14.9+3.0 16.1+ 1.4 17.5+2.5 18.2+ 2.2

Left
diaphragmatic 23.9 + 1.8 24. 5 + 2.4 24.8 + 3.6 24. 1 + 2. 1

Right Lung 61. I + 1.9 59.3 + 2. 5 57.7 + 3.0 57.7 + 2.4

Left Lung 38.9 + 1.9 40.7 + 2. 5 42.3 + 3. 0 42.3 + 2.4

Mean + 1 S.D.

deposition is higher for all sizes of monodisperse 238pu compared to the polydisperse fused clay aerosol.

Another trend in these data appears to indicate a right lung-left lung deposition bias related to aerosol

particle size. At 0.75 ~tm AD, the right lung deposition is greater and the left lung deposition lower for

the 238puO2 monodisperse aerosol than for polydisperse fused clay. This difference is significant at the

0.05 confidence level. At i. 5 ~tm the monodisperse aerosol deposition displays a slight bias while at 3.0

~m the monodisperse 238puO2 and polydisperse fused clay aerosol depositions are identical in right and

left lung. Studies are continuing at this laboratory to fully elucidate the significance of lobar distribution

of inhaled monodisperse aerosol at several particle sizes.

The quantity of 238puO2 aerosol deposited in the p%~Imonary region of Beagle dog lung varied widely

among the inhalation exposures conducted in this study, with the standard deviation of the initial lung

burden approximately equal to + 45% of the mean lung burden for all dogs. This variation is about equal

to the value obtained with various polydisperse aerosol exposures with beta-gamma emitters conducted

in this laboratory prior to the development of a thorax monitor to determine thorax activity during expo-
2

sure. In an attempt to reduce this variation, efforts are in progress (this report, pp. I to 9 ) to de-

velop a gamma emitting radionuclide "tag" for incorporation into the 238puO2 monodisperse aerosol parti-

cles,

I.

2.

3.
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SECTION III

LONG-TERM DOSE RESPONSE STUDIES

CHOICE OF THE BEAGLE DOG AS A LABORATORY ANIMAL

ABSTRACT

The advantages of using Beagle dogs in studies of the long-term

biological effects of internally deposited radionuclides are re-

viewed. General characteristics which favor the use of the

Beagle dog as an experimental animal include its intermediate
lifespan, medium body size, short hair coat, friendly temperament,

ease of handling and good litter sizes. It has been well character-

ized in a number of laboratories. Fatal diseases in the Beagle

dog are diverse and not overshadowed by one predominant

cause as is seen in some species. In inhalation toxicology studies,

aerosol deposition patterns have been shown to be similar to

those seen in humans. Also, particle size differences in the

deep lung and subsequent retention in the lung differ from those

seen in rodent species. The dog forms an important link in

the extrapolation of results from laboratory animals to man.

It is a/so forge enough that possible therapeutic procedures

for man such as bronchopulmonary lavage can be examined

and tested in detail.

GENERAL COMMENTS

PRINCIPAL INVESTIGA TOR

B. B. Boecker*

Dogs in general and Beagle dogs in particular offer a variety of advantages to investigators studying

the long-term effects of internally-deposited radionuclides. 1 The Beagle dog is a mammal whose interme-

diate lifespan, ~ 15 years, permits the slow accumulation of subtle effects and their ultimate expression.

The sequence of morphological and physiological alterations can be studied within a reasonable length

of time.

Lifespan is a potentially important factor in studies of the induction of cancer. At the present time,

the relationship between lifespan and the relative latent period for the induction of cancer in various

laboratory animal species is not clear. On one hand, it is often assumed that the latent period for carcino-

genicity in different species is proportional to the lifespan of the species; on the other, it may be that

weak carcinogenic action can only be revealed by prolonged exposure. In this latter case, the long

lifespan of the Beagle dog compared to the 1 to 3 year lifespan for most rodents can be quite important.

This consideration may be particularly relevant to studies where rodents may be subjected to high doses

at higher initial dose-rates to compensate for a shorter llfespan to yield the same end effect as in a longer-

lived species.

In terms of body size, the medium size of the Beagle dog is small enough that adequate cage and

kennel space can be feasibly provided and yet large enough to permit essentially all clinical and experi-

mental manipulations and measurements, radiographic techniques and various surgical procedures.

With a detailed clinical study of a dog, the entire course of a disease process can be documented. Ample

samples (fluids and tissues) can be taken from a dog to provide input from several different points 

view including pathology, biochemistry, microbiology, immunology, hematology and radiobiology.

*Material compiled with the assistance of many members of the staff of the Inhalation Toxicology Research
Institute.
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Non-traumatic tests can be performed on dogs assigned to longevity experiments to study the patho-

genesis of disease. When radiation-lnduced or spontaneous diseases are observed, these workups can

be expanded to follow the progression of the disease. At the completion of these studies, more data

on the time from exposure to the appearance of clinical signs, the time course or progression or regression

of the lesion and the actual cause of death are available than is usually the case in rodent studies. For

instance, it is difficult to assess the significance of single or several small neoplasms of certain types

in rodents when the first observed event was the death of the animal. Sampling and observation can

be facilitated through the use of implanted catheters, physiological detectors and various surgical pro-

cedures such as a surgically made tracheal pouch for the study of tracheobronchial secretions.2

In addition to body size, the temperament and ease of handling of the Beagle dog are important aspects

of these repetitive sampling procedures. They permit the treatment of the Beagle dog as a clinical subject

to a degree not routinely possible with the smaller mammals. This is very important since the methods

used for measuring physiological parameters in man can be applied to the dog with a minimum of modifica-

tion to provide directly comparable data. Physiological features may be studied in depth, on a longitudinal

basis, with greater flexibility of approach than may be used routinely in man.

The dog is a well-characterized, larger-sized laboratory animal for which many data are available

in the literature on its normal physiological and morphological parameters as well as spontaneous diseases
3-7

and resultant lesions. Also, laboratory findings can be compared with the known spontaneous disease

tumor incidence and mortality data of household pet dogs, thus assuring that a particular result is repre-

sentative of the species response.8-10 An example of data of this type is the observation of a low spon-

taneous incidence rate of osteogenic sarcoma in the Beagle dog .9, ]I

The diverse nature of fatal diseases of the dog are also advantageous in studying the effects of noxious

agents. In other species, the occurrence of varied natural diseases may be overshadowed by one predomi-

nant cause of death. This is particularly important in studies of respiratory diseases where most other

experimental animal species have a high incidence of chronic respiratory disease.

Reproduction in the Beagle dog is favorable with the production of moderate-slzed litters allowing

assignment of offspring from the same litters to varied experimental treatments. Husbandry practices

such as diet, diseases, etc. are relatively well standardized as compared to some other species, especially

sub-human primates,

SPECIFIC COMMENTS

A number of advantages exist for the use of the dog in radionuclide inhalation toxicity studies.

One of the primary determinants of the toxicity of a given aerosol is its deposition characteristics in

the deep lung, i.e., the fraction of the inspired aerosol that reaches this important region. Recent

studies by Cuddihy et al.12 have shown that there is good agreement in pulmonary deposition data be-

tween Beagle dogs and that predicted for humans. On this basis, the Beagle dog may be a good model

for man in aerosol inhalation studies in regard to the initial dose distribution.

The particle size distribution reaching the deep lung has been estimated from in vivo solubility

data for rats and dogs by Thomas. 13 These indicate that larger particles reach the deep lung in the

case of the dog than for the rat. Influencing factors include differences in respiratory patterns as well

as size and configuration of the airways. Because of the larger airways in the dog, it is likely that

particle size distributions in the deep lung will be closer to those for man than will those of rodents.

This may be a particularly important consideration for studies with alpha-emitting radionuelides where

the number and size of the particles reaching the deep lung may significantly influence the resulting

toxicity.

Other studies by Thomas14 have shown that the retention of relatively insoluble aerosols following

their deposition in deep lung is also different for mice, rats and dogs with dogs having considerably

longer retention times than the rodents. This has important implications for human toxicity estimations

since use of the rodent data by themselves would appear to underestimate the potential toxicity to humans.
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The residence time of inhaled materials deposited in the lower respiratory tract is influenced by

a number of variables including particle size and solubility. These particles may be cleared by muco-

ciliary activity, swallowed and excreted via the gastrointestinal tract or transported in the lymphatics

to the tracheobronchial lymph nodes or translocated to other body tissues following absorption from lung

to the bloodstream. Similarities between the behavior of a relatively insoluble aerosol, ZrO2 (95Nb),
15

in a human subject and three Beagle dogs were reported by Waligora. Cuddihy has shown that the

transfer rate constants used to model the behavior of the soluble compound 133BAC12 have manysimilari-

ties for Beagle dogs, rats and humans. 16 For another group of radionuclides, data from the Beagle

dog provide an important link in relationships based on body weight used to extrapolate metabolic results

to man. Without data from larger animals such as the dog, these extrapolations would be much more

uncertain. Furchner et al. have reported results of this type for 65Zn, 131I, 54Mn, ll0mAg, 192Ir and

7Be given orally. 17-22 Results of some interspecies comparisons do not correlate well with body weight

for all species, making extrapolation from a number of species important. For instance, results pre-

sented by Mewhinney and Harris 23 for injected 252Cf are not readily related to differences in body weight.

Since data for 252Cf in humans are lacking, it is not clear which of thes species is most representative

of the human.

Because of its size, the Beagle dog can be subjected to repeated bronchopulmonary lavage treatments.

This technique has been shown to be quite efficient in removing portions of the inhaled and deposited

aerosol. 24 Comparison of the dog data with the limited amount of human data indicate that the dog is
25a good model for testing this procedure. Studies of its potential therapeutic value are continuing.

Studies of this nature would not be presently possible in smaller laboratory animals because of the

lack of suitable equipment and techniques. The lavage procedure also provides samples of the surfactant

lining layer of the lung. Interspecies comparisons of the lipid composition of this material permit further

validation of the dog as an important segment of this research. 26 Sequential lavage procedures also

permit the study of chronic lung irradiation on these lipid components.

Many of the similarities between Beagle dogs and humans in terms of respiratory physiology also

argue in favor of use of the Beagle dog. Blood gases, alveolar gas tensions and alveolar-arterial gas

gradients have been shown to be nearly identical in humans, Beagle dogs and grade ponies at the same

elevation .27,28 Man and dog have lower respiratory frequencies than those seen in the mouse, hamster,

rat and guinea pig. Man has a normal frequency of ~12 and dog ~ 20 while the mouse, hamster, rat and

guinea pig range from ~ 70 to 160 breaths per min.29’30 These differences can have a substantial effect

on the initial deposition of an inhaled aerosol as has been shown for mice by Thomas.30

Plots of the relationships between lung volume and body weight and between alveolar surface area

and oxygen uptake show the dog and human to have similar values while the rat, mouse and guinea pig
31are markedly different from man. The vital capacity and lung compliance, when normalized by body

weight, have been shown to be very similar for the dog and man, while the rat, guinea pig and rabbit

have much lower values for both.32 Smaller mammals have a higher metabolic rate and higher oxygen

requirement per kg body weight than do the dog and man.33 Mauderly, et al. have noted several simi-

larities in the effects of aging on pulmonary function in Beagle dogs and humans. 27,34,35
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TOXICITY OF INHALED 90SRC12 IN BEAGLE DOGS. VII

ABSTRACT
Studies on the metabolism, dosimetry and effects of inhaled

9USrCl 2~ in the Beagle dog are continuing in an effort to pro-

vide a basis for assessing the consequences of inhaling 90Sr

such as might be released in certain nuclear accidents.

Seventy-two dogs have been exposed to aerosols containing
90Sr resulting in initial body burdens ranging from 2.6 to

280 ~Ci 90Sr/kg. Forty-eight of these dogs are being main-

tained for lifetime observation. Twenty-five unexposed dogs

served as controls. The long-term retained burdens in
these dogs range from I to 120 ~tCi 90Sr/kg. Twenty-four

dogs with a mean long-term retained burden of 38 ~Ci
90Sr/kg have been assigned to a sacrifice study. Two of

these dogs and I control dog were sacrificed at 5 days, I
month and 1 year after inhalation of 90Sr. To date, 38 90St

dogs have died or have been euthanized, 6 during the first
31 days after inhalation of 90St with bone marrow aplasia

and 32 between 585 and 2964 days after inhalation of 90Sr.

The latter group includes 11 dogs with hemangiosarcomas,

3 with fibrosarcomas, 11 with osteosarcomas, 3 with

osteochondrosarcomas, 1 with osteochondrofibrosarcomas,

2 with leukemia, I with a baso-squamous carcinoma, 1 with

malignant giant cell tumor, 1 with an epileptic seizure, 1

with pneumonia, and I with cerebellar hemorrhage (4 dogs

had both a hemangiosarcoma and a osteosarcoma). The

skeletons of the dogs dying with neoplasms received initial

radiation dose rates of 4 to 55 rods/day end cumulative

doses to death of 3300 to 22, 000 rads. Three control dogs

have died, one at 2615 days with autoimmune hemolytic

anemia, one et 2638 days with a fibrosarcoma and one at

2740 days with a fibrinopurulent pneumonia. Serial ob-
servations are continuing on 28 surviving 90Sr dogs and

19 controls.

INTRODUCTION

PRINCIPAL INVEST/CA TORS

H. C. Redman
S. A. Benjamin
B. B. Boecker
B. A. Muggenburg
R. O. McClellan
J. A. Pickrell

Strontium-90* is one of the fission product radionuclides that predominates in a nuclear reactor inven-

tory after a period of sustained operation. For this reason and because of its high probability for release

in certain types of reactor accidents as well as its long half-life and energetic beta emissions, it was one

of the radionuclides selected for intensive study in this program. Research is being performed with two
90St: 90SrCl2 and 90Sr in fused clay.forms of

experimental protocol for the 90SrCI2 study includes two groups of dogs: (I) a longevity studyThe

consisting of graded exposure levels in which dogs are being maintained for lifespan observations, and

*90Sr as used in this text refers to 90Sr in equilibrium with its daughter, 90y.
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(2) a sacrifice study in which dogs are being serially sacrificed to provide specimens for histopathologic

and other studies. Details of the experimental methodology have been presented previously (1966-1967

Annual report, LF-38, pp. 1-18; 1967-1968 Annual Report, LF-39, pp. 1-13). Briefly, the dogs were

given a single inhalation exposure to an aerosol of CsC1 to which 90SRC12 was added.

For the longevity study, a total of 48 dogs have been exposed and are being maintained along with

15 control dogs. To aid in visualizing the design of the longevity and sacrifice studies, the experimental

designs are presented in Figures 1 and 2, respectively. Although the dogs are presented in block design

format, they were exposed to 90Sr prior to the initiation of the block type design in this laboratory, The

dogs are grouped on the basis of long-term retained burden (LTRB) as contrasted to the initial body bur-

(ILB) used for most studies at this laboratory. When 90Sr is inhaled as 90SRC12, the ILB cannot den

--I I .0n
LTRB

IzCi/Kg

99

42

7,8

Control 0

Control 0

Figure 1. Experimental design for longevity study on the effects of inhaled 90SrC12 in

Beagle dogs (status as of 9/30/73).
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Figure 2. Experimental design for sacrifice study on the effects of inhaled 90SRC12 in
Beagle dogs (status as of 9/30/73).
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readily estimated and it is not totally representative of the 90St absorbed and retained in the body. This

a portion of the inhaled 90SrC12 is deposited in the upper respiratory tract wherecondition exists because

some may be absorbed directly into the circulation; the remainder is cleared via mucociliary activity and

swallowed, a portion being absorbed from the gastrointestinal tract. Thus, for inhaled 90SRC12, the

retained body burden may represent 90Sr absorbed from the upper respiratory tract and the gastrointes-

tinal tract as well as that deposited in the lung. In view of these considerations, the parameter most com-

parable to the initial lung burden in other studies was considered to be that fraction of the initial body

burden associated with the long-term retention components. The long-term retained burden (LTRB) was

derived for each dog by multiplying his initial body burden by the retention fraction association with all

but the first, or most rapidly cleared component, as determined from a least-square analysis of the whole-

body retention data. On the average, the LTRB consisted of 40% of the initial body burden.

A ranking of the dogs based on the long-term retained burden is presented in Appendix A. Values

for individual dogs ranged from 1 to 120 ~tCi 90St/kg body weight. In the parallel sacrifice study, which

consisted of 24 exposed and 10 control dogs, 2 exposed dogs and a control were sacrificed at 5 days, 1

month and ] year after inhaled 90Sr. The average initial 90Sr body burden for this sacrifice series was

88 ~tCi/kg and the corresponding mean long-term retained burden was 38 llCi/kg. Values for the mean

organ beta dose rate and cumulative dose for skeleton have been computed for each dog individually using

a mathematical description of its own whole-body retention, an assumption that skeletal weight is 10% of

the total body weight and a computational scheme previously described (1966-1967 Annual Report, LF-38,

pp. 1-18) . Results of these calculations are given in Appendix A. Average parameters for 4-component

exponential functions fitted to the whole-body retention data for the dogs still living are in good agree-

ment with mean values presented in earlier reports (1969-1970 and 1970-1971 Annual Reports, LF-43 and

LF-44, Appendix A) with the longest term component being retained with a mean effective half-life in ex-

cess of 6 years.

BIOLOGICAL EFFECTS

Twenty-four dogs from the longevity study, 14 dogs from the sacrifice study, ] unassigned dog ex-

posed to 90SRC12 and 3 control dogs have died or were euthardzed or were sacrificed prior to September

30, 1973. Figure 3 relates survival time for all dogs in the longevity and sacrifice studies as a function

of long-term retained burden of 90Sr. This includes 5 dogs that have died or have been euthanized during

the past year; 2 90Sr exposed dogs from the longevity series, 2 90Sr exposed dogs from the sacrifice

series and 1 control dog from the longevity series. Among these dogs, several types of lesions were found.

One dog (19B) died 2964 days post-exposure with a malignant giant cell tumor of the maxilla which had

metastasized to bone marrow (Fig. 4 and 5) . Elevated serum alkaline phosphatase values had been de-

tected 240 days prior to death and the tumor was palpable for 150 days. Dog 19D was euthanized at 2633

days post-exposure due to a large osteochondrosarcoma involving the frontal region of the skull. One

dog (6D) from the sacrifice study was euthanized because of an osteogenic sarcoma of the right mandible.

Dog 12B, also one of the serial sacrifice series, was euthanized at 2768 days post-exposure because of

an osteogenic sarcoma of the pelvis. The control dog (19A) died at 2740 days post-exposure with a necro-

tizing fibrinopurulent pneumonia and hepatic and retroperitoneal abscesses. A summary of the causes

of death for all dogs is given in Table I.

Surgical procedures were performed on 3 dogs in the longevity series during the past year. Dogs

40E and 40D had ovariohysterectomies performed because of pyometra. Several small mammary tumors

were removed by local excision from dog 37F.

SUMMARY

dogs exposed to 90SrCl2 aerosols have died; the predominant cause of death beingOver half of the

neoplasms of bone or contiguous tissue. The additional deaths represent a continued progression of

deaths at later times with lower cumulative radiation doses to skeleton. A continuation of this progression

is to be expected recognizing the number of dogs still surviving with substantial cumulative doses to bone
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Figure 3. Survival of
Beagle dogs that inhaled
90SrC1" (longevity and
sacrifice studies).

Figure 4, Malignant giant cell tumor from dog
IgB which died 2964 days post-exposure to
inhaled 90SrCl2. Most of the tumor cells

were typically fibroblastic in appearance and
bizarre giant cells were scattered throughout
the mass. H&E stainX 300.

Figure 5. Giant cell tumor metastasis in the
femol4Xbone marrow of dog 19B. The histologic
appearance was identical with that of the pri-

mary neoplasmS. H&E X 120.
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and, perhaps more importantly, continued radiation exposure from the 90St still retained in the skeleton.

In that regard, it is of continuing interest to compare the results of the experiment involving long-term

beta irradiation of skeleton with the results of the studies with91ycl3 (pp. 96 to 99 ) and 144CEC13

(pp. 91 to 95 ) where the beta radiation dose rate to skeleton decreases much more rapidly than it does

for 90St due to the shorter physical half-life of the 91y and 144Ce. It is premature to address the ques-

tion of comparative dose-response relationships since the 90St dogs that have died to date have generally

had cumulative radiation doses to skeleton in excess of 10,000 fads, doses that exceed those received by

the highest level long-term survivors in the 91yc13 and 144CEC13 studies. However, data should be avail-able in the future relating to the morbidity and mortality patterns for dogs in all three studies (91y, 144Ce’

and 90Sr) in which similar doses have been received at dose rates decreasing at different rates.

Table I

Cause of Death in Beagle Dogs Exposed by Inhalation

to 90SrCIz and in Control Dogs (Sept. 30, 1973}

Survival in Days after
Diagnosed Number of Inhalation of 90SrCIz

Cause of Death Dogs or CsCI Vector

90SrCIz. Exposed

Hematologic
dyscrasia 6 18-31

Fihro sarcoma 3 789 - 1404

Hernangiosa rcoma 1 l~ 864-2380

Osteosarcoma or
Osteoehondro-
sarco1~a 14;:-" 864-2783

Osteochondrofibro-
sarcoma 1 886

Leukemia 2 585-2436

Generalized con-
vulsive seizure 1 585

Cerebellar
hemorrhage l 1361

Bronchial pneumonia 1 2247

Bas o-Squarnous
Carcinoma i 2628

Giant Cell Tumor 1 2964

Unexposed Controls

Fibrosarcorna 1 2638

Bronchial pneumonia 1 2740

A utoilnmune Hemo-
lytic anemia 1 2615

Cumulative Skeletal

Radiation Dose to
Death (rads)

600-1300

7600-1%000

9900-18,000

8500-17,000

22,000

3300-4000

17,000

i0,000

610

7100

I0,000

Four dogs in the hemangiosarcon~a group have also been included in the osteo-

sarcoma and osteochondrosareoma group because both were included in the

diagnosed cause of death.



144CEC13. IN BEAGLE DOGS. VIITOXICITY OF INHALED

ABSTRACT

Studies on the metabolism, dosimetry and effects of inhaled

144CECI3 in the Beagle dog are continuing in an effort

to provide information that will aid in assessing the biological
consequences of inhaling 144Ce such as might be released

in certain nuclear accidents. Studies on the tissue distribution

of inhaled 144CECI3 have shown that the 144Ce deposited

in lung is translocated at a moderately rapid rate to liver

and skeleton. The pattern of distribution is such that

significant radiation doses are accumulated by all three
PRINCIPAL INVESTIGATORStissues. Fifty-five dogs that inhaled lZl4CeCl3 and I5

S. A. Benjamin
control dogs have been placed in a longevity study and B. B. Boecker
will be observed for their lifespan. The 144Ce dogs had C. H. Hobbs

R. K. Jones
long-term retained burdens with initial values ranging R. O. McClellan
from 20 to 2900 llCi. Twenty-seven of the dogs exposed B. A. Muggenburg

144CeCi3 hove
J. A. Pickrell

to died," 8 at 21 to 44 days post-inhalation H. C. Redman
with signs attributed to severe bone marrow damage and

associated pancytopenia; 2 at 138 and 14it days with radiation

pneumonitis; 3 at 309 to 874 days with hepatic necrosis,"

1 at 510 days with marrow aplasia," I at 375 clays with

pulmonary fibrosis; and 12 at 799 to 2612 days with neoplasms

or myeleproliferative disorders. In this last group, 1
clog had on osteosarcoma, 2 had squamous cell carcinomas

of the maxilla, I of these also having a small papillary

adenoma of the lung, 5 had hemangiosarcomas of the liver,

1 had a hemangiosarcoma of the nasal cavity, 2 had myelogenous

leukemia and 1 had myelofibrosis with myeloid metaplosia.
One control dog died with a thyroid carcinoma. Serial

are continuing on the 28 surviving 144CECI3observations

dogs and 14 control dogs.

INTRODUCTION
144Ce* is one of the fission product radionuclides that predominates in a reactor inventory after

a period of sustained reactor operation, It has a half-life of 285 days and decays to 144pr which has

a half-life of 17,3 minutes, During their decay, 144Ce-144pr emit several gamma rays and a number

of beta particles with an average energy of 1.27 Mev. Because of the probability for release of 144Ce

in certain types of nuclear accidents and recognizing its radiological characteristics, it was selected

as one of the radionuclides £or extensive study in this program. One of the forms selected for use was

144CEC13. Two studies are being performed: (a) a radiation dose pattern study in which 27 dogs were

exposed to 144CEC13 and serially sacrificed at 2 to 512 days post-inhalation exposure, and (b) a longev-

ity study to evaluate the relationship between radiation dose and biological response for 55 dogs exposed

to achieve graded initial body burdens of 144CEC13. These dogs and 15 control dogs are being maintained

for observation over their total lifespan (Fig. l). This report will briefly summarize the current status

of these studies.

*144Ce as used in this text always refers to 144Ce in equilibrium with its daughter, 144pr.
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METABOLISM AND DOSIMETRY

All living exposed dogs in this experiment have survived at least 7,5 years after their inhalation

exposure to 144CeCl^ and essentially all of their dose commitment has been received. The whole-body
3

144 . . .
retention of Ce mhaled zn thls form was adequately described by a 3-component exponential function

with the last component having an effective half-life near the physical half-life of 144Ce, 285 days.

During the past year, results from the parallel radiation dose pattern study have been incorporated

into a metabolic model I (this report, pp. 37 - 42) . Several important results were obtained including

(a) the best curve fits for the lung, liver and skeletal retention data, taking radionuclide balance into

consideration, (b) integrals of these curves for dosimetry calculations, and (c) an indication that 

true initial lung burden was somewhat larger than originally estimated. In previous Annual Reports

(LF-43, LF-44 and LF-45), the initial lung burden for 144Ce inhaled as 144CEC13 was estimated as being

equivalent to the portion of the initial body burden associated with all but the shortest component of

whole-body retention, i.e. the 2 long-term components. Because of the low nasal 2 and gastrointestinal3

absorption of 144Ce, this long-termed retained activity was presumed to have originated in the pulmonary

region. Results from the present model showed that this estimation provided insufficient 144Ce activity

to balance that observed in the early post-exposure period in the tissues, urine and endogenous fecal

excretion. Apparently, the true initial lung burden was approximately 12% higher than that estimated

from the long-term components of whole-body retention. Because of this, the quantity originally termed

"initial lung burden" has been redesigned as the "long-term retained burden" (LTRB) in a manner similar

to that used for inhaled 90SrCI2. Appropriate changes in nomenclature have been made in the experimen-

tal design chart in Figure i, survival plot in Figure 3 and in Appendix A.

Integrals of the model retention curves for lung, liver and skeleton were used in conjunction with

the standard equation for calculating average absorbed beta dose using tissue weight to body weight

ratios presumed to be the best values for these tissues with their normal complement of blood in the

livlng adult Beagle dog: lung = 0.0110, liver = 0.0500 and skeleton = 0.i00 of total body weight (this

report, pp. 301-3Z8). This procedure yielded the curves presented in Figure 2 for dose rate and cumu-

lative dose. The potential infinite dose or dose commilrnent for 1 gCi LTRB per kg body weight is 320rads

Cont~oi O

Control

[

Meon
LTRB

260

i40

50

5.2

Figure 1. Experimental design for 144CEC13 longevity study (Status as of 9/30/73).
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for liver, 90 rads for lung and 67 fads for skeleton. Tissue doses for each longevity dog exposed to

144CEC13 were calculated from the individual LTRB ~tCi/kg values and the cumulative dose curves in

Figure 2 and are tabulated in Appendix A. Values are presented for lung, liver and skeleton because

these 3 tissues receive the most significant doses following inhalation of 144CeGl3. The potential for

dose to other tissues such as kidneys, adrenals, pancreas, prostate, testes, ovaries, thyroid and pitui-

taries has been re-evaluated and is discussed in detail elsewhere (this report, pp. 61 - 66) . From

this re-evaluation and the biological effects seen to date, it is concluded that lung, liver and skeleton

are the primary tissues of concern following inhalation of 144CEC13.

BIOLOGICAL EFFECTS

Originally, there were 55 dogs exposed to an aerosol of 144CEC13 in a CsC] vector and 15 control

dogs. Of the exposed animals, 8 died during the period from 21 to 44 days post-exposure, 8 died in

the period from 138 to 874 days post-exposure, ii died in the period from 1632 to 2612 days post-exposure

and 28 dogs are still alive. In addition, 1 control dog has died. Table i and Figure 3 summarizes all

deaths to date. During the past year, 2 exposed and 1 control dogs have died.

Dog 62B, whose LTRB was 51 MCi 144Ce/kg, died at 2467 days post-exposure with cumulative absorb-

ed doses to lung, liver and skeleton of 4600, ii,000 and 3400 rads, respectively, There was an unevent-

ful medical history until 2270 days post-exposure where, upon examination, a split first heart sound

was heard to occur. This was noted in all following physical examinations. The condition remained

unchanged until 2806 days when the animalls pulse elevated to ]56/min. At this time there was also

found a firm nodule present in the skin over the left scapula and a nodule over the left dorsal lumbar

area. By 2436 days, a Grade II systolic murmur developed most prominently over the tricuspid area.

In addition, there was a fall in red blood cell count to 6,040,000 with an elevation of white blood cell
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Figure 2. Calculated tissue
dosimetry after inhalation of
144CeCl 3 by Beagle Dogs.
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Table i

Summary of Deaths in Dogs Exposed by Inhalation to 144CEC13 (Sept 30,

Diagnose d lqumbe r Death
Cause of Death of Dogs Days PE

Hematologic dyscrasia 8 g 1-44

Radiation pneumoniti s Z 138 - 144

Hepatic necrosis 3 309-874

Marrow apla sia l 510

Pulmonary fibrosis 1 375

Osteosarcom~ l 799

Squamous cell carcinoma 2 1632-2164

Liver hemangiosarcoma 5 1735-2467

Nasal cavity hemangio-
sarcoma 1 26 iZ

Myelogenous leukemia Z 1806 - 1811

Myeloproliferative dis- 1 18Z6
order

2900

2800~

2400-

i,f i Ioo oo~o~oo o 0~° °~co°

L973)

Cumulative fads to Death

Lung Live r Skeleton

4Z00-7400 Zi00-4400 6 i0-1300

8600-Zi, 000 9600-24, 000 2900-7000

8B00-1Z,000 16,000-20,000 4600-6000

i0, 000 19,000 5800

17,000 28,000 8400

IZ, 000 Z7,000 8100

6Z00-6700 15, 000-16, 000 4600-5000

4600-9900 l|, 000-24, 000 3400-7400

3500 8600 Z600

1300-5000 3100-1Z,000 9Z0-3700

1400 3300 1000

©
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0 - Alive
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¯- Hepstic Injury
AL SqL.(~rnous Cell C(~rcinom(3
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Figure 3.
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Survival of Beagle dogs that inhaled 144CEC13 (Status as Df 9/30/73).

count to 60,000 with a shift to the left. This anemia continued to progress until the day before death.

From that time until death the anemia was progressive and the systolic heart murmur continued to become

more severe and was graded as Grade IV on the day prior to death. Histopathologic examination indicated

that the dog died with a hepatic hemangiosarcoma which had metastasized to the lung and kidneys.

The dog was icteric and had severe generalized hepatocellular degeneration, focal hepatic fibrosis and

cystic hyperplasia of the gall bladder. There were focal necrotic areas in the liver and spleen resembling
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infarcts. The animal also had a generalized acute lymphadenitis, chronic interstitial nephritis, general-

ized bone marrow hyperplasia, focal acute pneumonitis, and testieular degeneration.

Dog 65B, whose LTRB was 39 ~Ci 144Ce/kg, was euthanized at 2612 days post-exposure with cumu-

lative absorbed doses to lung, liver and skeleton of 3500, 8600 and 2600 rads, respectively. At 2589

days post-exposure, this dog was reported to be bleeding from the right nostril. A hemogram performed

on this date showed normal red cell parameters and a slightly elevated white blood cell count with a

normal differential. This discharge of blood from the right nostril continued from this time until the

time of euthanasia. Repeated hemograms performed at various times from this date until the time of

euthanasia showed a progressive drop in all red cell parameters¯ The white blood cell count was slightly

elevated throughout this period but never became seriously elevated. In addition to the bleeding from

the right nostril, stools were repeatedly reported to be blackish-brown in color indicating the probable

excretion of blood in the stool. At 2602 days, the animal developed anorexia and became inactive. A

small amount of blood was present in the right external nares. His mucous membranes by this time were

pale and radiographic examination revealed a diffuse opaque area present in the entire right nasal cavity.

At 2603 days, the animal developed generalized convulsive seizures. Two seizures were observed on

this day and the dog was placed on treatment for convulsive seizures until the time of euthanasia¯ An

electroencephalogram performed at this time revealed a diffusely abnormal pattern with highly suggestive

focal abnormalities in the right frontal parietal region¯ The animal continued to deteriorate and was

euthanized. Post-mortem examination showed a hemangiosareoma involving the right nasal cavity and

frontal sinus which had invaded the olfactory lobe of the brain. This animal had hyperplastic bone mar-

row and extramedullary hematopoiesis in the liver and spleen. There was severe nodular hepatic paren-

chymal cell hyperplasia, focal bile ductule hyperplasia and focal fatty changes in the liver. The only

other finding was rare focal fibrotlc lesions in the lungs.

Dog 62A, a control dog, had an uneventful medical history for the first 2531 days in the experiment.

Then a firm mass, 8 x 5 cm, was palpated in the left side of the neck in the region of the thyroid gland.

This animal had a rapid pulse rate of 162/min. In addition to the mass in the thyroid region, there were

probable masses present in the upper left quadrant of the abdomen¯ Some fluid was also noted in the

abdom.en and a diagnosis was made of possible liver enlargement. Repeated hemograms indicated a

slowly decreasing red blood cell count. Clinical chemistry performed showed a decrease in calcium,

aan increase in phosphorus. At 2539 days, a radiographic survey revealed a soft tissue mass in the

area of the left thyroid gland. This gland was biopsied on 2540 days. On 2541 days, the animal’s appe-

tite became poor, alt~ough the biopsy incision was healing properly. Pulse rate continued to be rapid

but repeated hemograms indicated a decrease in all red cell parameters. The blood calcium level con-

tinued to be low and there was an increase in glucose and alkaline phosphatase on serum chemistry eval-

uation. The animal generally became less active and had a poor appetite up to the time of euthanasia.

As the ascites continued to become more of a problem and the animal’s anemia became more severe, his

condition deteriorated and he was euthanized at 2545 days post-exposure. This dog had a thyroid carci-

noma which had metastasized to liver, adrenals, lymph nodes, kidney, bone marrow and the opposite

(right) thyroid gland. There was eentrilobular hepatic degeneration associated with massive metastases.

The animal also had a generalized bone marrow hyperplasia with extramedullary hematopoiesis in the

spleen. There was a mild cystic hyperplasia of the gall bladder, focal acute pneumonitis, focal testicular

degeneration and an anterior pituitary cyst.
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TOXICITY OF INHALED 91yc13

ABS TRA C T

Studies on the metabolism, dosimetry and effects of 91ycI3
in Beagle dogs are continuing with a view to providing

information that will aid in assessing the biological conse-

quences of nuclear accidents in which 91y or other radio-
nuclides that produce a similar radiation dose pattern

may be released. Forty-two dogs with 91y initial body
burdens from 64 to 1300 I~Ci/kg were placed in four groups

with mean lung burdens of 310, 180, 75 and 40 pCi/kg.

These dogs and 12 control dogs are being maintained

for lifetime observation. An additional four dogs with

a mean initial 91y body burden of 180 IiCi/kg were placed
in a sacrifice study. Eleven dogs within the highest

exposure groups have died or were euthanized at 12 to

33 days after inhalation of 91y with changes related to
severe bone marrow damage and associated pancytopenia.

Two dogs died approximately one year after 91y inhalation
with convulsive seizures that were presumed to be unrelated

to the 91y exposure. Three dogs have died or were euthanized
with neoplastic disease 2000 or more days post-exposure.

One control dog has died. Serial observations are continuing

on alt surviving dogs.

INTRODUCTION

IN BEAGLE DOGS. VI

PRINCIPAL INVESTIGATORS

S. A. Benjamin
B. A. Muggenburg
B. B. Boecker
R. O. McClellan
H. C. Redman

Yttrium-91 is an important contributor to the total fission product radionuclide inventory of a reactor

after periods of sustained operation. It has a physical half-life of 59 days and emits a beta particle with

amaximum energy of 1.55 Mev and a gamma ray of 1.21 Mev with a yield of 0.22%. Recognizing the

potential for release of 91y in certain types of nuclear accidents, it was selected for study in this program.

Two longevity studies are being conducted: one with 9]y inhaled in a relatively soluble form as 91ycI3

and the other with 91y inhaled in fused clay particles which are tenaciously retained in the lung (this

report, pp. ~08-iI|). This report will summarize the current status of the research with inhaled 91ycI3 Q

METABOLISM AND DOSIMETRY

As was presented previously (1967-1968 Annual Report, LF-39, pp. 26-32), each of the shipments

of 91y used in this study contained a radioactive contaminant. This contaminant was 152-154Eu in the

first two shipments and 144Ce in the third shipment. Because of the higher whole-body counting effi-

ciency for the gamma rays emitted from 152-154Eu and 144Ce-144pr than for the Bremsstrahlung and

infrequent gamma rays from 91y, a small amount of contamination interfered with the whole-body count-

ing data, corrections were calculated and reported (1966-1967 Annual Report, LF-38, pp. 40-64; 1968-

1969 Annual Report, LF-41, pp. 15-18; 1971-1972 Annual Report, LF-45, pp. 140-143). A set of norma-

lized dose calculations for lung, liver and skeleton have been made. Dose values for individual dogs

in the longevity and sacrifice experiments were then determined by multiplying the appropriate normalized

dose factors for a given tissue post-exposure by the respective initial lung burden values in pCi/kg (Fig.

I) . The resulting dose values are included in Appendix A and reflect revised tissue weights as discussed

on page 301.
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BIOLOGICAL EFFECTS

Thirteen dogs, i0 from the longevity study and 3 from the sacrifice study, that inhaled 91y have

died or have been euthanized prior to September 30, 1973. One control dog has also died. The dogs

that have died are grouped by cause of death in Table I and shown in Figure 2.

PATHOLOGY

During the past year, 3 dogs in the 91ycI 3 studies died. Two of these had been exposed to 91ycI3
(164G and 173F) and one was a control (167A). Dog 173F, from the sacrifice series, died 2109 days post-

exposure with a widely metastasizing bronchiolo-alveolar carcinoma. The lung was extensively involved

and there were metastases to tracheobronchial, sternal and hepatic lymph nodes, spleen, adrenals, bone
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Figure 2. Survival of dogs that

inhaled 91ycI3.
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Diagnosis

Hernat. dyscrasia

Generalized
convulsive seizure 2 364,473

Squarnous cell
carcinoma of
maxilla 1 2012

B ronchiolo-alveolar
carcinoma l 2109

Mast cell sarcoma 1 2258

Ernpyerna l 2241

Table I

Cause of Death in Beagle Dogs Exposed by Inhalation to 91yc13 and Control Dogs

Day s
No. of Post-Exposure Curnulative Dose (rads)

DoGs at Death Lung Liver Skeleton

11 1Z-33 2000-4300 420-630 600-910

890-1700 510-970 750-1400

3300 1900 2900

3300 1900 2900

1400 830 1200

Control Control Control

marrow and ovary. The tumor was multifocal in the lung with all the lobes being involved, although the

right apical lobe was most extensively replaced. The tumor varied from an alveolar to a papillary pattern

with varying amounts of connective tissue stroma. The lining cells were cuboidal to columnar and in

places had a pseudostratified appearance. In many areas, the neoplastic cells were poorly differentiated

and some anaplastic foci were evident. Several foci appeared to be showing squamous metaplasia and

there was one small focus of squamous cell carcinoma which had invaded a blood vessel. The rest of the

lungs showed acute and chronic inflammation and extensive alveolar wall fibrosis. Larger scars were

scattered throughout the lung and there was peribronchial and perivascular fibrosis. Some of the pulmo-

nary arteries were thickened and had evidence of subintimal fibrosis. There were loci of adenomatous

epithelial proliferation associated with some of the scars. All these lesions are consistent with a residual

radiation pneumonitis and fibrosis. Other lesions in this animal included adrenal infarction associated

with a metastasis, focal mild cerebellar hypoplasia and a small focus of carcinoma in a mammary adenoma.

The latter lesion was present in local lymphatics but appeared to be separate and distinct from the

bronchiolo-alveolar tumor. Figures 3-6 show typical areas from the bronchiolo-alveolar carcinoma.

Dog 164G died at 2258 days post-exposure with a large infiltrating mast cell sarcoma involving the

left abdominal wall. The specific site of origin is not known and whether it was radiation-induced or

of spontaneous origin is uncertain recognizing that mast cell tumors are among the most common mesen-
1chymal tumors in the dog.

Dog 167A died at 2241 days post-exposure due to an acute empyema. There was a fibrinopurulent

pleuritis and pneumonia with abscess formation. Several microorganisms were isolated and evident

in tissue sections including a Micrococcus and E. colt.

SUMMARY

The results of this study are of particular interest since the inhalation of 91ycI3 ultimately results

in irradiation of lung, liver and skeleton. Because of the relatively short half-life of 91y and thus the

rapid drop in dose rate animals that survive the initial very high dose rate exposure of skeleton receive

doses to skeleton, liver and lung measured in thousands of rads. As a result it is not surprising thai

no neoplasms were observed in the first 2000 days post-inhalation of 91y. ~The appearance of three neo-

plasms, that may have been radiation induced, after 2000 days may be a reflection of relatively long

latent periods for the development of neoplasms of skeleton and lung with cumulative doses of several

thousand fads accumulated at moderate, but decreasing dose rates. The-low incidence of neoplasms

and their late occurrence makes it difficult to interpret the results, especially for a relatively common

canine neoplasm such as the mast cell tumor. The problem of designating a neoplasms as radiation-

induced or spontaneous in origin will be more readily approached as additional data on the morbidity

and mortality of control dogs becomes available. Ultimately from the several longevity studies under

way in the Institute, data will be available on nearly 200 control dogs.



Figure 3. Focus of bronchiolo-alveolar carcinoma
adjacent to a main bronchus in dog 173F. The
tumor cells are poorly differentiated and tend to
grow in an alveolar pattern. H & E Stain, X1Z0

Figure 4. Section of bronchiolo-alveolar carci-
noma from dog 173F showing abundant fibrous
stroma and transition from very poorly differ-
entiated tumor cells to a more benign appearing
adenomatous type (upper half). H & E Stain. X120

JA

Figure 5. Section of bronchiolo-alveolar carci-
noma from dog I73F showing a more papillary
alveolar growth pattern. H & E Stain. XS0

Figure 6. Tracheobronchial lymph node from
dog 173F showing metastatic carcinoma in a
lymphatic. H &EStain. XI20
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TOXICITY OF INJECTED 137CSCI IN THE BEAGLE DOG. V.

ABSTRACT

Studies on the metabolism, dosimetry and effects of intravenously

administered 137CSC1 in the Beagle dog ore being conducted to

aid in assessing the biological consequences of exposure to 137Cs

such as might occur in the event of certain nuclear accidents.

The effects of the chronic, relatively uniform whole-body exposure
produced by 137Cs are being compared with other diverse radiation

dose patterns resulting from inhalation of radioactive aerosols.

Sixty-six dogs were entered into the study," 6 with a mean initial
137Cs body burden of 3780 ]~Ci/kg, and 12 dogs each with mean

initial 137Cs body burdens of 2820, 1940, 1420, 970 end 0 pCi/kg.

All six of the highest level dogs died at 19 to 33 days post-injection

with cumulative whole-body doses of 950 to 1400 reds. Three

dogs in the 2820 pCi/kg level died at 24 to 27 days post-injection

with cumulative whole-body doses of 860 to 910 rads. One dog

in the 2820 ~Ci/kg level and one dog in the 1940 ~Ci/kg level

died at 77 and 81 days after injection with cumulative whole-body

doses of 1300 to 1400 rads. These early deaths were attributed

to severe bone marrow damage which was reflected in an early
dose-related pancytopenia. A dog injected with 1900 FCi 137Cs/kg

died acutely at 693 days post-injection with necropsy findings

attributed to shock, A dog injected with 2800 I~Ci/kg died at

1594 days post-injection with aspiration pneumonitis and a dog

with 2900 ~Ci/kg was euthanized at 1704 days post-injection with

severe arthritis. A control dog died 647 days after being placed

on the study with clinicopathological manifestations of an auto-
immune hemolytic anemia. Forty 137Cs dogs and 11 controls are

surviving at 1682 to 1936 days after being placed on experiment.
The surviving 137Cs dogs had initial body burdens that ranged

from 880 to 3000 l~Ci/kg and received cumulative whole-body doses

of 550 to 2200 rads. Serial observations are continuing on all

survivors
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Cesium-137* is one of the fission product radionuclides that predominates in a reactor inventory after

a period of sustained operation. It has a 30-year half-life and decays to 13?tuBa which has a 26-min half-

life. With decay, these radionuclides emit a 0.662 Mev gamma photon and 0.51 and I. i? beta particles.

BioIogically, 137Cs behaves as an analog of potassium. If it gains entry into the body in a soluble form,

such as CsCI, it distributes throughout most of the tissues in relatively uniform fashion, the distribution

being similar regardless of the mode of entry, i.e., ingestion, injection or inhalation. This pattern of

distribution and the radio10gic characteristics of the radionuclide result in relatively uniform whole-body

exposure. Because of the above characteristics and recognizing the probability for release of 137Cs

*137Cs as used in this text refers to 137Cs in equilibrium with its daughter, 137Ba.
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in certain nuclear accidents, 137Cs was selected as one of the radionuclides to be studied intensively in

this program. The effects of the relatively uniform whole-body beta and gamma radiation exposure result-

ing from internally deposited 137Cs may be compared with the other diverse radiation dose patterns under

study in this and other laboratories to provide a sound radiobiological basis for predicting the effects

of chronic exposure from a variety of internally deposited radionuelides, especially those that enter the

body ~da inhalation.

Because the metabolism and dosimetry of 137Cs were shown to be similar for the intravenous and inha-

lation routes of entry and recognizing that curie quantity aerosol generator loadings would be required

to effect inhalation exposures, the intravenous route of injection was used to administer 137Cs to the dogs

in this longevity study. Anticipating a relatively steep dose-response relationship( that is, a large change

in response with a small difference in radiation dose) initial 137Cs body burdens were projected to scale

downward by a factor of 0.7; 4000, 2800, 1960, 1370, 960 and 0 MCi 13?Cs/kg body weight. This report

will summarize the current status of the study.

EXPERIMENTAL DESIGN

All experimental procedures have been previously described in detail (1968-1969 Annual Report,

LF-41, pp. 36-45) . The 137Cs was administered intravenously via the cephalic vein as the chloride.

Whole-body counting was used to determine the initial body burden of 137Cs and its subsequent retention

in each dog. Dogs were housed individually in metabolism cages for the first 60 days post-injection and

then transferred to the kennel facility where they were housed in pairs (same sex and comparable dose

levels) 

The experimental design for the 137Cs longevity study shown in Figure 1 presents the initial 137Cs

body burdens. The actual mean body burdens achieved (3780, 2820, 1940, 1420 and 970 ~Ci/kg) were

close to those projected as was expected considering the use of the intravenous route of administration.

The metabolism and dosimetry have Been previously reported in detail I as have early biological effects. 2

Values for absorbed dose and otlzer pertinent details for each dog are given in Appendix A.

All dogs were kept under close clinical observations, and serial hematologic, serum chemical, immuno-

logical and microbiological measurements have also been made. A thorough pathologic examination was

made on all dogs that died.

Proj~ted BLOC K S "’0"
AcluollB8 i8B

p.Ci/Kg

400 0 3790

2800 2820

1960 t940

1370 1420

960 970

Control 0

Figure i. Experimental design for 137CSCI study (status as of 9/30/73).
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DISCUSSION

The current survival status of dogs in this experiment is plotted in Figure 2. During the past year,

one dog that was injected with 137CsCl died and one was euthanized. Dog 266C died suddenly at 1594

days post-exposure and had lesions consistent with ingestion of a caustic material. There was an acute

necrotizing bronchopneumonia of aspiration origin. The epithelial surfaces of the tongue, larynx and

esophagous showed varying degrees of coagulation necrosis. The only other significant finding were

a subcutaneous sebaceous gland adenoma and atrophic testes with several interstitial cell adenomas.

Dog 282C was euthanized at 1703 days post-exposure because of severe arthritis. There was a severe

degenerative arthritis involving mainly the limb joints. Severe muscular atrophy, degeneration and {oeal

myelomalacia were evident in the cervical spinal cord. The lungs were diffusely fibrotic with loci of ac-

tive and organizing pneumonia. The relationship between the initial paresis and the spinal cord lesions

is under investigation.

Two of the dogs in this study were subjected to surgicM procedures for the removal of skin tumors

during the past year. These were dog 289D, in which an epidermal inclusion cyst was removed, and 273F,

in which a follicular retention cyst was removed.
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TOXICITY OF INHALED 90y IN FUSED CLAY IN BEAGLE DOGS. V.

ABSTRACT

Studies on the metabolism, dosimetry and effects of inhaled

90y in fused clay in the Beagle dog are being continued with

a view toward assessing the consequences of inhalation of an

energetic beta emitter that has a short effective half-life in the

lung. A radiation dose pattern study in which 12 dogs were

sacrificed in pairs at 0, 2, 4, 6, 8 and 12 days post-inhalation

exposure has been completed. A longevity study in which 89

dogs have been exposed to 90y fused cloy to date with initial

lung burdens ranging from 80 to 5200 l~Ci/kg and 12 control

dogs were exposed to stable yttrium in fused clay is in progress.

The 90%, was retained in lung with a half-life that approximated

the physical half-life with only small quantities translocated

to tracheobronchial lymph nodes, skeleton and liver. The infi-

nite radiation doses to lung, tracheobronchial lymph nodes,

skeleton and liver, for an initial lung burden of 1000 pCi/kg

of body weight were estimated to be 1600, 170, 0.54 and 0.38

rads~ respectively. Thirty-eight of 39 dogs with doses to lung

from 9300 to 70,000 rads have died at 7.5 to 903 days post-ex-

posure and the one ,surviving dog in this dose range is showing

signs of pulmonary fibrosis at 951 days past-exposure. All

the dogs that have died have shown clinico-pathological fea-

tures, consistent with radiation pneumonitis. The dog that

died at 903 days post-exposure with a dose to lung of 11,000

rads also had 2 small pulmonary adenomas. Fifty exposed dogs

with doses to lung of 1300 to 7900 rads are surviving with no

significant abnormalities at 913 to 1469 days post-exposure

and will be studied for the remainder of their lifespan.
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As one of a series of studies designed to better define the relative importance of total radiation dose

and radiation dose rate on radiation damage to the lung following inhalation of radionuclides, dogs have

been exposed to 90y in fused clay. 1 Yttrium-90 with a physical half-life of 64.2 hours was selected for

study as it represents a typical short-lived, high energy beta emitter. The relative insolubility of 90y

in fused clay, the short half-life of 90y and the dose levels used resulted in radiation insult to the lung

and associated structures at a relatively high but rapidly decreasing dose rate. The toxicity of 90y in

fused clay can then be compared to the toxicity of the longer-lived beta emitters also under study (91y,
144Ce and 90St in fused clay).

Twelve dogs were exposed to 90y in fused clay and sacrificed at 0, 2, 4, 6, 8 and 12 days post-

inhalation exposure to define the radiation dose pattern following inhalation of 90y in fused clay. In addi-

tion, 89 dogs have been exposed to 90y in fused clay aerosols to achieve graded lung burdens of 90y in

order to evaluate dose-response relatiolnships over the total lifespan of the animals. Twelve dogs were

exposed to aerosols of stable yttrium in fused clay as controls for the dose-response (longevity) study.
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Details of the experimental procedures, the results of the radiation dose pattern studies and the

early biological effects observed have been reported previously (1968-1969 Annual Report, LF-41, pp.

46-58; 1969-1970 Annual Report, LF-43, pp. 146-162; 1970-1971 Annual Report, LF-44, pp. 145-150;

1971-1972 Annual Report, LF-45, pp. 147-150). 2-4 This report briefly summarizes and updates the re-

sults from the dose-response study.

EXPERIMENTAL RESULTS

The experimental design of the dose-response study is illustrated in Figure i. The 12 blocks, A

through L, can be grouped into i0 levels with mean initial lung burdens (ILB) of 3600, 1800, 1700, 1200,

810, 620, 390, 320, 200 and i00 ~tCi of 90y/kg of body weight and a control level in which the dogs were

exposed to stable yttrium in fused clay. Two dogs per block at the 620 and 320 levels in Blocks G, H,

I and J were necessary to fill in dose levels not included in the initial blocks. This provided 12 dogs at

each exposure level except for the four highest levels in which dogs were not exposed in latter blocks

due to early mortality.

Yttrium-90, inhaled in the fused clay form, was retained in the lung with a half-life that approxi-

mated the physical half-life of 90y with only small quantities translocated to the tracheobronchial lymph

nodes (TBLN), skeleton and liver. The infinite radiation dose to lung, TBLN, skeleton and liver for 
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Figure i. Experimental design for 90y in fused clay longevity study
(status as of 9/30/73).



ILB of i000 I~Ci 90y/kg were estimated to be 1600, 170, 0.54 and 0.38 rads, respectively. 3 Doses to lung

to death or infinity, revised to a ll0-gram lung in this report, have been tabulated in Appendix A for

each of the dogs in the dose-response study.

To date, of the 89 dogs exposed to 90y, a total of 38 dogs have died from 75 to 903 days post-inhala-

tion exposure. The ILB of the dogs that have died ranged from 590 to 5200 ~Ci/kg with cumulative radia-

tion doses to lung to infinity or death from 9300 to 70,000 rads. In addition, a dog (448B), with an ILB

of 670 pCi/kg and a dose to lung of 10,000 rads has clinical findings consistent with severe long-standing

pulmonary fibrosis. The dog (449U) that died at 903 days post-exposure had an ILB of 710 pCi/kg and

a dose to lung of 11,000 fads. In addition to extensive, apparently long-standing pulmonary fibrosis,

this dog also had 2 small pulmonary adenomas. The remaining 50 dogs with ILBs of 80 to 500 HCi/kg and

doses to lung of 1300 to 7900 rads and the 12 control dogs are surviving with no significant clinical abnor-

malities from 913 to 1469 days post-inhalation exposure. The dose-response pattern observed to date is

further illustrated in Figure 2.

Clinical and pathological findings observed to date can be related to radiation damage to the lungs

and to a lesser extent, the TBLN and heart. Clinically, all dogs that died showed progressive respiratory

insufficiency which varied in its time course. In general, the lower the dose, the longer the time between

exposure and the appearance of the clinical signs and the longer the course of the disease.

The pathological lesions in the lungs of the dogs that died from 75 to 463 clays were similar. These

could be grouped into 5 general areas:

1. An active inflammatory reaction characterized by congestion, edema and variable leukocyte

infiltration progressing to evidence of capillary injury with swelling of endothelial lining cells and, final-

]y, intra-alveolar accumulation of dense fibrin deposits, macrophages and proliferation and bizarre hyper-

trophy of alveolar cells.

2. Injury to bronchioles epithelium was characterized by denudation of much of the alveolar duct

epithelium. Some bronchiolar epithelium was lost in patches but more often cells of terminal bronchioles

assumed a hyperchromic, peg-like configuration with focal areas of regenerative hyperplasia. Bronchial

epithelium was seldom affected.

3. Conspicuous vascular and interstitial inflammation developed with time into an extensive dense

fibrous accumulation around blood vessels. Ultimately, both medium and small arteries and arterioles

developed formidable fibrous obliterative intimal thickening.

I
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Figure 2. Relationship between radiation dose to lung and survival time
for dogs that inhaled 90y in fused clay.
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4. Development of pulmonary fibrosis. Two general patterns were observed: (a) fibrillar thicken-

ing of alveolar septal walls, and (b) large or small stellate-shaped areas of fibrosis with obliteration 

the normal alveolar pattern.

5. Adenomatous proliferation of alveolar epithelium. In a few of the animals exhibiting this feature,

the proliferating epithelium had undergone a distinct squamous metaplastic change filling the alveoli with

nests of squamous cells.

The TBLN in early deaths showed marked lymphoid depletion while in the later deaths these nodes

are enlarged due to lymphoid hyperplasia. Cardiac dilitation and hypertrophy particularly of the right

heart was a characteristic finding. Right atrial necrosis with varied patterns of organization and fibrosis

was present in most of the animals with doses to lung from 14,000 to 37,000 rads.

Dog 449U had shown clinical and radiographic signs consistent with radiation pneumonitis and pul-

monary fibrosis from about 180 days post-exposure to death at 903 days post-exposure. The dog~s respi-

ratory rate had ranged around 80/min for the past two years. No nodules had been observed on thoracic

radiographs prior to death. Clinical and gross post-mortem findings were consistent with death from acute

pulmonary edema with extensive long-standing pulmonary fibrosis. At necropsy, a 1-cm nodule was pal-

pable in the right apical lung lobe.

On histopathological examination, there was extensive pulmonary fibrosis with multiple areas of

stellate scarring and fibrillar thickening of alveolar walls with calcification and ossification of some of

these areas. There was also focal fibrous obliteration of bronchial arteries and rare active bronchial

vasculities. In addition to these findings, 2 small pulmonary adenomas were found in sections of the right

apical lobe. One of these (noted at the time of post-mortem) was about 3-4 mm in diameter and was adja-

cent to a large scar (Fig. 3 and 4). The cells of the adenoma were fairly uniform and varied from cuboidal

to low columnar with ovoid nuclei and fine chromatin. The lesion did not appear to be invasive, but at

the margins the epithelium did appear to extend along adjacent alveolar septa. A smaller but similar (~

0.6 mm) pulmonary adenoma was present in another section of the same lobe.

Figure 3. Low magnification (X20) view
of pulmonary adenoma of lung of dog 449U.
Note that it is adjacent to a large scar.
H ~ E stain.

Figure 4. Higher magnification (X330) view
of the pulmonary adenoma in Figure 3. The
cells are cuboidal to columnar in shape and
line the alveoli. EM stain.



DISCUSSION

In this study, the majority of the dogs with cumulative radiation doses to lung of greater than 7600

rads died at relatively early time periods with clinico-pathological findings consistent with radiation pneu-

monitis and/or pulmonary fibrosis. Another study 5 in which dogs were exposed to 90y in fused clay aero-

sols and sacrificed at one year post-inhalation has demonstrated that subclinical (at least by the methods

employed on the dose-response study dogs) pulmonary fibrosis is present on histopathological examination

with doses to lung as low as 6200 fads. It is of interest that the only dog that has died at more than 500

days post-exposure in this study had a pulmonary adenoma. Dogs that have inhaled 144Ce and 90Sr in

fused clay in which a higher dose was delivered to lung at a lower dose rate (4) have died at about this

time with pulmonary hemangiosarcomas (this report, pp. i 12 to I 1 5 and | 2 8 to 13 6) although two dogs

also had bronehioalveolar carcinomas. The doses to the lung to death in the dogs that inhaled 144Ce or

90St in fused clay that died from tumors ranged from about 29,000 to 65,000 rads or a factor of about 3

to 6 times higher than the 90y in fused clay dog had received. Also, this pulmonary adenoma appeared

to arise in or near an area of extensive pulmonary fibrosis whereas the hemangiosarcomas have not had

as clear-cut association with scars.

The radiation dose to lung from inhalation of 90¥ in fused clay at these levels is delivered to the

lung at a relatively high but rapidly decreasing dose rate. In the other three fused clay studies (91¥,

144Co and 90St), the initial dose rates are lower with higher cumulative doses due to their longer half-
1

lives, Deaths from pulmonary insufficiency have occurred in all four studies but at significantly lower

doses and at earlier times in this study than any of the other three. Thus, it appears that a higher close

rate is more "efficient" in the production of acute pulmonary injury. It will be of interest to see if the

pulmonary adenoma observed this year is followed by other, perhaps malignant, tumors of this type in

other dogs as opposed to the hemangiosarcomas observed to date in other studies with inhaled beta-emit-

ting radionuclides.

1,

2.

3.

4.

5.
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TOXICITY OF INHALED 91y FUSED CLAY

ABSTRACT

Studies of the radiologicol hazards due ta inhalation of
91y in fused clay ore being conducted in Beagle dogs

to aid in essessing the biological consequences of inhaling

o relatively insoluble, high energy ~ emitter with a shart

to intermediote effective half-life in the lung. These con-

sist of two porellel efforts: (a) a radiation dose pattern

study in which 30 doys were exposed to 91y entrapped
in fused clay end were serially sacrificed from 0 to 320

days post-exposure, end (2) e longevity study in which

96 clogs hove been exposed to 9ly entrapped in fused clay
with initial tung burdens ranging from I1 to 360 ~Ci 91y/kg

of body weight end 12 control dogs exposed to stoble yttrium

in fused clay. The aerosols ronged in size from I. 5 to

2.6 ~ AMAD. Total body deposition of 91y ranged between
40 and 50% of the inholed activity with about 22% deposited

in the pulmonary region of the lung. The 9 ly deposited

in the pulmonory region wos retained in the lung with o

mean effective half-life of 50 days whereas the whole body
effective half-life wos found to be 53 doys. Small quantities

of 91%, were translocoted to the tracheobranchial lymph

nodes, liver and skeleton. Concentrations of 91y in trochee-
bronchial lymph nodes exceeded thot of the lung by 50 days

post-exposure. In the longevity study, 40 dogs have died

to dote between 113 and 1011 days post-exposure. The

cumulotive radiotion dose to lung to deoth tonged from 8300

to 60~ 000 reds. Several surviving dogs are presently show-

ing clinical signs typically associated with radiation-induced

pulmonary injury. Principol clinical and pothologicol findings

in the dogs thot died have been related to pulmonary edema,

inflammation, fibrosis and abliteretive vasculor chonges.

At this time it appears that only dogs with potentiol infinite

radiation doses to lung of tess then about 15, 000 to 18,000

reds will be long-term survivors. All survivors wilt be

observed over their lifespon with particular attention directed

toword relating 91y tissue radiation dose distribution end
the resulting clinicopathological effects.

INTRODUCTION

IN BEAGLE DOGS. Ill

PRINCIPAL INVESTIGATORS

C. H. Hobbs
R. G. Cuddihy
F. F. Hahn
R. K. Jones
G. M. Konopilly
J. L. Mouderly
R. O. McClellan
J. A. Ptckrell

91y, an energetic beta-emitter with a physical half-life of 59 days was selected for inclusion in a

series of dose-response studies in which beta-emitting radionuclides of varying physical haif-lives

have been inhaled in the fused clay form. Inhaled in the common vector fused clay, a material relatively

insoluble in the lung, the effective half-life of the radionuclide in the lung is proportional to the physical

half-life of the radionuclide. In this context 91y serves as model of a short- to intermediate-lived
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radionuclide. By compal-ing the results of this study with the results from the studies with 90y, 144Ce

and 90Sr in fused clay, it will be possible to assess the relative importance of total radiation dose and

radiation dose rate following chronic irradiation of the lung. 1 Also, 91y is an important contributor

to the total fission product radionuclide inventory of a reactor after sustained operation.

A radiation dose pattern study in which 30 dogs were serially sacrificed at 0, 4, 8, 16, 32, 64, 128,

193, 256 and 320 days post-inhalation exposure to 91y in fused clay has been completed. For the dose-

response study, 96 dogs were exposed to 91y in fused clay aerosols to result in graded initial lung bur-

dens (ILB) and 12 dogs were exposed to stable yttrium and are serving as controls.

Detailed descriptions of the experimental procedures, the results of the radiation dose pattern study,

the distribution and dosimetry of 91y in fused clay and the early biological effects have been reported

previously (1969-1970 Annual Report, LF-43, pp. 163-182; 1970-1971 Annual Report, LF-44, pp. 151-

163; 1971-1972 Annual Report, LF-45, pp. 151-156).

EXPERIMENTAL RESULTS

The experimental design of the dose-response study is illustrated in Figure i. The 12 blocks of

dogs represented by the vertical columns can be grouped into I0 levels with means ILBs of 320, 270,

210, 160, 130, 100, 82, 49, 30 and 17 MCi of 91y/kg of body weight and a control level in which the dogs
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Figure i. Experimental design for the 91y fused clay longevity study (Status as
of 9/30/73).
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were exposed to stable yttrium in fused clay. Two dogs per block in blocks E, F, I and J were exposed

to fill in dose levels not included in the original blocks. This provided 12 dogs at each exposure level

except for the 3 highest levels which were not completed due to evident early mortality in these animals.

No new information on the metabolism and dosimetry of 91y in fused clay has been obtained during

the past year. Dosimetry calculations for the dose-response relationship study have continued to be

made by the procedures previously described (1970-1971 Annual Report, LF-44, pp. 151 and 163) using

the dog’s own whole-body retention data and a standardized relationship between lung burden and total

retained body burdens. However, for this year’s dose calculations, as presented for this study in Appen-

dix A, a lung weight of 110 gm has been used rather than 140 gm as was used in the past.

During the past year two dogs (428A and 422B) in the dose-response study died. These two dogs

had ILBs of 110 IxCi/kg and doses to lung to death of 22,000 and 21,000 fads, respectively. Dog 428A

died at 704 days and dog 422B died at 1010 days post-inhalation with clinieopathological findings similar

to the other dogs that died previously. Thus, 40 dogs with ILBs of 47 to 360 I~Ci/kg have died from 113

to 1011 days post-exposure with doses to lung to death from 8300 to 60,000 fads. Five additional dogs

with ILBs of 59 to 130 gCi/kg and doses to lung of 12,000 to 25,000 fads have either clinically and/or

radlographically detectable pulmonary damage. Two of these dogs have exhibited a "spontaneous"

pneumothorax which eventually regressed over a period of 6 to 8 weeks. The 51 remaining dogs with

ILBs from 11 to 110 gCi/kg and doses to lung from 1900 to 18,000 rads and the 12 control dogs are sur-

viving at 737 to 1290 days post-exposure with no detectable abnormalities. The dose-response relationship

observed to date is illustrated in Figure 2.
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Figure 2. Relationship between radiation dose to lung and survival
time for dogs that inhaled 91y in fused clay (Status as of 9/30/73).

The clinicopathological findings in the dogs that have died have been related to pulmonary edema,

inflammation, fibrosis and obliterative vascular changes. The major hlstopathological findings in these

dogs were (1) a severe radiation pneumonitis characterized by increased numbers of alveolar macrophages,

hypertrophy and hyperplasia of alveolar lining cells, degeneration and metaplasia of bronchiolar epithe-

lium, congestion and edema, (2) a severe pulmonary fibrosis characterized by widespread alveolar

septal fibrosis, pleura1 fibrosis and large parenchymal scars, (3) a mild to moderate subintimaI prolifera-

tion and fibrosis of elastic pulmonary arteries which, in one case, led to small pulmonary infarction and

bullous emphysema, (4) a right atrial focal degeneration and necrosis in only two cases, and (5) variable

TBLN lesions consisting of cortical atrophy, cortical hyperplasia or germinal center atrophy with other-

wise normal cortex.
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Three dogs had slightly different lesions than those generally seen in animals dying following inha-

lation of 91y fused clay. These dogs (490A, 490S, 492C) died at relatively early times post-exposure

(124, 216 and 183 days. respectively) with relatively low ILB values (92 ~tCi/ kg; I00 l/Ci/kg; 47 ~Ci/kg,

respectively) when compared with other animals in the study. The lesions in the three dogs were similar

and were characterized by (i) a mild to moderate radiation pneumonitis with alveolar accumulations

of macrophages, fibrin, edema and with mild alveolar lining cell hypertrophy and hyperplasia, (2)

a mild pulmonary fibrosis with only a few loci of alveolar septal fibrosis and pleura1 fibrosis, and (3)

a severe vaseulitis which was focal and, in two eases, widespread with evidence of severe vascular

damage such as widespread pulmonary hemorrhage (490A) , fibrinoid necrosis (492C) or pulmonary

thrombosis (490S) . The severe vascular lesions seen in these three dogs were not seen in other dogs

and were apparently the reason for these dogs dying at relatively early times before severe radiation

pneumonitis or pulmonary fibrosis could develop.

The 3 dogs that have died at 704, 810 and 1011 days post-exposure are of special interest because

of their long survival times. Several dogs on the 144Ce fused clay and 90St fused clay longevity studies

have developed pulmonary tumors prior to these times post-exposure. A radiation pneumonitis was

present in these 3 dogs but was relatively mild, characterized by increased numbers of alveolar macro-

phages and some alveolar lining cell hypertrophy and hyperplasia. There was little adenomatous prolif-

eration of alveolar cells and no metaplasia of bronchiolar epithelium as seen in some of the 90y fused

clay longevity study dogs. Pulmonary fibrosis, however, was severe and widespread. Fibrosis thicken-

ed the alveolar septa i0 to 50 X normal and coalesced to form thick fibrous trabeculae in a honey-combed

pattern. Some fibrous scars several millimeters in thickness coursed through the lung helping to form

large cystic spaces. Vascular lesions were minimal and consisted of a thickened media in muscular

pulmonary arteries and a few fibrous subintimal proliferations in the elastic pulmonary arteries.

DISCUSSION

At the dose levels used in this study, the initial dose rate to the lung at the higher dose levels is

less than that in the 90y in fused clay study but decreases at a slower rate. The converse is true between

this study and those in which the dogs have inhaled 144Ce and 9OSr in fused clay. The doses to lung

to death in this study were about from 19,000 to 60,000 rads in the dogs dying from relatively acute

pulmonary insufficiency. This is a higher cumulative dose than similar deaths which have been observed

following inhalation of 9Oy in fused clay and lower than those following inhalation of 144Ce and 90St

in fused clay.

Of particular interest in this study is the occurrence of the deaths of 3 dogs with pulmonary vascular

lesions being the most pronounced pathological finding, contrasted with lesions of pulmonary fibrosis

and/or radiation pneumonitis predominating in the remainder of the decedents and the dog that died at

810 days with extensive pulmonary fibrosis. Extensive pulmonary vasculature lesions not associated

with pulmonary fibrosis have been observed in only one dog in the other three studies involving inhala-

tion of radionuclides in the fused clay form. This was dog 303A in the 144Ce fused clay study.

The deaths at 704 to 1011 days from pulmonary fibrosis are later than most deaths which have occur-

red in the other three studies with pulmonary fibrosis being the most prominent finding. In contrast,

as mentioned previously, several 144Ce and 90St in fused clay studies have developed pulmonary neo-

plasms prior to those times. This, coupled with other dogs with clinical findings consistent with pulmo-

nary fibrosis at later times than in the other studies, may indicate that with the radiation dose pattern

and/or the dose levels selected for use in this study have resulted in more subclinical pulmonary fibro-

sis. If and when pulmonary tumors develop in this study, it will be interesting to see if the tumor type

bears any relation to the degree of pulmonary fibrosis.
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TOXICITY OF INHALED 144Ce FUSED CLAY

ABSTRACT

The metabolism, dosimetry and effects of inhaled 144Ce

in fused clay are being investigated in the Beagle dog to

aid in assessing the biological consequences of release

of 144Ce in a relatively insoluble form such as might occur

in certain types of nuclear accidents. The toxicity of inhaled

144Ce fused clay is of broad interest since it is representative

of intermediate-lived beta-emitting rodionuclides. Two

major studies with young adult dogs (12-14 months of age

at exposure) are involved: (I) a metabolism and dosimetry

study in which 24 dogs were serially sacrificed over an

extended period of time, and (2) a longevity study with

2 series of dogs," Series I with 15 dogs exposed to aerosols

of 144Ce in fused clay to yield initial lung burdens of 11

to 210 ~tCi/kg and 3 control dogs exposed to nonradioactive

fused clay, and Series II with 96 dogs exposed to aerosols

of 1##Ce in fused clay to yield initial lung burdens of. 0024

to 66 l~Ci/kg and 12 control dogs exposed to nonradioactive

fused clay. The 14#Ce in fused clay is slowly translocated

from the lung to tracheobronchiol lymph nodes, they exceed

the lung in 14#Ce concentration by 100 days post-inhalation.

To date, 23 dogs have died or been euthanJzed at 143 to

1318 days after inhalation of 144Ce. The prominent findings

have been radiation pneumonitis in 17 dogs that died or

were euthanized at early time periods and neoplastic disease

in 6 dogs that died or were euthanized at 750 days or later;

4 cases with hemangiosarcoma of the lung, I case with both

a hemangiosarcomo and a fibrosorcoma of the lung and I

case with both a bronchiolo-alveolar carcinoma and a heman-

giosarcoma of lung. The cumulative radiation dose to the

lung to time of death has ranged from 24,000 to 140,000

rods. The 103 surviving dogs include dogs with a potential

for cumulative radiation exposures to lung of up to 52, 000

rods. Serial observations are continuing on all survivors

with special attention directed toward evaluating 144Ce

metabolism and dosimetry, and various clinical, pulmonory

functional, hematological, serum chemical and microbiological

parameters.

INTRODUCTION

IN BEAGLE DOGS. VI

PRINCIPAL INVESTIGATORS

F. F. Hahn
B. B. Boecker
C. H. Hobbs
R. K. Jones
J. L. Mauderly
R. O. McClellan
J. A. Pickrell

144Ce* is an important contributor to the fission product inventory of a nuclear reactor after a period

of sustained operation and represents a substantial portion of the fission product activity present in

spent fuel elements as well as solutions and solids associated with the chemical processing of such fuel

::"i44Ce in this report refers to 144Oe-144pr in equilibrium.
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elements. 144Ce decays to 144pr which has a half-life of 17.3 minutes; during decay, several gamma

photons and a number of beta particles with an average energy of 1.27 Mev are emitted. 144Ce was

selected for extensive study in this program because of these radiologic characteristics and the proba-

bility for release in nuclear accidents or in fuel reprocessing. Studies with a relatively insoluble form,

144CEC13, are reported elsewhere (see this report, pp. 91 - 95). Recognizing that relatively insoluble
144

was entrapped in fused montmorillonite clay as a typical insolu-forms of Ce might be released, 144Ce

ble form. In conducting these studies, it was recognized that the information obtained on the biological

response of dogs that had inhaled ~44Ce in fused clay would be useful in predicting the hazards associated

with inhalation of 144Ce but perhaps more important, the information gained would be valuable in predict-

ing the biological consequences of inhaling any intermediate-lived, insoluble, beta-emitting radionuelides.

The experimental details for these studies, including the results of a radiation dose pattern study,

have previously been reported 1’2’3 (Annual Reports LF-39, pp. 33-53; LF-41, pp. 19-35; LF-43, pp.

183-187; LF-44, pp. 164-180; and LF-45, pp. 157-166). Suffice it to note that one series of longevity

dogs were exposed to aerosols of prefused ]44Ce fused clay particles (Fig. l) and a second series 

longevity dogs were exposed to particles fused at the time of exposure (Fig. 2). This report will detail

the current status of this experiment.

RESULTS

No new information was obtained during the past year on the metabolism and dosimetry of inhaled

144Ce fused clay. Dosimetry calculations continue to be made with the procedures previously described

(1968-1969 Annual Report, LF-41, pp. 19-35) using the dog’s own whole-body retention data when avail-

able and a standardized relationship between lung burden and total retained burdens. However, all

dose estimates have been revised using lung weight to body weight ratio of . 011D instead of O. 0140 as

in previous years. (See Appendix A) Summary data on the 23 dogs that have died or been euthanized

to date are shown in Table 1.

For 24 low-level dogs, Satisfactory whole-body retention data were not available; a single component

exponential function for lung retention with an effective half-life of 170 days has been used. Current

information on initial lung burdens and dosimetry values are presented in Appendix A.

The current survival of dogs on the study is shown in Figure 3. During the past year, no dogs

in this study died. However, a thoracic mass, probably a pulmonary tumor, was noted radiographically

in one dog, 479U. An increased respiratory rate, 52/min, was noted 748 days after inhalation exposure.

Thoracic radiographs taken the next day showed a 2-cm diameter soft tissue density mass projecting

from or adjacent to the parietal surface of the right fourth rib. In addition, there was a moderate increased

density of the entire lung field. Later, 762 days after inhalation exposure, the mass was still present

and had similar dimensions. A radiographic survey of the rest of the body revealed no abnormalities.

At physical examination, 774 days after inhalation exposure, a subcutaneous mass was noted in the left

Table 1.
Summary of Deaths in Dogs Exposed by Inhalation to 144Ce

in Fused Clay (Sept 30, 1973}

Diagnosis

Radiation pneun~oniti s

Pulmonary fibrosis 16

Pulmonary vasculitis ]

Pulmonary hemangio-
sarcoma only 4

Pulmonary hemangie-
sarcoma and
fibrosarcoma 1

Pulmonary hemangio -
sarcoma and bron-
chiolo-alveolar
carcinoma 1

Number of
Dogs

Survival Times
(Days Post-Exposure)

143-410

193

Cumulative
Dose to Lung

(rads)

28,000-140,000

24,000

765-1318 29,000-46,000

75O 61,000

916 43,000
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inguinal region. At report time, 779 days after inhalation, the dog was still alive although the su1~cu-

taneous mass was enlarging.

DISCUSSION

With no dogs dying in the past year, there is little to add to discussions of previous years. All

of the remaining dogs in the study have lived longer than 750 days post-inhalation exposure wihtout

dying of pulmonary tumors. Therefore, we can state that 750 days after inhalation exposure to 144Ce

fused clay is the earliest time at which death was caused by pulmonary tumors.

It is tempting to speculate on the reason for temporary cessation of tumor deaths in this study.

Several possibilities can be mentioned.

I. There is a "threshold dose for the induction of pulmonary tumors. All of the surviving dogs

in the study have accumulated over 95~ of their radiation dose to the lung and a majority have accumulated

100%, so additional pulmonary irradiation is not a factor at this time. Thus, the surviving dogs (779 to

2118 days post-exposure) may not have achieved sufficient doses for tumor induction.

2. Continued pulmonary irradiation is an important factor in the induction of pulmonary neoplasms.

This may well be the case, especially for the induction of hemangiosarcomas. The inhaled insoluble

form of 90Sr, which gives a more constant prolonged dose rate, seems to be much more efficient in the

induction ofhemangiosarcomas than 144Ce in fused clay (see this report, pp. 128-136).

3. The latent period for the clinical appearance of the pulmonary neoplasms has increased. This

is a likely possibility if a different type of pulmonary tumor is found in the future. It may be athat the

endothelial cells are sensitive to specific patterns of injury which are no longer operative in the lungs

of the surviving animals now that their inhaled radioisotope has decayed to near zero. However, other

cell types may have already been induced to neoplasia but the tumors have not been expressed as yet.

Continuing observations will prove whether this speculation is accurate or not.

a°argo # o o oB %%
o o o o o oo

o8o

ooo oo0% %
o ~ o

o oo
O0 00¯ &O

Figure 3. Survival of
Beagle dogs that inhaled
144Ce fused clay.
(Status as of 9/30/73).
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TOXICITY OF 144Ce FUSED CLAY INHALED BY IMMATURE BEAGLE DOGS. II.

ABSTRACT

The metabolism, dosimetry and biological effects of 144Ce

fused clay inhaled by immature Beagle dogs (~ 3 months

of age at exposure) are being investigated for comparison

with information obtained in companion studies with dogs

exposed at 12-14 months of age and 8-10.5 years of age.

These studies will provide an assessment of possible

age-related differences in the biological behavior and

effects of inhaled radionuclides, differences that may

be of significance in predicting the response of accidentally

exposed human populations that include individuals of

varied age. Eighteen immature dogs have been entered

into a radiation dose pattern study to be serially sacrificed

at different intervals post-inhalation exposure. During

the first 2 months post-exposure, lung clearance and

uptake by the tracheobronchiol lymph nodes appeared

to be greater in the immature dogs than in young adult

dogs. Also, skeletal uptake was greater than hepatic

uptake in the immature dogs. Three blocks of longevity

animals, 10 per block, with graded initial lung burdens

ranging from 0. 004 to 120 IJCi 144Ce/kg and I control,

are currently on experiment. To date, 3 dogs with initial

lung burdens of 120, 83 and 69 ~Ci 144Ce/kg have died

with pulmonary injury and congestive heart failure.

Serial observations are continuing on the surviving 27

144Ca-exposed and 3 control dogs.

INTRODUCTION

PRINCIPAL INVESTIGATORS

B. B. Boecker
R. O. McClellan
F. F. Hahn
C. H. Hobbs
J. L. Mauderly

Because a population of humans that might be exposed in a nuclear incident could contain individuals

differing widely in age, it is important that age-related effects on the biological behavior and effects of

inhaled radionuclldes he examined. To examine this question, two experiments were initiated to comple-

ment the experiment already under way in Beagle dogs exposed at 12 to 14 months of age. One experi-

ment involving dogs exposed at 8 to 10.5 years of age is reported elsewhere (this report, pp. 122 - 127) 

The second involves immature clogs that were ~ 90 days of age at exposure. Cerium-144 in fused clay

was selected as the exposure aerosol because it may be considered as typical of many beta-emltting radio-

nuclides with an intermediate retention half-time in Iung.

Three blocks of longevity dogs have been entered into the experiment to date. Each block contains

10 dogs exposed to graded activity levels of 144Ce in fused clay aerosols and 1 control dog exposed to

a fused clay aerosol containing only stable cerium. The arrangement of dogs within each block and

their respective initial lung burdens are shown in the experimental design chart (Fig. 1). The projected

lung burden levels include all 8 of the levels used in the study with dogs exposed at 12 to 14 months

of age and also 2 higher levels, 75 and 100 llCi 144Ce per kg body weight. The reason for adding these

higher levels is discussed under Metabolism and Dosimetry. In addition, 18 dogs that were 85 to 97 days

of age were entered into a parallel radiation dose pattern study for serial sacrifice in pairs at different
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intervals post-exposure. Their initial lung burdens

ranged from 8 to 9 btCi 144Ce per kg body weight.

Three other dogs with initial lung burdens of 40 to

43 btCi 144Ce/kg represent the start of a small,

parallel sacrifice series for comparison with the

young adult sacrifice series dogs listed in Appendix

A. Pertinent experimental procedures have been

previously presented (1971-1972 Annual Report,

LF-45, pp 167-168).

METABOLISM AND DOSIMETRY

The whole-body retention of 144Ce inhaled in

fused clay particles by immature Beagle dogs can

be readily described by 2-component exponential

functions in the early post-exposure period. The

zero-time intercept of the long-term component

fitted to data for the first 60 days was taken as

the initial lung burden shown for each dog in Figure

1 and in Table IZ in Appendix A. The mean initial

lung burdens in Figure 1 are generally somewhat

lower than the projected values. This appears

to be due to the thorax monitor used to follow the

buildup of 144Ce in the lung of each of the higher

activity level dogs during exposure. Because

of the smaller size of these dogs at this age, the

minimal collimation of the monitor apparently did

not block out all accumulated upper respiratory

and gastrointestinal 144Ce activity. Thus, the

buildup of 144Ce in the lung may have been over-

estimated and the exposure terminated somewhat

prematurely.

Pairs of dogs in the radiation dose pattern

study have now been sacrificed at 0, 8, 32, 64,

128 and 256 days post-exposure. One additional
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Figure 1. Experimental design for

studying the effects of 144Ce in fused

clay inhaled by immature Beagle dogs.

(Status as of 9/30/73)

dog died at 168 days, apparently from non-radiation related causes. The tissue data obtained from these

dogs are presented both as percent initial lung burden and as percent initial lung burden per gram in

Figures 2, 3 and 4. The lung burden data in Figure 2 indicate that there may have been more rapid

clearance from the lungs of the immature dogs during the first 64 days post-exposure, Beyond that

time, the retention curve for the immature dogs generally paralleled that for the young adult dogs. The

same lung burden in immature dogs represents a higher concentration due to the smaller lung weight.

However, due to the rapid growth of the dog during its first year, lung weight increased so that by

256 days post-exposure, the lung concentrations for immature dogs were the same as for the dogs exposed

as young adults. More germane, perhaps, to the present situation is a comparison in which immature

and adult Beagle dogs both have equal initial lung concentrations. Since absorbed dose rate is directly

proportional to lung concentration, it can be seen that the dose rate will be prolonged at higher levels

in dogs exposed as young adults. It was to compensate for this effect that 2 higher levels of initial lung

burden were added to the longevity blocks.

Last year, in LF-45, the higher 144Ce content in the tracheobonchiai lymph nodes of the immature dogs

in the early post-exposure period was noted. Beyond 64 days post-exposure, this difference is not very
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Figure 2. Comparison of lung burdens and concentrations for 144Ce
inhaled in fused clay by dogs that were immature (B months old)
and young adults (18 months old).

’:I
z

1.0-

0.5-

z
- 0.I-

~: o.os-

/

~ Mean and Range for 2 Immature Dogs

--~"LEt Mean and Rang= for ] Adult Dogs

0.01

I0
i
I

~D

Z~[
~

..J~ I,O-
j~

___a_ 0.5-
_z
I.-
z

o.,i~
laid 2OO 300

DAYS POST-INHALATION EXPOSURE

Figure 3. Comparison of the uptake and concentration of 144de
in the tracheobronchlal lymph nodes after inhalation of 144Ce

in fused clay aerosols by immature (3-month-old) and young
adult (18-month-old) dogs.
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Figure 4. Comparison of the uptake and concentration of 144Ce in the

liver and skeleton after inhalation of 144Ce in fused clay aerosols by

immature (3-month-old) and young adult (18-month-old) dogs.

notable. On a concentration basis, these differences are also less. Figure 4 compares the deposition of 144Ce

that reached the bloodstream in the liver and skeleton. Because of the increased skeletal activity in the rapid-

ly growing immature dogs, their skeletons accumulated proportionately more 144Ce than did their livers.

Absorbed dose rate and cumulative doses to the lungs of the longevity dogs were calculated using

each dog~s own x~hole-body retention data and the computations reported in the ]971-1972 Annual Report,

LF-45, pp 170-171. The only change was to use alung weight (with blood) to body weight ratio of 0.0110

this year instead of 0.0140 (see p. 301) . Results of these calculations are listed in Appendix 

BIOLOGICAL EFFECTS

The survival data from this experiment are summarized in Figure 5. Three dogs, 675S, 671C and

673D, died during the past year. Their respective initial lung burdens were 120, 83 and 69 [/Ci 144Ce/

kg and their cumulative absorbed doses to lung to death were 33,000, 24,000 and ]3,000 fads.

The clinical signs observed in these dogs differed significantly from those observed in the majority of

the young adult dogs exposed to 144Ce in fused clay with similar ILBs and initial dose rates to lung. Ty-

pically, the young adult dogs started showing signs of radiation pneumonitis and/or pulmonary fibrosis at

about 5 to 6 months post-inhalation exposure with death occurring at about ]75 to 250 days post-inhalation

exposure. None of those dogs developed a heart murmur prior to death. In the case of these three dogs

exposed at - 90 days of age, the time from exposure to onset of observed clinical signs ranged from 65 to

113 days post-inhalatlon exposure and death occurred from 1 day to 3 weeks later. There appeared to be

a very rapid onset of a markedly elevated respiratory rate (> 100/min) with prominent moist tales 

auscultation of the thorax. A moist cough was also observed in two of the three dogs. In addition, 2 of the

3 (673D and 675S) dogs developed a Grade IV pansystolic heart murmur prior to death. No heart murmurs

had been present on phonocardiographic recordings or thoracic auscultation prior to exposure. None of

the remaining 27 exposed dogs or the 3 controls are showing any detectable abnormalities at this time.
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Figure 5. Relationship between initial lung burden of 144Ce and
survival time for dogs that inhaled 144Ce in fused clay. (Status
as of 12/31/73).

The lesions found at necropsy were similar in all three dogs. All had a moderate to severe radiation

pneumonitis with accumulation of alveolar macrophages, hypertrophy and hyperplasia of alveolar lining

cells, and loss of bronchiolar epithelium (Fig. 6). Pulmonary fibrosis was also present in a fine fibrillar

pattern that thickened alveolar septae. No large scars were found. Atrophy of the tracheobronchial lymph

nodes due to loss of cortical lymphocytes was also found in all three dogs. All of the above changes

were similar to those previously described for young adult dogs exposed to 144Ce fused clay aerosols

(1969-1970 Annual Report, LF-43, pp 183-187). In two of the three dogs (671C, 675S), a severe flbrinoid

necrosis of small muscular arteries was also present (Fig. 7). The lesions were widespread and accom-

panied by considerable acute inflammation.

A severe congestive heart failure associated with passive hepatic congestion and centrolobular hepa-

tic necrosis was present in all three dogs. In one dog, hydrothorax and hydroperitoneum was present.

The right ventrical was dilated and hypertrophic in all three dogs but no evidence of congenital cardiac

abnormalities was found at necropsy. The hepatic congestion had resulted in centrolobular lipidosis,

and in some areas, necrosis, but fibrosis was not present (Fig. 8) 

The early deaths in these immature dogs were due to radiation pneumonitis associated with conges-

tive heart failure, a syndrome not seen in young adult dogs dying with radiation pneumonitls. It may

be that immature dogs are able to easily repair the radiation pneumonitis unless the stress exacerbates

an underlying clinically inapparent cardiac insufficiency. It is interesting to note that the severe vascular

lesions seen in two of the three dogs were also seen in other studies where inhalation of either ]44Ce

fused clay or 91y fused clay by young adults resulted in early deaths.
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Figure 6. Severe radiation pneumonltis in Dog
675S with accumulation of alveolar macrophages,
proliferation of alveolar lining cells and thick-
ening of alveolar septa. H & E, X300

Figure 7. Severe fibr~noid necrosis of small
muscular arteries in the lung of Dog 675S
with total occlusion of the artery on the left.
H ~ E, X300

Figure 8. Centrolobular congestion and
necrosis in the liver of Dog 675S. H & E,
X120
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TOXICITY OF 144Ce FUSED CLAY INHALED BY AGED DOGS. II

ABSTRACT

The toxicity of 144Ce fused clay inhaled by 8 to 10.5 year-old

dogs is being investigated to provide information an age-re-

lated differences in the response of older members of the human

population to accidental inhalation exposures to radioactive

aerosols. The data on aged dogs will be compared to the re-

sults of similar studies using dogs exposed at approximately

3 months or 12 to 14 months of age. To date, 6 blocks of 5

dogs divided into 4 exposure levels with mean initial lung

burdens of 7.7, 14, 24 and 58 pCi/kg body weight and control

dogs exposed to non-labeled fused clay have been entered

into a longevity study. Eleven dogs with initial lung bur-

dens ranging from 20 to 75 pCi/kg and cumulative doses

to lung of from 20,000 to 74,000 rods have died from 197
to 390 days post-inhalation of 144Ce fused clay aerosols with

clinico-pathological findings of radiation pneumonitis and

pulmonary fibrosis. Two of these also had congestive heart

failure. In addition, 3 dogs with ILBs of 13-14 t~Ci/kg

have died of mammary neoplasms or congestive heart

failure but without radiation pneumonitis. The lung re-

tention of the inhaled 144Ce was similar to that observed

in dogs exposed et 18 to 22 months of age in a radiation dose

pattern study conducted at this laboratory. Serial obser-

vations are continuing on the 15 survivors.

INTRODUCTION

PRINCIPAL INVESTIGATORS

F. F. Hahn
B. B. Boecker
C. H. Hobbs
R. K. Jones
R. O. McClellan
J. A. Pickrell

The long-term dose-response studies in this laboratory using experimental animals, like most toxicity

studies, are conducted to provide information for prediction of dose-response relationships for man.

Most toxicity studies use young adult animals, the individuals in a population who are probably the most

physiologically fit. If this is the case, dose-response predictions for man based on data obtained from

exposure of young adults may underestimate the risk of exposure for older members of the population who

are generally less physiologically fit. To obtain information relevant to this important problem, a longevity

study has been initiated with 8 to 10.5 year-old Beagle dogs exposed to 144Ce~ fused clay to achieve initial

lung burdens of 6.0, 12.5, 25 and 50 ]/Ci/kg body weight. This study is designed to complement two other

144Ce fused clay studies; one that is well underway with dogs exposed at 12 to 14 months of age and one

initiated last year with dogs exposed at approximately 3 months of age (LF-45, pp. 167-171) . The 50 J/Ci/

kg level was selected to provide comparative information on the early pulmonary response; the majority

of 12-14 month-old dogs exposed a% this level died between 180 and 320 days after inhalation exposure

\vith a few long-term survivors. The 25 ~Ci/k E level was selected since dogs exposed at 12-14 months

of age to achieve burdens between 25 and 50 ~Ci/kg are known to develop lung neoplasms. It is anticipated

that comparison can be made between young adults and aged dogs exposed in this range to determine if

the incidence or time of appearance of radiation-induced luns neoplasms is altered. The lower levels

*144Ce as used in this text refers to 144Ce in equilibrium with its daughter, 144pr.
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(6.0 and 12.5 ~Ci/kg) were included for similar comparisons in the event the dose-survival relationships

are sharply altered due to the older dogs being more susceptible to radiation injury.

EXPERIMENTAL PROCEDURES

The procedures for exposure have been previously described (LF-45, pp. 172-176). Briefly, the

dogs were exposed, nose-only, to 144Ce fused clay aerosols which had log normal distributions with

activity median aerodynamic diameters that ranged for individual exposures from 1.6 to 2.3 pm with geo-

metric standard deviations of 1.3 to 1.6. Concentrations of 144Ce in the exposure air ranged from 20 to

70 pCi/1 for the individual exposures, The duration of exposure ranged from 5 to 62 minutes depending

on the desired initial lung burden, the exposure air concentrations and the dogs’ respiratory patterns,

A profile scan and whole body count were obtained immediately post-exposure and continue to be taken

at selected times post-exposure to quantitate lung and whole-body retention. Detailed clinical evaluations

were performed prior to exposing the dogs and will continue for their entire lifespan.

To date, six blocks of female dogs have been entered into the experiment as shown in Figure 1. One

block of male dogs will be entered into the experiment when sufficient dogs reach appropriate age for ex-

posure during the next year.

METABOLISM AND DOSIMETRY

Tissue data from the 14 dogs that have died to date in this experiment are presented as percentages

of the initial lung burden in Figure 2. Corresponding data for young adult dogs exposed by inhalation

to 144Ce fused clay are also shown for comparison. These data were discussed in the 1969-1970 Annual

Report, LF-43, pp. 184-186. Each point for the young adult dogs represents the mean of 3 values. With

the exception of 2 rather high values, the remaining lung values cluster well around the line connecting

the young adult values. In contrast, the liver and skeleton values tend to be lower than expected from

the young adult data. This discrepancy is most pronounced for skeleton, a result that may be influenced

by decreased formation of new bone in these older dogs. The tendency toward lower liver values may

also be an age-related effect or the end result of some in vivo solubility difference in the 2 experiments

being considered.

The absorbed beta doses to lung have been calculated for each dog in this experiment using the same

method as for the young adult dogs exposed to 144Ce fused clay (1968-1969 Annual Report, LF-41, pp.

27-28 and 1970-1971 Annual Report, LP-44, p. 169). These doses are based on clung weight (including

blood) to body weight ratio of 0.0110 (see p. 301) and, consequently, are 1.27 times higher than caleu-

BLOCKS
ILB IL6

p.C i/KQ ! LC[/Kg

lated last year with a ratio of 0.0140. The problems

associated with using a fixed lung weight to body

weight ratio derived from young adult dogs for

older, somewhat obese female dogs was alluded

to last year. No further information has been ob-

tained to clarify this point. Consequently, it is

possible that some of the lung weights implied when

the lung burden is expressed as ~tCi 144Ce per kg

body weight may be too large, Corresponding dose

calculations, based on lung weight will then be

underestimated by the same amount. Further

information is required on this point.
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Figure I. ExDerimental design for studying
the effects of 144Ce in fused clay inhaled by
Beagle dogs (status as of 9/30/73) 
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Figure 2. Comparison of the tissue distribution of 144Ce in the 14 aged
dogs that have died to date with means of 3 values observed in dogs
exposed as young adults. All were exposed by inhalation to aerosols
of -144Ce in fused clay,

BIOLOGICAL EFFECTS
The current status of the dose survival relationship for this study is presented graphically in Figure

3, Of the 24 aged dogs exposed to 144Ce fused clay aerosols, 14 with ILBs ef 13 to 75 ~tCi/kg and cumula-

tive doses to lung to death of 13,000 to 74,000 fads have died 197 to 419 days post-inhalation. One control

dog which inhaled stable Cc in fused clay, died 592 days post-inhalation with a disseminated carcinoma,

presumably mammary in origin.

The remaining I0 exposed dogs with ILBs from 5.6 to 23 ~xCi/kg and 5 control dogs are surviving from

585 to 600 days post-exposure with no clinical abnormalities, such as radiation pneurnonltis or pulmonary

tumors, that are clearly related to radiation exposure. However, many dogs in this study have had mam-

mary and othelc superficial tumors surgically removed either pre-or post-exposure.

800-

0 2

Qe

Potential a0 Dose to
Lung

~15,000 rods

I0
iNITIAL LUNG BURDEN (p.Ci144Ce/Ko 8odyWeight}

IO0

Figure 3. Relationship between
initial tung burden of "144Ce and
survival time for aged dogs that
inhaled 144Ce in fused clay.
(Status as of 9/30/73.)

124



Eleven dogs exposed to 144Ce fused clay aerosols and one control dog have died during the last year.

Table 1 shows all the dogs which have died on the study, the radiobiologic data and the cause of death

for each dog. All of the dogs with 20 ~Ci/kg ILB or greater died with c]inico-pathologic findings of radi-

ation pneumonitis, 197 to 390 days post-exposure with pulmonary radiation doses to death of 20,000 to

74,000 reds. Histologically, the lesions were similar to those seen in young adults dying with radiation

pneumonitis following inhalation of 144Ce fused clay aerosols I and were characterized by alveolar accumu-

lations of macrophages, fibrin, edema, alveolar lining cell hypertrophy and hyperplasia, and denudation

of bronchiolar epithelium. Pulmonary fibrosis was present and, in some cases, was severe with thickening

of the alveolar septa and formation of small stellate scars in the pulmonary parenchyma.

In general, the severity of the radiation pneumonitis and pulmonary fibrosis was related to the greater

initial lung burdens of 144Ce as might be expected. Dog FD 103, 20 ~Ci/kg and a pulmonary radiation

dose of 22,000 rads, had only mild radiation pneumonitis with little pulmonnary fibrosis. The three dogs

(FD 47, FD 30, and FD 15) with lower ILBs of 13 to 14 pCi/kg and pulmonary radiation doses of 13,000

to 16,000 reds did not have radiation pneumonitis. FD 47 died 330 days post-exposure of mammary carci-

noma that had metastasized to the liver. FD 30 and FD 15 both died with congestive heart failure. The

control dog, FD 6, died of widely metastatic carcinoma, presumably mammary in origin.

Lesions of the cardiovascular system were present in the dogs that died with radiation pneumonitis

but were relatively minor factors. Acute vascular lesions and lesions of the small muscular arteries of

the lungs were rarely found. Subintimal proliferation and fibrosis of large elastic pulmonary arteries

were present but were not prominent in any of the dogs. Pulmanary thrombosis occurred in the 2 dogs

(FD 7 and FD31) which had both radiation pneumonitis and congestive heart failure. The thrombi, both

new and old, were found in the lung only. Right atrial degeneration and necrosis, similar to that seen

Table 1

Radiobiologic Data for Aged Beagle Dogs Which Have Died After Inhalation of 144Ce Fused Clay

Initial Cumulative Age at
ILB Dose Rate Lung dose to Death Death

Do~ No. (~Ci/k~) (reds/day) Death (reds) (days) Idpe)

FD 49 75 440 50,000 3945 197

FD 40 66 390 74, 000 3885 320

FD 98 56 320 53,000 3947 261

FD [08 50 290 44, 000 3770 233

FD 118 50 290 44, 000 3591 273

FD 145 42 240 33, 000 4049 209

FD IZ 28 150 20,000 3928 214

FD 7 24 140 ZI,000 3761 250

FD 31 23 130 Z0,000 4139 280

FD 121 ZZ 150 20,000 3374 255

FD 103 20 120 22,000 4095 390

ED 47 14 79 13,000 3913 330

FD 30 13 80 16,000 4260 383

FD 15 13 78 14,000 3692 419

FD 6 0 0 0 4407 592

Cause of Death

Radiation pneun~onitis

Radiation pneurnoniti s

Radiation pneumonitis

Radiation pneumonitis

Radiation pneumonitis

Radiation pneumonitis

Radiation pneumoniti s

Radiation pneumonitis, Con-
gestive heart failure.

Radiation pneumonitis, Con-
gestive heart failure.

Radiation pneumonitis

Radiation pneu~nonitis

Mammary tumor

Congestive heart failure

Congestive heart failure

Mammary tumor
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in young adult dogs exposed to 144Ce fused clay aerosols, was seen in four dogs (FD 49, FD 40, FD 98

and FD 108) that had high ILBs (75, 66, 56 and 50 ~Ci/kg) and large pulmonary doses, 44,000 to 74,000

rads,

DISCUSSION

Aged Beagle dogs die with radiation pneumonitls and pulmonary fibrosis at about the same time after

inhalation exposure to 144Ce fused clay aerosols and with clinico-pathologic findings similar to young

adult dogs exposed to similar aerosols. In fact, the average survival time for dogs dying with radiation

pneumonifis on the aged dog study (11 dogs) is 256 days post-exposure while the average survival time

for dogs dying on the young adult study (ll dogs) is nearly identical, 259 days post-exposure. The

range of survival times is also similarly close. Thus, the syndrome of radiation pneumonitis in the aged

dogs and young adult dogs is similar in character and in time at which it occurs post-exposure.

Aged dogs dying with radiation pneumonitis have a lower pulmonary radiation dose to death than com-

parable young adult dogs, as shown in Table 2. The range of pulmonary doses (20,000 to 74,000 rads)

is one which includes all the aged dogs which died with radiation pneumonitis. The young adult dogs

were selected from a similar dose range achieved in the 144Ce fused clay longevity study, Series I and

II (see Appendix A). Eighty-five percent (11/13) of the aged dogs in this dose range died with radiation

pneumonitis while only 32% (11/34) of the young adult dogs have, although they have lived well past the

time radiation pneumonitis is expected. The average radiation dose to the lung to death is higher in the

young adults (50,000 fads vs 36,000 rads), as is the lowest pulmonary dose that has caused radiation

pneumonifis (28,000 vs 20,000). Thus, a 25-30% smaller pulmonary dose will cause radiation pneumonitis

in aged dogs indicating they are more susceptible to the early effects of irradiation. A factor which needs

to be considered, however, is that the calculation of the pulmonary radiation dose in the aged dogs may

be underestimated, Continued observations should clarify this point and also determine if a difference

in late irradiation effects is noted between young adult and aged dogs inhaling 144Ce fused clay aerosols.

The mammary carcinoma which caused the death of FD 47 was most likely a nafurally-oceurring neo-

plasm and not radiation-induced. Five mammary tumors, ali benign, were removed from this dog prior

to exposure to radioisotope. A malignant mammary carcinoma was removed 102 days after exposure, too

short a time post-exposure to reasonably consider the tumor to be radiation induced. Malignant mammary

tumors are very common in the dog, with an annual incidence rate of about 1200/100,000 dogs in the 9-
2

ii year-old range. Another point favoring the spontaneous occurrence is the fact that one of the control

dogs has also developed a malignant mammary tumor.

Table 2

Survival of Young Adult Dogs Compared with Aged Dogs

After Inhalation of 144Ce Fused Clay Aerosols

Young
Adult Dog s Aged Dogs

Number of dogs in the dose range of 20, 000
to 74, 000 rads to the lung 34 13

Number of dogs dead with radiation pneumonitis II ii

Number dead with pulmonary neoplasms 6 0

Number of dogs dead of other causes 1 0

Number alive 16 2

% dead with radiation pneumonitis 32% 85%

Average pulmonary dose to death with
radiation pneumonitis (rads) 50, 000 36,000

Lowest pulmonary dose to death causing
radiation pneurnonitis (fads) aS, 000 Z0,000

Days post-exposure to death (average) 259 256
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Congestive heart failure, which caused the death of FD 30 (13 ~Ci/kg ILB) and FD 15 (13 ~tCi/kg ILB)

is not uncommon in older dogs but no statistics have been published on its incidence. 3 Although no con-

trol dogs have yet died with congestive heart failure, it seems likely that these were spontaneous and not

radiation induced. Lesions clearly attributable to radiation injury alone were not found although there

was obviously some overlap in the pulmonary lesions of congestive heart failure and radiation pneumonitis.

Specifically, the large, bizarre, atypical epithelial cells in and lining the alveoli which are usually seen

in radiation pneumonitis, right atrial degeneration and necrosis and severe vascular lesions were not

seen in these 2 dogs. The survival times (303 and 415 days post-exposure) were not significantly greater

than other exposed dogs. Thus, it appears that the pulmonary radiation did not cause the congestive

heart failure but may have played some role in the syndrome.
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TOXICITY OF INHALED 90Sr FUSED CLAY IN BEAGLE DOGS. IV.

ABSTRACT

Studies on the metabolism, dosimetry and effects of 90Sr in

fused clay in Beagle dogs have continued with a view toward

obtaining information on the biological consequences of inhaling

this important radionuclide in a relatively insoluble form.

A total of 72 dogs were exposed to achieve graded initial lung

burdens (ILBs) of 90Sr for the longevity study along with 

dogs exposed to stable strontium in fused clay which are serving

as controls. Of the 72 exposed dogs, 42 dogs with ILBs from

15 to 94 p~Ci/kg and doses to lung to death of 40, 000 to 96, 000

rads died from 159 to 1214 days post-exposure. Thirty-two,

with ILBs of 29 to 94 liCi/kg and cumulative doses to lung to

death of 40, 000 to 96, 000 rads , died from radiation pneumonitis

and~or pulmonary fibrosis from 159 to 477 days post-exposure.

Ten dogs with ILBs of 15 to 36 lICi/kg and cumulative doses

to lung to death of 43,000 to 65, 000 fads have died from primary

pulmonary bemangiosarcomas between 644 and 1214 days post-

exposure. In addition, one dog developed a bronchiolo-

alveolar carcinoma and another had a squamous cell carcinoma

in the nasal cavity. The dog which developed the squamous

cell carcinoma in the nasal cavity died 1214 days post-aerosol

exposure with cumulative doses to lung and nasal turbinates

of 43,000 and 3400 rads, respectively. One surviving dog with

an ILB of 19 liCi/kg had thoracic radiographic changes consistant

with pulmonary neoplasia at 1132 days post-exposure. The

remaining 29 exposed dogs and 12 controls are surviving at

704 to 1342 days post-exposure.

INTRODUCTION

PRINCIPAL INVESTIGA TORS

M. B. Snipes
B. B. Boecker
F. F. Hahn
C. H. Hobbs
J. L. Mauder/y
R. O. McClellan
J. A. Pickrell

Strontium-90* is a major component of the fission product inventory in a nuclear reactor after a period

of sustained operation. It is also an isotope of major abundance in nuclear fallout. Strontium-90 was se-

lected for intensive study in this program because of its high probability for release in certain nuclear

accidents and because it represents a typical long-lived beta emitter; it decays by the emission of a 0.54

Mev (max) beta particle with a physical half-life of 28 years. Yttrium-90 is normally in a state of secular

equilibrium with its parent, 90St; it has a reported half-life of 64.2 hours and decays by the emission

of a 2.28 Mev (max) beta particle to stable zirconium. A study is in progress with a relatively soluble

90SRC12 (this report, pp. 86 - 90) . In the study to be reported here, a more insoluble form,form of 90St

entrapped in fused montmorillonite clay, is being studied for comparison with inhaled 90y, 91y and 144Ce

in fused montmorillonite clay.

As previously described (1970-1971 Annual Report, LF-44, pp. 181-192), research using 90St 

fused clay is under way in two major areas; (i) evaluation of the radiation dose pattern for inhaled 90St

fused clay (Series II experiment) , and (2) a longevity study in which the dose-response relationship 

being evaluated for dogs exposed to achieve graded initial lung burdens of 90St in fused clay. Dogs in

the Series II experiment were exposed to achieve initial lung burdens of 1.4 to 13 HCi of 90Sr per kg body

*90Sr in this report refers to 90Sr-90y in secular equilibrium.
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weight. These dogs were assigned to a sacrifice schedule which included days 0 to 2560 post-exposure

Data from this series will be used as necessary to describe lung retention, tracheobronchial lymph node

accumulation and skeletal accumulation of 90Sr. Also, excretion patterns and accumulation patterns for

other tissues will be described as necessary to provide a better understanding of 90St distribution and

retention patterns in the Beagle dog consequent to inhalation of a relatively insoluble aerosol containing

particles labeled with 9@Sr, Dogs in the longevity study were exposed to achieve initial lung burdens

of 3.7 to 94 ~Ci of 90St per kg body weight. To date, 12 blocks of 7 dogs each have been entered into

the longevity study, concluding the exposure protocol. The experimental design for the longevity exper-

iment is presented in Figure i. Data from the Series II experiment and longevity study will be combined

to provide a better understanding of 90St distribution and retention patterns in various tissues of the Bea-

gle dog after inhalation of 90St fused clay aerosol. In addition, the longevity experiment will provide

a better understanding of biological response to graded dose levels of 90Sr ranging from a control level

to a high dose level known to result in pulmonary injury and death in a short period of time.

EXPERIMENTAL PROCEDURES

All of the dogs used were purebred Beagle dogs raised in the program’s colony. The 26 dogs used

in the Series II radiation dose pattern study were 13 to 16 months old at the time of inhalation exposure

and weighed 6.6 to 12.0 kg. The 84 (?2 experimental and 12 control) dogs used in the longevity study

were 12 to 14 months old at the time of inhalation exposure and weighed 6.6 to 14.2 kg. The size distribu-

tion of the 90Sr fused clay aerosols used to expose these dogs was assessed with a cascade impactor and

was well represented by lognormal functions. The activity median aerodynamic diameters (AMAD) ranged

Irom 1.4to2.8 pmwithao Df 1.4to2.Tand 1.9to2.5 ~mwithaO ofl.6to2.0for thelongevityand
g g

Series II dogs, respectively.

Experimental procedures were detailed in previous Annual Reports (LF-44, pp, 181-192 and LF-45,

pp. 177-188). Additional information will be included where necessary for clarification or for definition

of procedures used to update data for this report.

80 71

6O 62

40 39

20 19

I0 9.8

5 5,1

Control 0

1
Figure i. Experimental design for 90St in fused clay longevity study (status as of 9/3@/73).
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Typically, dogs in this longevity study are maintained and examined periodically to keep an accurate

record of their state of health prior to and during the experiment. When dogs die they are examined for

pathological changes resulting from exposure to 90Sr. A dog occasionally develops symptoms which indi-

cate death is imminent. To facilitate pathological examination of the animal it is sometimes euthanized at

that point. This procedure is humane and provides biological material in a state more amenable to gross

and histological examination than may otherwise be possible.

One significant change in this year’s report resulted from an update in the definition of lung weight.

The previous estimate of lung weight used for computing absorbed dose rate and cumulative absorbed

close in the Beagle lung was 0.014 of body weight. This value was changed this year to 0.011 on the basis

of recent findings in our laboratory( this report, p. 30 l). The result was an increase in estimates for

absorbed dose rate and cumulative dose to lung tissue, as presented in Appendix A. New exponential

equations for lung retention of 90Sr-90y were determined to compute absorbed radiation dose rate and

cumulative dose for dogs alive after September 30, 1972. This reflects our continued attempt to define

lung retention of 90Sr-90y during the lifespan of dogs entered into this experiment. Net lung retention

equations were used to determine average dose to the lung using the expression:

Dose rate (D.R.) = 51.2 E (AF) C(t), rads/day

where: E- = average ~ energy = 1.13 Mev for 90Sr-90y in equilibrium;

AF = fractional energy absorption in lung tissue = 1.0;

C(t) = activity concentration as a function of time post-exposure, (oCt/gin).

The activity in lung was assumed to be distributed uniformly and all beta energy completely absorbed.

The weight of the lung, including circulating blood, was assumed to be I. 1% of the total body weight.

Therefore,

L
C(t) - o

W (TF) 103

L
F(t) andD.R. = 51.2 E o 103F(t)

W (TF)

where: L
O

W

TF

F(t)

= initial lung burden (gCi)

= dog weight in kilograms

= the fraction of body weight which is lung = 0.011

= net iung retention of 90St in fused clay.

t 5.26 L t
Cumulative Dose = D(t) = 51.2 g fC(t) 

W
o fF(t) 

O O

Since one dog in this longevity study developed squamous cell carcinoma in the nasal cavity, it is

appropriate to present data pertinent to the retention and/or accumulation of 90Sr in the skull and nasal

turbinates. Data were available from a pilot study (Series I), Series II and the longevity experiment (Figs.

2 and 3) . Dogs in the series I and Series II experiments received ILBs of 8.2 to 12 and 1.4 to 13 lJCi of

90St/kg body weight, respectively. Dogs from the longevity study represented in this figure received

ILBs of 15 to 94 gCi/kg. Data showed considerable variability, but the following single-component expo-

nential equation is a reasonable representation of the data points for turbinate content of 90Sr as a function

of time post-aerosol exposure (Fig. 2).

F (t) = 0.08 e-0’ 002t, % initial lung burden per gram

C(t) = (0.0008) (ILB) -0"002t, gCi/gm

D.R. = 51.2 E- (AF) C(t), rads/day.
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The absorbed energy fraction was assumed equal to i. 0 for nasal turbinates, E = i, 13 for 90Sr-90y
i

in secular equilibrium and the initial lung burden is expressed in microcuries. Therefore,

D.R. = 0.046 (ILB) -0’002t, f ads/day

Figure 3 represents the skull concentration of activity for these dogs for comparison with the turbinate

data. Again, data show considerable variability but can be reasonably represented by the equation:

-0. O01t)F(t) = 0.02 -0"002t ( I - , % initial lung burden per gram

Using the assumption that AF = I.O----8, the equation for computing dose rate is as follows:

D.R. = (0.012) (ILB) -0’002t-e0"003t), fa ds/day.
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Figure 2. Beagle turbinate content of activity after inhalation of an aerosol
containing 90St in fused clay.
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Figure 3. Beagle skull content of activity after inhalation of an aerosol
containing 90St in fused clay.
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DISCUSSION

The dose response relationships observed in the longevity study to date are illustrated in Figure 4.

Of the 72 dogs exposed, 42 have died at from 159 to 1214 days post-inhalation exposure, Thirty-two dogs,

with ILBs of 29 to 94 uCi/kg and doses to lung to death of 40,000 to 96,000 fads, died at from 159 to 477

days post-exposure with clinical pathological findings of radiation pneumonitis and pulmonary fibrosis.

Fulldescriptions have been noted in previous Annual Reports (LF-43, pp. 188-196; LF-44, pp. 189-192;

LF-45, pp. 177-188) . The major pathologic findings were (I) severe radiation pneumonitis characterized

by increased numbers of alveolar macrophages, hypertrophy and hyperplasia of alveolar lining cells,

degeneration of bronchiolar epithelium, hemorrhage and edema, (2) severe pulmonary fibrosis character-

ized by fibrosis in alveolar septa, pleura, perivascular regions and by large parenchymal scars, (3)

acute and chronic vascular lesions which were either inflammatory or degenerative and involved both

elastic or muscular pulmonary arteries, (4) bullous emphysema adjacent to large parenchymal scars,

(5) right ventricular dilation and hypertrophy with congestive heart failure in a few cases, (6) severe

atrophy and fibrosis of the tracheobronchial lymph nodes.
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Figure 4. Relationshi^p, between initial lung burden of 90Sr and survival time
for dogs that inhaled 90St in fused clay (status as of 9/30/73),

Ten dogs with ILBs ranging from 15 to 36 ~Ci/kg and doses to lung to death of 43,000 to 65,000

fads died at from 644 to 1214 days post-exposure due to pulmonary neoplasms. Figure 5 presents the

absorbed dose rate and cumulative absorbed dose to lung to death for these ten dogs. Note the similarities

among the curves and the cumulative dose to death for these dogs. While the total dose to death may have

little significance in tumor induction, the dose rate and total dose at some intermediate time after inhalation

of the radioactive material may be the determining factor in pathogenesis of neoplasia. These ten dogs

had high and relatively sustained dose rates between aerosol exposure and death. All of the dogs devel-

oped pulmonary hemangiosarcomas , The neoplasms were all similar to those seen in dogs exposed to 144Ce

in fused clay I and the ones described in an earlier report (1971-1972 Annual Report, LF-45, pp. 177-188).

Seven of these dogs died during the past year (Table I). Clinical signs in these dogs were usually related

to the chronic pulmonary hemorrhage that frequently accompanies pulmonary hemangiosarcomas.

The gross and microscopic features of the pulmonary hemangiosarcomas were similar to those previously

described for dogs dying following inhalation of 90St in fused clay (1971-1972 Annual Report, LF-45,

pp. 177-188) . The general pathologic features of the tumors in these seven dogs were: (I) numerous

small to large (5 cm diameter) hemorrhagic, friable masses scattered through all lobes, (2) widespread

metastasis in four of the dogs to regional lymph nodes, adrenal, kidney, heart and brain. (3) micro-
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Figure 5. Dose rate and cumulative dose to lungs to death for 90St fused clay

longevity dogs which developed pulmonary neoplasms.

Table I

Initial LungBurdens and Absorbed Radiation Doses for the Dogs Which Developed P~eoplas*ns

After Inhalation of 90St in Fused Clay

Initial
Dose Cumulative

ILB Rate Lung Dose To Days Post
Dog No. (~.Ci/kgI (Rads/Da~l Death (fadsI Exposure

398D 36 190 65,000 644

396T 34 180 60, 000 718

355A 25 140 51, 000 715

433C~:’~ 24 130 58,000 693

4 14T~’" 23 120 57,000 874

430S 22 120 5 i, 000 809

3983’;~ 20 i00 5 i, 000 1032

401B~’ 19 99 55,000 1025

362T’:~ 15 78 44,000 1185

354A%" 15 81 43,000 12 14

~:~ These 7 dogs died between September 30, 1972

Diagnosis

Pulmonary hemangio sar corna

Pulmonary hemanglosarcoma

Pulmonary hemanglo sarcorna

Pulmonary hemanglosarcoma

Pulmonary hemanglosarc oma

Pulmonary hemanglosarcoma

Pulmonary henaanglosar coma;
Bronchiolo -alveolar
carcinoma

Pulmonary hernangiosar conga

Pulmonary hemangiosarcoma

Pulmonary hemangio sarcoma;
Nasal carcinoma

and September 30, 1973

scopically, anaplastic spindle-shaped ceils lining vascular spaces which may have a solid, capillary

or cavernous pattern, (4) moderate radiation pneumonitis and pulmonary fibrosis in areas away from the

tumors.

Two dogs deserve further discussion because other tumors were found in addition to the hemangio-

sarcomas, a nasal carcinoma and a bronchioloalveolar carcinoma. Dog 354A, with an ILB of 15 ~Ci/kg and

a cumulative dose to lung at death of 43,000 rads, died 1214 days post-exposure. Terminally, he had a

rapidly decreasing hematocrit and a persistent bleeding nose. At necropsy, 3 large (from 2 x I. 5 x 1 cm

to 4 x 3 x 2.5 cm) hemorrhagic masses were found in the lung, two of them in the right apical lobe. Hem-
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orrhagic metastatic tumor nodules were noted in the spleen, mesentery and liver. The anterior portion

of the left nasal cavity was filled with a friable white tumor mass which had a hemorrhagic surface and

was the probable source of blood seen clinically (Fig. 6) 

Two sources of absorbed radiation dose to the nasal cavity of dog 354A were (I) 90Sr associated with

the nasal turbinates and (2) 90Sr in the skull. Estimates for cumulative absorbed dose to death for the

turbinates and skull are 3400 and 250 rads, respectively. The higher dose to the turbinates reflects the

higher concentration of 90Sr observed in the turbinates of the dogs. Most portions of the skull accumulate

90Sr consequent to dissolution of radioactive particles in the lung. Turbinates and some portions of the

skull, however, apparently retain 90Sr fused clay particles as a result of endocytosis mechanisms or dis-

solution of particles which impact on the membranes lining the nasopharynx. The result is a much higher

concentration of 90St in the turbinates, relative to the average concentration in the skull, for a consider-

able time post-aerosol-exposure. In the present study, that time period was perhaps 1000 days post-ex-

posure.

Microscopically, the pulmonary tumor in dog 354A and hemorrhagic metastatic nodules had a com-

plexity of patterns typical of hemangiosarcoma. In some areas there were multiple nodular septal-like

structures covered with proliferating darkly staining spindle-shaped cells (anaplastic endothelial cells).

The proliferating cells formed large and small irregular vascular channels containing blood and thrombotic

material. Vascular invasion was evident in many places with large arteries being partially or completely

occluded with proliferating masses of tumor. At the periphery of the nodules there was a tendency for

fibrous capsule formation, however these were incomplete and the proliferating cells readily extended

into the adjacent parenchyma, especially into bronchioles.

The tumor in the nasal cavity had histologic features of a well differentiated squamous cell carcinoma

(Fig. 7). Extensive microscopic invasion of the turbinates and maxilla had occurred as well as of the

supporting connective tissue lining the nasal cavity. Two microscopic loci of squamous cell carcinoma

were also found in the lung, one occluding a vascular channel. These were considered microscopic meta-

static lesions, although it is possible they were primary in the lung.

Dog 398B, with an ILB of 20 ~ICi/kg and a dose to lung at death of 51,000 rads, died 1032 days post-

exposure. The dog was euthanized after a short course of clinical signs that included a decreasing hemat-

ocrit, proteinurea and multiple metastasis. Gross examination revealed widely disseminated hemorrhagic

nodules in the lungs, myocardium, subcutis, mediastinum, regional lymph nodes and kidneys. The larg-

est number and mass of tumors were located in the lung, the largest (4 x 4 x 3 cm) was in the right dia-

phragmatic lobe (Fig. 8).

The dominent histologic feature of the pulmonary and metastatic tumors was a vascular pattern with

distended irregular sinuses filled with blood or collapsed. The channels were lined with a proliferation

of moderately large spindle-shaped cells with numerous mitotic figures. In some places, a distinct solid

pattern was present with obliteration of the underlying vascular pattern.

In one section of the right intermediate lobe there was a 7 mm diameter nodule of adenomatous prolif-

eration of alveolar lining cells that was papillary in nature and distinct from the hyperplastic and heman-

giosarcomatous pattern seen elsewhere in the lung. Because of the focal necrosis, local areas of variable

nuclear pleomorphism and frequent, abnormal mitoses, the nodule was considered a bronchioloalveolar

carcinoma (Fig. 9).

CONCLUSIONS

The finding of pulmonary hemangiosarcomas in the seven dogs dying during the past year continues

the trend established in the study last year, when 3 pulmonary hemangiosarcomas were found, and the

pattern previously established in the 144Ce in fused clay study (this report, pp. 112 to 115).

The finding of a bronchioloalveolar carcinoma in conjunction with the pulmonary hemangiosarcoma

in one dog also repeats a finding in the 144Ce in fused clay study. This points out that pulmonary tissues

other than vascular tissues do respond with neoplasia following chronic beta irradiation.
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Figure 6. Mass filling the anterior portion of
the left nasal cavity (arrows) of dog 354A,

Figure 7. Histologic detail of the tumor in

the nasal cavity showing a squamous cell
carcinoma. H&EX 320.

398D

Figure 8. Lungs of dog 398B showing the

large hemorrhagic masses in the right

apical and right diaphragmatic lobes and
the smaller disseminated nodules,

Be L

~’igure 9. Histologic detail of a small
(17 mm diameter) nodule in the lung
of dog 398B showing characteristics
of a bronchioloalveolar carcinoma.
H&E X 320.
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The finding of a nasal squamous cell carcinoma following inhalation of any radioisotope is a new one

in this laboratory and has not been reported, to our knowledge, from other laboratories. It is possible

that this was a spontaneous neoplasm. Based on data from the Alameda, Contra Costa County animal tumor

registry, the estimated annual incidence of malignant nasal tumors is 3.8/100,000 dogs. 2 Thus. it is a

tumor of relatively low incidence but it is one which is found relatively frequently in young dogs (20%

of cases are under 6 years). Squamous cell carcinomas comprise about 10% of the malignant nasal tumors
3

in dogs.

It is also possible that the nasal carcinoma was induced by beta irradiation which occurred when par-

ticles were initially deposited in the nasal cavity and when 90St was translocated from the lung to the

turbinate bones. The 3400 rad dose calculated for the turbinate bones gives only an approximation of

the dose to the epithelium of the nasal cavity, the probable source of the squamous cell carcinoma. The

dose was similar to the skeletal dose in the 90SRC13 study in which squamous cell carcinomas related to

the bone have been seen. Thus, it is feasible that radiation induced the nasal tumor although the overall

significance of the finding remains to be determined after more dogs in the study die and the true inci-

dence of the tumor is ascertMned.
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TOXICITY OF INHALED 90y FUSED CLAY

ABSTRACT

The toxicity of inhaled 90y in fused clay in mice was investigated

to provide data for comparison with a similar study in Beagle

dogs and a study in mice that had inhaled a longer half-lived,

beta-emitting radionucllde, 144Ce in a relatively insoluble form.

A total of 27 groups of 6 to 80 mice each (1591 mice) were exposed

to aerosols of 90y in fused clay particles. A total of 790 of the

mice were utilized in various sacrifice series and 801 with initial

lung burdens (ILB) ranging from I to 136 ~Ci 90y were retained

for lifespan observation. Control mice for lifespan observation

consisted of mice either non-exposed, sham exposed or exposed

to stable yttrium in fused clay. Mice with ILB greater than

30 pCi 90y died within 60 days post-inhalation exposure. In

mice with /LBs of 20 to 30 IJC/, 84% died by 120 days and all

but one had died by 600 days. The lifespan of mice with ILB

less than 20 gC/ 90y did not appear to vary significantly from
that of the control mice.

INTRODUCTION

IN ivllCE. II.

PRINCIPAL INVESTIGA TORS

D. L. Lundgren
F. F. Hahn
A. Sanchez
R. O. McClellan

A summary of our preliminary observations on the toxic effects of inhaled 90y in fused clay particles

in mice during the first 255 days post-inhalation exposure has been previously reported (1970-1971

Annual Report, LF-44, pp. 204-210). This study was initiated to: (1) obtain data on the toxicity 

inhaled 9Oy fused clay in mice to be related to concurrent studies on the effects of pulmonary clearance
1of inhaled bacteria; (2) to obtain toxicity data from a relatively short half-lived beta-emitting radionu-

elide (90y physical half-life 64.2 hours) to compare with data from mice that inhaled 144CEO2 particles
(144Ce physical half-life 285 days); and (3) to provide data for comparison with results of parallel studies

in Beagle dogs. It is anticipated that the broad base of multiple species data resulting from this and

related studies will provide an improved base for predicting the effects of inhaled beta-emitting radionu-

elides in man. The data reported here summarizes the continued observations of the initial two groups

of mice previously reported as well as additional observations on a third group of mice more recently

exposed by inhalation to 90y fused clay.

EXPERIMENTAL PROCEDURES

All experimental procedures were the same as those previously outlined (1970-1971, Annum Report,

LF-44, pp. 204-210). Conventional male mice of the CFW strain (CarwerthFarms) 6 to 8 weeks of 

on arrival were housed 5 per stainless steel cage (7" x 8" x 9-1/2" with 3/8" wire mesh front and bottom)

or in plastic cages (5" x 7" x 12" with wood shavings for bedding) in quarantine for 2 weeks before

being used. All mice not originally in plastic cages were transferred to the plastic cages at a later date.

After exposure to 90y fused clay particles, the mice were housed 2 or 3 per cage. Control mice were

housed 2 to 5 per cage.

Yttrium-90 was separated from its parent isotope 90Sr2 and incorporated into montmorillonite clay

by cation exchange and an aerosol of the 90y in fused clay particles produced by methods simiiar to
those used for other radionuelides in the laboratory (1966-1967, Annual Report, LF-38, pp. 92-100).

Aerosol sampling and mouse exposure procedures used have been reported. 3 Non-anesthetized mice
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were essentially nose-only exposed once to an aerosol of 90y in fused clay particles. A total of 27 groups

of 6 to 80 mice each were exposed to the 90y fused clay aerosol in three series of exposures several

weeks apart. Exposure times varied from 20 to 40 min to obtain the desired initial lung burdens (ILB)

of 90y. The aerosol particle sizes were approximately log normally distributed with an activity median

aerodynamic diameter that ranged from 0,7 to 1,4 ~/m and a geometric standard deviation that ranged

from 1,2 to 2,2 for the different mouse exposures. Aerosol concentrations of 90y ranged from 15 to 767

I/Ci per liter of air. Control mice were either nonexposed, sham exposed to filtered air or exposed by

inhalation to an aerosol of stable yttrium in fused clay particles. Control exposures were for 15 to 30

min.

The whole-body retention, lung retention and tissue distribution of the inhaled 90y in fused clay

have previously been reported (1970-1971 Annual Report, LF-44, pp. 204-210). From the data obtained,

it was previously estimated that one ~Ci 90y initially deposited in the lungs resulted in a dose of 400

fads of beta irradiation. All mice were observed daily after exposure. The thorax and abdomen of

the mice that died were opened and the carcasses preserved in buffered 10%formalin. Subsequently.

tissues were taken for processing by standard histologic techniques.

RESULTS AND DISCUSSION

Survival: The disposition of all mice initially exposed by inhalation to 90y in fused clay and the control

mice is summarized in Table 1, grouped according to their estimated ILB or type of control exposure.

Since many of the mice were sacrificed at various intervals through 52 weeks post-inhalation exposure,

the cumulative percent survival was calculated by the method of Cutler and Ederer. 4 This method of

survival analysis permits animals ~hich were removed from the study before their death to be included

in the computations. Therefore, the survival rates presented in Figure i are based on the total numbers

of mice initially entered into their study as summarized in Table I. An estimated ILB of greater than 30

~Ci of 90y in fused clay was highly toxic. There were no survivors after 30 days post-inhalation expo-

sure among mice with ILB of 60 to 136 I/Ci, none after 50 days with ILB of 40 to 60 ~/Ci and none after

60 days with ILB of 30 to 40 i/Ci. Among the mice with ILB of 20 to 30 ~Ci, 84% were dead by day 120

with only one *mouse (ILB, 21 ~/Ci) surviving beyond 600 days. This one mouse was still alive through

980 days post-inhalation exposure. In contrast, a marked difference in the cumulative survival rates

of mice with ILB of less than 20 ~Ci was evident. The survival rates of the sham and fused clay exposed

control mice were essentially identical so the data from these two groups were combined for further

Table 1

Numbers of Mice with Various Estimated

Initial Lung Burdens (ILB) of 90y in Fused Clay and Controls

Being Held for Lifespan Observations

Mouse Initial Number Number Held
Group Number Sacrificed’~ For Life span

Non-Exposed Controls 40 10 30

Sham Controls 264 127 137

Fused Clay Controls 27g 137 141

1-10 ~Ci ILB 688 436 252

10-20 ~tCl ILB 453 171 28Z

20-30 ~Ci ILB 70 36 34

30-40 ~Ci [LB 117 70 47

40-60 ~Ci ILB 158 54 104

60-136 ~Ci ILB 105 23 8Z

Totals 2 173 1064 1109

;’,~ Sacrificed between 1 and 5Z weeks post-inhalation exposure
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400
DAYS POST’INHALATION EXPOSURE

Figure I. Cumulative percentage

of survival of mice that inhaled
90y in fused clay particles.

comparative purposes. Although the survival rates of mice with ILBs of 1 to i0 ~tCi, i0 to 20 pCi, and

the sham and fused clay exposed control mice appear to differ through 600 days after inhalation exposure,

the standard errors of the percent survival, though not included in Figure i, do not indicate that the

survival rates differed significantly. Survival of the nonexposed control mice appears to have been

greater through approximately day 600 when the survival rates become similar to those of the other con-

trol mice and those with ILB of less than 20 ~Ci. Since many of these mice are still alive, mean survival

times of the various group cannot be compared, but at least the survival time of 50% of the mice in each

group can be compared (Table 2). From these data, it is again evident that ILBs of 20 ~tCi of 90y (8,000

rods to the lungs) or greater resulted in early deaths of the exposed mice, whereas ILBs of less than

20 ~Ci of 90y did not appear to appreciably alter the survival rates.

The histological alteration in the lungs and other tissues in the mice that have died are being evalu-

ated.

Comparison with Beagle Dog Data: The toxicity of inhaled 90y in fused clay has also been studied

in the Beagle dog5 (this report, pp. I03 to I07). A preliminary comparison of the toxicity of inhaled

Table Z

Fifty Percent Survival Time of Groups

of Mice with Various Estimated

Initial Lung Burdens (ILB) of 90y

in Fused Clay and Controls

Mouse 50% Survival

Group Time in Days

Non-Exposed Controls 790

Sham and Fused Clay
Exposed Controls 610

I-I0 ~Ci ILB 555

i0-20 ~Ci ILB 7Z0

20-30 p.Ci ILB 60

30-40 ~Ci ILB 40

40-60 ~Ci ILB 30

60-136 NCi ILB 15
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90y in fused clay in the Beagle dog and in mice has been previously presented (1970-1971 Annual Re-

port, LF-44, pp. 204-210). The preliminary comparison has not essentially been altered by additional

observations reported here. Briefly, when both mice and Beagle dogs inhaled 90y in fused clay particles

of similar activity median aerodynamic diameter, mice retained a much smaller percentage of the total

body activity as the initial lung burden than did the dogs. In both the mouse and Beagle dog, the effective

half-life of the material in the lung was indistinguishable from the physical half-life of 90y. In the dog

study, none of 50 dogs with doses of up to 7900 fads to the lungs have died (this report, pp. I03 to i07)

among dogs now alive 913 to 1469 days post-inhalation exposure. By comparison, the lifespan of mice

that had adsorbed up to 8,000 fads of beta-radiation to the lungs was similar to that of sham and fused

clay exposed control mice. At higher beta-radiation doses to the lungs mice died earlier after inhalation

exposure than did Beagle dogs with similar accumulated doses. However, it must be recognized that

any errors made in the assumptions used to calculate the doses to the lung for either species may alter

the calculated doses.

Comparison with Mice that Inhaled 144CEO2: A study of the toxicity of inhaled 144Ce in the relatively

insoluble form of 144CEO2, a relatively long-lived beta-emitting radionuclide as compared to 90y, has

been completed. The relative toxicity of these two radionuclides in mice is sial]at to that observed in

dogs that had inhaled either 144Ce or 90y in relatively insoluble forms. 5 Mice that inhaled 90y absorbed

beta-radiation at a higher initial dose rate and at a more rapidly decreasing dose rate than did mice

that had inhaled 144Ce. The cumulated rad dose to the lungs of mice that had inhaled either radionuclide

related to ]ifespan shortening appeared to be similar, though the mice exposed to 90y did die much earli-

er. Cumulative beta-radiation doses of 5, ?00 to 17,000 rads from inhaled 144CEO2 had no effect on life-

span shortening in mice; i?,000 to 22,000 rads had a slight effect of shortening the lifespan and doses
6

of greater than 22,800 fads had a very marked effect in shortening the lifespan, As illustrated in Figure

I, assuming a beta-radiation dose of 400 rads per IxCi ILB of 90y, a similar dose response effect is evi-

dent.
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TOXICITY OF INHALED 144CEO2 IN IMMATURE, YOUNG ADULT

AND AGED SYRIAN HAMSTERS I

ABSTRACT

Syrian hamsters have been exposed to aerosols of 144Ce02

czt 28 (immature) and 84 (young adult) days of age to better

define the dose-response relationships fo/Iowing inhalation

of this radionuclide by a population with a wide range of

ages such as would be the case with a human population

following a catastrophic nuclear accident. Animals are

also being maintained for exposure at 340 (aged) days 

age. The animals are being exposed to achieve graded

initial lung burdens (/LB) for each of the exposure ages

of about 20, 5, 1.25, 0.31, 0.80and O. OT l~Ci and control

groups exposed to stable cerium oxide. Animals are being

maintained both for serial sacrifice to determine the radi-

ation dose pattern and for lifespan observation to determine

close response relationships. The effective half-life of
144Ce in the tung appears to be about 63 days for both of

the ages exposed to date. This would result in a dose to

lung of about 4000 rads/l~Ci of ILB. To date only animals

with ILB of about 20 #Ci in both the animals exposed as

28 and 84 dczys of age have died et about 700 days post-

exposure with pathological findings consistent with radi-

ation pneumonitis and pulmonary fibrosis.

INTRODUCTION

PRINCIPAL IN VES T/GA TORS

C, H, Hobbs
R. O. McClellan
S. A. Benjamin

A number of studies are underway in this laboratory to evaluate the biological effects of inhaling rela-

tively insoluble forms of 144Ce and other beta-emitting radionuclides, To date, the primary experimental

animal used has been the Beagle dog with limited studies in the C57BL/6J mouse. To extend these studies

to other species to provide a broader base for the extrapolation of the data to man, Syrian hamsters have

exposed to aerosols of 144CEO2. Eventually the study will include hamsters exposed at 28 (immature),been

84 (young adult), and 340 (aged) days of ages. At the present lime the study includes Syrian hamsters

exposed to achieve graded initial lung burdens (ILB) of 144CEO2 at 28 and 84 days of age. The animals

to be exposed at 340 days of age are being maintained as an experimental group for exposure at that time.

Each study contains animals to be sacrificed at selected intervals for determining the radiation dose pat-

tern and evaluating serial pathological changes and animals that will be observed over their total lifespan

to determine dose response relationships.

study will provide data on the toxicity of inhaled 144CEO2 in animals exposed at different ages,This

a situation analogous to the exposure of the human population following a catastrophic nuclear accident.

The data will also provide a basis of interspecies comparison for this important radionuclide.

EXPERIMENTAL PROCEDURES

All the Syrian hamsters (Mesocricetus auratus, Sch: SYR) used were purchased from ARS Sprague-

Dawley, Madison, Wisconsin and received at this laboratory at 3 weeks of age. Animals within any one

shipment were born within a 4-day period. For this report, the last day of this 4-day period was taken



as the day of birth for all animals in the shipment and this date used to compute exposure age. The ani-

mals exposed at about 28 days of age and those to be exposed 340 days of age were received as one ship-

ment and those animals exposed at about 84 days of age were received in a separate shipment 3 weeks

previously. Equal numbers of each sex were used.

The 144CEO2 aerosols were prepared by generating from a solution containing about 4 mg of 144Ce

in 0.6 molar hydrochloric acid using a Lovelace generator with an output of about 50 t~l/min. The aerosols

were then passed through two heat columns, one maintained at 390°C and the other at 850°C prior to de-

livery to the exposure apparatus. The exposure apparatus and associated methods of generation and char-

acterization of the aerosols have been described.l The exposure times for individual groups of animals

were determined from the aerosol concentration of test runs done just prior to each exposure group, Con-

trol animals were exposed to stable cerium oxide aerosols in an identical manner.

Whole-body retention patterns for 144Ce were determined by whole-body counting utilizing a shielded

sytem with a Nal scintillation detectors. At death or sacrifice, samples were taken for pathology and the

following tissues gamma counted to determine 144Ce content: (I) lung, (2) head and head skin, (3) 

(4) gastrointestinal tract, (5) spleen, (6) kidneys, (?) left femur, and (8) remaining carcass. 

were scheduled for sacrifice at 0, 2, 4, 8, 16, 32, 64, 128, 256, 384, 512, 640 and 728 days post-lnhalation

exposure from the groups with ILB of 5 pCi, at 8, 64 and 256 days post-exposure from the groups with

ILB of 20, 1.25, 0.31, 0.80 and 0.01 ~tCi and at 32, 64, 128, 256, 384, 512, 640 and 728 days post-exposure

for the controls.

RESULTS AND DISCUSSION

The activity median aerodynamic diameters (Ak~AD) of the aerosols ranged from i to 2 ~tm with geo-

metric standard deviations of i. 5 to 1.8. The aerosol concentrations used were varied along with the ex-

posure times to achieve the desired ILB for the groups. These data are tabulated in Table i along with

the mean estimated lung burden for each group. At present, we are uncertain as to the best way to deter-

mine the ILB of the animals. For this report, the ILB has been taken to be equivalent to the whole-body

burden of the animal on day 8 post-exposure.

The whole-body retention pattern of ]44Ce is illustrated in Figures i and 2 for the 5 pCi ILB groups

for the immature and young adult animals, respectively. The long-term effective whole-body half-life

appears to be about 65 days for the immature animals and about 74 days for the young adult animals.

Table 1

144Ce02Exposure Data for Syrian Hamsters Exposed to Aerosols of

Age at Duration of Aerosol
Exposure Desired Achieved Exposure Concentration

(days) ILB ~Ci ILB ~Ci (min) ~Ci/L

28 0.01 .0096 + .0022 15 0. 12

Z8 0.08 0.056 + .016 16 0.63

28 0.31 0. 18 + .047 15 2. 5

28 1.25 0.64+ 0. Zl 26 5.2

Z8 5.0 4.3+ I.Z 13 51

Z8 ~.~ &lO Z3 + 7 35 85

84 0.01 0.016 + .007 17.5 0.077

84 0.08 0.056 + .021 I0 0.62

84 0.31 0.29 + .08 14 2.5

84 1.25 I.Z + .036 13 45

84 5.0 5.6+ 1.3 20 30

84 Z0 18 + 6 Z0 I00
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Figure I. Whole-body retention of Ce
after inhalation of 144CEO2 by immature
Syrian hamsters.

Figure 2. Whole-body retention of 144Ce

after inhalation of 144CEO2 by young adult
Syrian hamsters.

However, due to the uncertainties in the curve fits at this early time, it is not prudent to comment on this

apparent difference. The tissue distribution for the same two groups of animals is given in Table 2.

Again, it is too soon to comment on differences between the two exposure ages.

Due to the relatively short time period the study has been underway, only a preliminary relatively

crude estimation of dose to lung has been made. The lung retention was estimated from the whole-body

retention times combined with an expression of the lung burden as a percent of sacrifice body burden.

The effective half-life in the lung appears to be about 63 days for both exposure ages. Fifty percent of

the beta energy was assumed to be absorbed by the lung. A lung weight of 1 gm was used for the young

adult animals. The animals exposed at 28 days of ~ge weighed about 50 gins at exposure compared to about

125 gins for the young adults. Thus, for these animals the dose will need to be computed using some func-

tion of lung weight with time. This has not been attempted as yet. By this method the dose to lung to

I00 days and to 2 years (the approximate lifespan of the hamsters) is estimated to be about 2000 and 4000

rads per pCi ILB for the animals exposed as young adults. It obviously will be higher for the animMs

exposed at 28 days of age.

The mean ILB and the current status of the animals is given in Table 3. At the present time significant

mortality has been observed only in the 20 ~Ci/kg ILB groups with deaths occurring at about 80 to 150

days post-inhalation exposure. However, deaths have tended to be later in the animals exposed at 84

days of age. Observations on gross post-mortem examination would indicate that most of the deaths in

the 20 HCi/kg lung burden groups are from radiation pneumonitis and/or pulmonary fibrosis. Histopatho-

logical examination has only been completed on selected animMs that have died or have been sacrificed

from the immature animals.

Selected animals which died or were sacrificed from the hamsters exposed at 28 days of age were chosen

for histopathological examination. The selection was made to provide representative animals from a variety

of activity levels at a variety of times post-exposure. There appeared to be a direct relationship between

the severity of the pulmonary lesions and increasing time post-exposure and activity level. The most
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Table 2

Tissue Distribution of 144Ce in Syrian Hamsters Following Inhalation of 144CEO2

% of Sacrifice Body Burden(1

Day of Age at Remaining GI Head and
Sacrifice Exposure Lun$ Liver Carcass Tract Head Skin

0 28 33 . l 2. 5 43 21
(28-39) (1.8-3.0) (24-53) ( i 1-42)

2 28 75 .1 1.4 17 6.3
(65-83) (.72-2.2) (10-27) (4.5-8.0)

4 28 86 0.27 0.98 7. 8 5.4
(84-87) (. ii-.66) (.64-1.7) (2.7-11) (1.4-12}

8 28 96 0.26 0.81 1.3 1.9
(95-98) (. 16-. 42) (. 5-7.5) (. 58-2.7) (. 82-3.4)

16 28 97 0.48 0.69 1.1 .88
(95-98) (. 29-. 62) (.48-1. 1) (.77-1.3) (.22-2. 5)

32 28 94 i. 9 1.97 1.25 .58
(9Z-95) (1.7-2.3) (1.3-3.1) (. 57-I. 9) {. 46-. 67)

64 28 93 4.0 Z. 0 0.70
(92-94) (3.1-4.4) (1.7-2.2) (.45-I. i)

.i

128 28 79 14.83 5.46 .1 .1
(66-86) (9.6-34) (3.3-10.2)

0 84 30 .1 8 48 17
(20-40) (6-10) (25-62) (12-24)

4 84 74 0.16 3.4 21 1.0
(56-89) (. 074-. 23) (3. 3-3.6) (5-39) (8. 0-i. 3)

8 84 93 O. 48 1.7 4. 0 O. 84
(86-96) (.46-.51) (.88-2.7) (1.2-8.8 (52-1.1)

t6 84 94 1.3 1. 13 3.2 0.73
(92-95) (i.2-1.4) (.64-1.9) (2-5.1) (.67-.79

32 84 94 3.0 1.28 .98 0.35
(94-95) (z. 6-3.5) (. 78-1.64) (. 96-. 99) (.27-.49)

64 84 85 9.6 3.4 .91 . 1
(82-88) (7.4-13) (3. I-3.9) (.85-. 94)

(i) Mean and range of 3 or 4 animals at each sacrifice time

severe lesions were seen in animals in the 20 laCi ILB group at 95 to 125 days post-exposure. All of the

animals examined in this group had severe radiation pneumonitis and moderate to severe pulmonary fibro-

sis. The lesions were characterized by increased numbers of alveolar macrophages which were often

quite atypical with large bizarre nuclei. There was focal hemorrhage and leukocyte and fibrin exudation.

Fibrosis was mostly present as alveolar septal thickening with scattered larger eollagenous scars. Focal

emphysema was also seen. Epithelial changes were prominent with hyperplasia of both bronchiolar and

alveolar linings. These cells were often hypertrophic and hyperchromatic with large nuclei and bizarre

multiple nucleoli. There was sometimes piling up of these hyperplastic epithelial cells and formation of

small adenomatous structures involving several adjacent alveoli. Animals in the 5 IxCi ILB group sacrificed

at 528 days showed variable changes ranging from those with no significant lesions to those with moderate

radiation pneumonitis and focal pulmonary fibrosis. This was directly related to the number of particles

seen autoradiographically. The 20 lICi animals sacrificed at 64 days post-exposure had changes similar

to, but much less severe than, those described for the animals dying at later times. Animals in the 5 ~tCi

group and sacrificed at 64 days post-exposure had, for the most part, no significant pathological changes

in the lungs. One animal did show early mild radiation pneumonitis. Control animals had no significant

pathological changes in the lungs.

144



Table 3

and Current Status of 144Ce02Experimental Design

Toxicity Study in Syrian Hamsters

Number Cumulative
Desired Achieved Days of Days PE of Survival

ILB ILB .. Age at as of Animals Rate %
(~Ci) (~Ci)(l} Exposure 12/18/73 at Start(z) 12/18/73 (3)

0.01 .0096 + .0022 28 182 34 96 + 4

0.08 .056 + .016 28 182 30 92 + 5

0.31 0.18 + .047 28 181 30 89 + 6

1.25 0.64+ 0.21 28 181 29 96 + 4

5 4.3+ 1.2 28 181 57 98+2

20 23 + 7 Z8 181 28 0

Controls Controls 28 180 37 97 + 3

0.01 O. 016 + . 007 84 146 36 88 + 5

O. 08 O. 056 + . 021 84 146 46 88 + 5

0.31 0.29 + .08 84 146 48 96 + 3

1.25 1.2 + 0.36 84 145 48 89 + 5

5 5.6 + 1.3 84 145 67 97 + 2

20 18 + 6 84 145 47 64+ 7

Controls Controls 84 144 49 96 + 4

(1) Mean + 1 Standard Deviation

(Z) Number of animals that survived more than 1 day post-inhalation, includes
animals scheduled for sacrifice,

(3) By the method of Cutler and Ederer, +_ I Standard Error

The animals in these studies will be observed over their total lifespan with complete pathological ex-

aminations done at the time of death. The studies will increase the available knowledge on the dose-

response relationships following inhalation of relatively insoluble forms of 144Ce.

1,

2,
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TOXICITY OF INHALED 238puO2 IN SYRIAN HAMSTERS. I

ABSTRACT

Syrian hamsters have been exposed to aerosols of 238pu02
in order to better define the dose response relationships

following inhalation of this radionuclide. The data

reported ore preliminary as the study was only initiated

about 100 days age. The animals were exposed as

young adults (85-92 days of age) to obtain groups with

graded initial lung burdens (ILB) of 720, 220, 260,

100, 9.5, 1.8, 2. 1 and O. 058 nCi of 238pu and a control

group. Animals are being maintained both for serial

sacrifice to determine the radiation dose pattern and

for lifespan observation to determine dose response

relationships. To date only animals with ILB greater

than 220 nCi have died. The animals have died at

from 60 to 100 days post-inhalation exposure. The

major pathologicol finding in animals that have been

examined to date have been radiation pneumonitis and

pulmonary fibrosis.

INTRODUCTION

PRINCIPAL INVESTIGATORS

C. H. Hobbs
J. A. Mewhinney
R. O. McClellan
D. O. S lausan
J. J. Miglio

Plutonium-238 ~vill be an important contributor to the inventory of proposed breeder reactors. In

fact, on an activity basis it will represent one of the highest amounts of activity of any alpha emitter

present. Plutonium-238 is also being utilized for portable power sources. In accident situations it will

be likely to be released in a relatively insoluble form and the most probable route of significant exposure

of humans will be via inhalation. Currently, there is very little information available on the biological

effects of inhaled 238pu, thus studies are being initiated in Beagle dogs and Syrian hamsters in this

laboratory to provide radiation dose pattern and dose response relationship data for this important radio-

nuclide. In the dog studies, emphasis is being placed on the use of monodisperse aerosols in order to

resolve the question of the importance of local dose around particles, number of particles, and total aver-

age dose to the lung. In this study Syrian hamsters have been exposed to polydisperse aerosols of

238puO2. In other studies, Syrian hamsters will be exposed to monodisperse aerosols of 238puO2. This

series of studies in dogs and hamsters will provide interspecies comparisons under several sets of experi-

mental conditions to aid in the eventual establishment of standards for man for inhaled 238pu in a rela-

tively insoluble form.

METHODS

All the Syrian hamsters (Mesocricetus auratus, Sch: SYR) used were purchased from ARS Sprague-

Dawley, Madison, Wisconsin and received at this laboratory at 3 weeks of age. All the animals within

any one shipment were born within a 4-day period. For this report the last day of this 4-day period was

taken as the day of birth for all animals in the shipment and this date used to compute exposure age.

The animals were exposed at about 84 days (85-92) days of age. Equal numbers of each sex were used.

The 238puO2 polydisperse aerosol was produced by a modified Lovelace nebulizer from a freshly pre-

pared plutonium (IV) hydroxide suspension in 0.6 M HC1 with a concentration of 2.5 mg Pu/ml. The aero-

was degraded to 238puO2 by passing it through two heating columns maintained atsol 325°C and I150°C,
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respectively, to produce aerosols of near spherical shape and of uniform density. The plutonium solution

was used within two hours of preparation. The Lovelace nebulizer was operated at reduced pressure

(12-15 psi) and the primary baffle was moved quite close to the jet hole. These modifications represent

an attempt to reduce the aerosol output of the nebulizer and were necessary due to the high specific activ-

ity of 238pu. Aerosol concentrations with the normal Lovelace nebulizer would have been too high to per-

mit the exposure of animals at the lower three initial lung burden levels. Aerosol characterization was

accomplished during each exposure by filter, cascade impactor, and electrostatic precipitator sampling.

Animals were exposed in groups as shown in Table 1 to graded levels of initial lung burden in an

apparatus previously described, ] Two groups of animals were exposed at the 60 nCi initial lung burden

to provide adequate numbers of animals for the serial sacrifice and radiation dose pattern studies. Six

to ten animals from each initial lung burden level were sacrificed at 2 hours post-exposure to provide

information on the actual initial lung burden achieved for that group. Following the inhalation exposure,

animals were maintained in individual cages with food and water provided ad libitum. Animals were

housed in a barrier-type animal facility to guard against disease.

Table 1

]Experimental Design and Current Status

of Inhaled Z38pu Oxide in Syrian Hamsters

Cumulative
Desired Achieved Number of Survival

ILIB ILB(I) Days of Age Days P.E. Animals Rate % (3)
(nCi) (nCi} at Exposure as of IZ/18/73 at Start(Z) as of I00 days

240 7Z0 + 300 84 I02 48 Z7 + 7

60 ZZ0 + 120 84 103 57 72 + 6

60 260 + 150 84 103 54 81 + 6

15 100 + Z5 84 103 46 95 + 3

3.5 9.5+8.4 84 104 46 93+4

0.95 1.8 + 1 84 104 43 98 + Z

0. Z4 2.1+ 1.4 84 105 46 100

0, 029 0. 058 + . 03 84 105 35 97 + 3

Controls 0 84 98 51 100

(1) Mean+ 1 Standard Deviation

(2) Number of animals that survived more than I days post-inhalation,
includes animals scheduled for sacrifice.

{3) By the method of Cutler and Ederer, 2 + 1 Standard Error

Animals in the serial sacrifice group were scheduled for sacrifice by intraperitoneal injection of so-

dium pentobarbital at 4, 8, 16, 32, 64, 128, 256, 384, 512, 640 and 728 days post-exposure. Gross nec-

ropsy was performed on sacrificed animals with material from the major organs and any lesions taken for

histopathologic examination from animals in the radiation dose pattern group. Quantification of 238pu

tissue content was accomplished by radiochemical analysis with internal sample liquid scintillation

counting.

RESULTS AND DISCUSSION

Aerosol characteristics measured during each exposure are presented in Table 2. The activity me-

dian aerodynamic diameter and geometric standard deviation values for the exposures designed to produce

ILB levels of 0. 029 and 0.25 nci are significantly different than those measured for the other exposure

groups. These differences may he entirely due to the use of the modified Lovelace nebulizer. These

values indicate a change in the droplet size and size distribution compared to the normal Lovelace nebu-

lizer as used for the other levels in this study.
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Table 2

Characterization and Initial Lung Deposition for 238puOzAerosol

Polydisperse Inhalation Exposure of Syrian Hamsters

Activity Median
Desired Aerodynamic Geometric Initial Lung

ILB Diameter Standard Deposition
(nCi) (~m) Deviation (%)

240 1.9 1.5 II.Z

60 1.6 1,5 7.6

60 1.6 1,5 10.7

15 1.0 1.9 1,7

3.5 1.8 1,4 24.8

0.95 1.5 i,6 8.1

0.24 0.7 2. Z 38.5

0.0Z9 0.7 Z,8 9.5

Also presented in Table 2 are the calculated values for the percent of inhaled aerosol deposited in the

hamster lung for each exposure level. Respiratory values employed in this calculation were measured

under inhalation exposure conditions and are taken from this report (pp. 163 to 16@. Wide variation in

initial lung deposition is apparent from the data. A potential cause of this wide variation is discussed

below.

Table 3 presents a comparison of the actual initial lung burdens achieved at each exposure level in

this study and the percent of the actual initial lung burden level present at 64 days post-exposure for

the several lung burden levels for which data are available at this time. Note that achieved initial lung

burdens are larger in every case than the desired initial lung burden. An appreciation of the problem

in attaining desired ILBs can be had when it is recognized that a 1.5 grn aerodynamic diameter particle

of 238puo2 contains approximately 5 pCi of 238pu, Thus an initial lung burden of 29 pCi, the lowest

initial burden sought in these exposures, would be comprised of about 6 particles of 238puO2. The

achieved lung burden of 58 pCi is comprised of about 12 particles. Since the aerosol employed in these

exposures is polydisperse, obviously various size particles are involved which could increase or decrease

the lung burden drastically. The mean retention of the actual lung burden at 64 days post-exposure for

the 4 highest levels of ILB is 66.3%. The value falls between those reported for 239puO2 in immature and

young adult Syrian hamsters (this report, pp. 150to 154).

Table 3

Comparison of Desired and Achieved Initial Lung Burden Levels of 238puO2

and Percent of Actual Initial Lung Burden Present at 64 Days Post-Exposure

for Those Levels for Which Data are Available

Desired ILB Actual ILB % Actual ILB
(nCi) (nCi) at 64 Days

240 720 + 300 45. 1

60 220 + 120 81.4

60 260+ 150 68.8

15 i00 + Z5 69.9

3.5 9.5 + 8.4 N.A.-’:~

0.95 1.8+ 1 N.A.

0. Z4 2.1 + 1.4 N.A.

0. 029 058 + . 03 N.A.

~:~ Data is not yet available for these groups.
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The current status and survival data for this experiment is summarized in Table i. Significant mor-

tality above that observed in the controls has only occurred in the groups with the highest ILB. The ani-

mals in the 720 nci ILB group started to die about 60 days post-inhalation exposure with most of the deaths

occurring before 90 days. Animals in the 220 nCi ILB groups have recently started to die at about i00

days post-inhalation exposure. The gross necropsy lesions in most of the animals in these groups have

been consistent with radiation pneumonitis and/or pulmonary fibrosis.

Only a limited number of animals have been examined histologically thus far. The animals in the

highest dose group (720 nci ILB) have consistently shown severe radiation pneumonitis with striking

cellular exudation, thickening of alveolar septa, and pulmonary fibrosis beginniz.g at about 60 days post-

exposure. Less severe, focal changes have been observed in the 220 nCi group out to about 80-100 days

post-exposure. No lesions have been seen in the dose levels below 60 nCi to date.

Observation of the animals over their lifespan along with complete pathology examination at death will

utilized to better define the dose response relationships of 238puO2 inhaled by Syrian hamsters.be
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TOXICITY OF INHALED 239puO 2 IN IMMATURE, YOUNG ADULT

AND AGED SYRIAN HAMSTERS. I

ABSTRACT

A three-part study of the toxicity of polydisperse

238pu aerosols is being conducted using the Syrian

hamster which, along with parallel studies in the Bea-

gle dog, will provide a broad base of information for

extrapolation of data on this important radionuclide

to man. Animals are being exposed at 28, 84 and 340

days of age, corresponding to immature, young adult

and aged animals, to graded initial lung burdens of

inhaled polydisperse 239pu aerosols. Data available

to date on the immature and young adult animals indicate

an age-related difference in lung retention with the

immature animals retaining slightly more of the initial

lung burden at 64 days (63%} post-exposure than the

young adult animals (50%). Only barely detectable

quantities of 239pu appear in the liver of hamsters

at 64 days post-exposure while other tissues such as
kidney, femur, and spleen have no detectable 239pu

content out to 64 days post-exposure. Significant mor-

tality has occurred for both immature and young adult
animals with initial 239pu lung burdens in the 200-300

nCi range, the primary causes of death being radiation

pneumonitis and pulmonary fibrosis.

INTRODUCTION

PRINCIPAL INVES TIGA TORS

J. A. Mewhinney
C. H. Hobbs
R. O. McClellan
D. O. Slauson
J. J. Miglio

Several studies are being initiated in this laboratory to determine the toxicity of inhaled polydisperse

and monodisperse 239puo2 in the Beagle dog. In order to provide a broad base of information for extrapo-

lation of the results of these studies to the consequences of inhalation of this alpha-emitting radionuclide

in man, a series of parallel studies have been initiated utilizing a small animal species, the Syrian ham-

ster. The present work is comprised of a three-part study involving the exposure of Syrian hamsters at

three ages (28-day - immature; 84-day - young adult; 340-day - aged animals) to polydisperse aerosols 

239pu at graded initial lung burdens. At present the 24- and 84-day-old animals have been exposed. The

animals to be exposed at 340 days of age are being maintained as an experimental group until exposure.

Each age group of animals in this study contain animals to be sacrificed at selected intervals for de-

termining the radiation dose pattern and evaluating serial pathological changes in addition to animals that

will be observed over their total lifespan to determine dose-response relationships.

The results of this study, with its graded initial lung burdens, the lowest level corresponding to the

maximum permissible lung burden in man on an activity per unit body weight basis, and its age differ-

ences at exposure should provide information on the consequences of accidental exposure of a heteroge-

neous human population for this important radionuclide.
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METHODS

All Syrian hamsters (Mesocrecitus auratus, Sch: SYR) used in these studies were received at 3 weeks

of age from ARS Sprague-Dawley, Madison, Wisconsin. Since all animals within each shipment were born

within a 4-day period, the last day of the period was used to compute exposure age for each shipment.

Equal numbers of each sex were used within any initial lung burden level.

239puo2 were produced by Lovelace or Retec nebulizer from a freshly prepared plutoniumAerosols of

(IV) hydroxide suspension in 0.6 M HCI with a concentration of 2.5 mg Pu/ml. The aerosol was passed

through two successive heating columns maintained at 325°C and 1150°C, respectively, to prepare parti-

cles of near spherical shape and uniform density. The apparatus used for these inhalation exposures

has been described. 1 Aerosol characterization was accomplished during these exposures via cascade

impactor, filter, and electrostatic precipitator samples.

The graded levels of initial lung burdens of 239pu and the number of animals exposed at each level

are presented in Table l. Eight to ten animals from each exposure were sacrificed via chloroform inhala-

tion at two hours post-exposure to provide data on actual initial lung burdens achieved. All other animals

were housed one per cage with food and water provided ad libitum. Animals in the serial sacrifice series

were scheduled for sacrifice at 4, 8, 16, 32, 64, 128, 256, 384, 512, 640 and 728 days post-exposure by

Jntraperitoneal injection of sodium pentobarbita]. Animal tissues obtained at necropsy in the sacrifice

series were fixed in formalin and a portion taken for histopathology and autoradiography of selected tis-

sues. All remaining tissues were subjected to radiochemical analysis for 239pu content. Animals in the

longevity group that succumbed were subjected to complete gross necropsy including sampting of the

major organs as well as any lesions noted, for histopathologic examination.

Table i

Experimental Design and Current Status

of Inhaled 239puo2 Toxicity Study [n SyrLan Hamsters

Cumulative
De s ired Number of Survival

ILl3 AchLeved ILB (i) Days of Age Days P.E. Animals Rate %~3)- 
{nCi) (nCil at Exposure as of iZ/18/73 at Start (2) 12/18/73

240 191 ± 57 28 172 37

60 50 ~ 13 28 173 29

15 Zl ± 5 28 173 52

3.5 5.1 ± 2.2 28 173 29

0.95 0.80 ± 0.22 28 174 28

0.24 0. ii ± 0.06 28 174 27

0.029 0.017 £ 0.004 28 175 28

Controls 28 175 27

240 343 ± 76 84 138 42

60 72 ± 19 84 138 41

15 24 + 8 84 138 66

3.5 6.1 + 3.8 84 139 42

0.95 0.16 ± 0.04 84 139 42

0.24 0.20 ± 0. Z5 84 140 41

0.029 0.010 ~ 0.007 84 140 37

(I) Mean+ 1 Standard Deviation
(2) Number of animals that survived more than 1 day post-inhalation, includes animals

scheduled for sacrifice
(3) By the method of Cutler and Ederer, A: 1 Standard Error

15+7

88+5

91+4

96+4

96+6

88+6

i00

97+3

24/.3

95+3

98+2

95+3

100

I00

97+3
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RESULTS AND DISCUSSION

Aerosol characteristics measured during exposures are presented in Table 2. No significant differ-

ences in aerosol size or size distribution among the several exposures were noted. Also presented in

Table 2 are the values for percent of the inhaled aerosol deposited in the lung. The respiratory values

employed in this latter calculation measured under inhalation exposure conditions on young adult ham-

sters are taken from this report (pp. i 63 to 168) . The immature hamster appears to deposit less material,

5.8%, than does the young adult hamster, 9.0%. The immature animals weighed about 50 gas at exposure

compared to about 125 gas for the young adults. This size difference may account for the difference in

initial deposition since no adjustment of minute volume was made in this calculation.

Table 2 presents a comparison of the desired initial lung values to those actually obtained at each

level for both the immature and young adult studies. As evidenced by the relatively large standard devi-

ation associated with the mean ILB values, there exists considerable variation within each level. This

is especially true at the lowest level where exposure run times are on the order of 1 to 5 minutes. During

such short exposures, individual animal beha~doral variations probably account for the variation noted.

Table 3 presents the available data through 64 days post-exposure for the radiation dose pattern ani-

mals expressed as percent of the initial lung burden. These data appear to indicate that the immature

animal retains the initial lung burden to a greater extent than do young adult animals. Table 4 presents

Table Z

Aerosol Characteristics and Percent Initial Lung Deposition Values for

Immature and Young Adult Syrian Hamster Z39puO Z Longevity Inhalation Studies

Immature Young Adult

ILB AMAD

(nCi) (~rn) ~g % Deposition

Z40 Z. 19 1.75 5.4

60 Z. 14 i. 55 4.6

15 Z.29 1.49 6.0

3.5 1.96 1.43 4.6

0.95 I. 97 i. 52 9.9

0.24 i. 90 I. 51 5.4

0. 029 Z. 40 I. 47 4.9

Mean g. 12 I. 53 5. 8

SD 0. 19 0. 10 I. 9

AMAD
(~m) ~g % Deposition

2.60 1.61 7.5

Z.0O 1.54 8.5

2.00 1.53 15.6

1.96 1.46 15.7

1.91 1.52 1.6

2.05 1.96 5.3

2.09 1.60 9.01

0.26 0.18 5.7

Table 3

Percent of Initial Lung Burden in Lung at 64 Days Post-~xposure

T0 ILB in Lung at 64 Day

Desired Irnrnature Young Adult

ILB Actual ILB Actual ILB
(nCi) (nCi) T0 of ILB (nCi) % of ILB

240 191 343

60 50 7Z 24

15 21 56 24 78

3.5 5. 1 70 6. 1 43

0.95 0.80 - 0. 16 32

0.24 0. II 56 0.20 35

0.029 0.017 72 0.01 89

Mean + S.D. 63 _.! 9 50 ~- 27
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Table 4

Percent of Initial Lung Burden at Several Sacrifice Times Through

64 Days Post-Injection for Animals Exposed to Achieve ILB of 60 nci

% ILB

Sacrifice Day P.E. Immature Youn~Adult

4 6i 80

8 67

16 70 63

3Z 64 5i

64 56 35

the percent of the actual lung burden present in serial sacrifice animals from the two studies for sacrifice

times through 64 days post-exposure. These data also appear to indicate slightly greater retention of

the ILB in immature compared to young adult animals. However, the data are not complete enough to sup-

port firm conclusions regarding lung retention.

Animals with high ILBs in the radiation dose pattern series from both studies indicate the presence

of minute quantities of 239pu in liver at 64 days post-exposure. This may be evidence that slight amounts

of Pu are being translocated to other organs by 64 days post-exposure; however, radiochemical analysis

of kidney, femur and spleen show no detectable activity.

Due to the relatively short period this study has been underway, only sketchy mortality data are

available. Significant mortality has been noted in both immature and young adult animals exposed to initial

lung burden level 190 nci and 340 nCi, respectively, as shown in Table I. The animals have died from

53 to 125 days post-exposure for the immature group and from 66 to 131 days post-exposure in the young

adult group.

Only a limited number of animals have Been studied histologically as yet. Hamsters sacrificed 64 days

post-exposure which received 60 nCi ILB as immature animals have shown only mild, focal pulmonary

lesions. These lesions typically include focal increases in alveolar macrophages and lymphocytes accom-

panied by alveolar septal thickening. Hamsters exposed to 240 nci as immature animals and sacrificed

at 64 days post-exposure, have consistently shown moderate to severe radiation pneumonitis. Longevity

animals studied this far that re, ere exposed to the 240 nCi level have died with severe lesions of radiation

pneumonitis. These histopathologic changes have consisted largely of thickened alveolar septa and cellu-

lar exudation (Fig. i). Pulmonary fibrosis was also noted in some animals (Fig. 2) . More detailed histo-

pathologic data will be available in the future as the longevity studies progress. To date, only a limited

number of animals exposed as young adults have been examined. No controls have shown lesions.
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Figure 1. Photomicrograph of lung of ham-
ster exposed as an immature animal to 240

~Ci 239PUO2. Note cellular exudation and
fibrous thickening of alveolar septa. H & E,
X160.

Figure 2. Pulmonary fibrosis and cellular
exudation in hamster exposed as an immature
animal to 240 ~Ci 239PUO2. H & E, X160.
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2,

REFERENCES

Raabe, O. G., J. E. Bennick, M. E. Light, C. H. Hobbs, Randi L. Thomas and Ivl. I. Tillery, "An
Improved Apparatus for Acute Inhalation Exposure of Rodents to Radioactive Aerosols, " Toxicol.
Appl. Pharmacol. 26: 264-273, 1973.

Cutler, S. J. and F. Ederer, "Maximum Utilization of the Life Table Method in Analyzing Survival, "
J. Chronic Dis. 8: 699-712, 1958.

154



SECTION IV

PATHOGENESIS OF RADIATION-INDUCED DISEASE

EFFECTS OF INHALED 144Ce FUSED CLAY ON THE FUNCTION AND

STRUCTURE OF THE CARDIOPULMONARY SYSTEM OF THE BEAGLE DOG

ABSTRACT

Eighteen Beagle dogs inhaled aerosols of either 144Ce or

stable cerium in fused clay and were examined by serial

pulmonary function, cardiovascular dynamics, and clini-

cal evaluations to provide a better understanding of the

relationship between functional damage and morphological

alterations resulting from the inhalation of beta-emitting

radionuclides. Dogs were sacrificed with slight, moder-

ate, or severe degrees of functional loss. After sacrifice,

pathological evaluations were performed. Early, non-

specific functional changes indicated by measurements

during treadmill exercise were found in dogs with focal

inflammatory lesions. A ventilation distribution defect

and early perfusion changes were seen in dogs with

local septal fibrosis and proliferation of alveolar cells.

A severe ventilation-perfusian imbalance was seen in

dogs with advanced fibrosis and vascular changes.

Functional, histological and chemical changes were

related to dose and close rate.

PRINCIPAL INVESTIGA TORS

J. L. Mauderly
B. A. Muggenburg
F. F. Hahn
J. A. Pickrell
B. B. Boecker
C. H. Hobbs

INTRODUCTION

Toxicity studies in progress I have demonstrated an association between chronic pulmonary irradiation

from inhaled fused clay aerosols containing the beta emitters 90Sr, 90y, 91y and 144Ce and the develop-

ment of serious lung disorders. These lifespan studies have not extensively investigated sequential

changes in cardiopulmonary function and have provided only information on terminal pathologic changes.

A recent study (1970-1971 Annual Report, LF-44, pp. 227-236) investigated the sequential changes 

pulmonary function resulting from the inhalation of 90y in fused clay, but again only terminal pathology

was obtained. In 1972, a study (1971-1972 Annual Report, LF-45, pp. 209-215) was initiated in which

dogs exposed to aerosols of 144Ce in fused clay were to be followed by various clinical procedures and

sacrificed to provide information on the pathogenesis of pulmonary injury following chronic lung irradia-

tion. One group of those dogs underwent extensive cardiopulmonary function testing and were designated

for sacrifice on the basis of extent of alterations in cardiopulmonary function in order to directly compare

loss of function with pathological lesions. This report summarizes the functional alterations and corre-

sponding pathological findings of that group to 500 days post-exposure.

METHODS

Nine male and 9 female Beagle dogs aged 12 to 14 months were used in the study. Twelve dogs were

exposed by inhalation to aerosols of 144Ce in fused clay and 6 dogs were exposed to stable cerium in

155



fused clay. The exposure techniques and aerosol characteristics were previously reported (1971-1972

Annual Report, LF-45, pp. 209-215). The 144Ce exposed dogs’were divided into groups of six with

desired initial lung burdens (ILBs) of 45 and 25 l~Ci/kg. The higher dose was selected because with

two exceptions, dogs in the 144Ce fused clay longevity series with ILBs from 41 to 68 ~Ci/kg have died

with radiation pneumonitis from 186 to 410 days post-exposure. The lower dose was intended to provide

dogs which would have mild radiation pneumonitis and survive to develop neoplasms. The actual calcu-

lated ILBs formed a continuum with the higher doses ranging from 48 to 69 ~Ci/kg (mean 54.3) and the

lower doses ranging from 29 to 48 l~Ci/kg (mean 35.0). Two dogs with high ILBs, two with low ILBs,

and two controls were placed in each of three groups are shown in Table I. Dogs in the first group

were to be sacrificed at the earliest repeatable indication of an impairment in cardiopulmonary function

and were designated "early functional loss" (EFL) . Dogs in the second group were to be sacrificed

with moderate functional loss (MFL), and the third group was to be sacrificed with severe functional

loss (SFL) . One control dog was to be sacrificed with each pair of exposed dogs.

Pulmonary function studies were performed as previously described (1970-1971 Annual Report,

LF-44, pp. 227-236) twice on each dog before exposure and once monthly thereafter until sacrifice.

Lung mechanics were evaluated by measurements of dynamic pulmonary compliance and resistance.

An open-circuit nitrogen washout procedure was used to measure functional residual capacity and indices

of intrapulmonary gas mixing such as the nitrogen clearance equivalent and nitrogen clearance curves.

Breathing patterns were evaluated by measuring the respiratory frequency, tidal volume, and minute

volume during both 21% and 100% 02 breathing. The diffusing capacity for CO a~nd fractional uptake

of CO were measured by the steady-state and end-tidal method. Gas exchange was further evaluated

by measuring the alveolar and arterial PO and PCO ’ the alveolar-arterial pressure gradients for O~
2 2

and CO2, and the 02 saturation and hemoglobin. The arterial pH, 02 uptake, CO2 output, respiratory

exchange ratio, and percent alveolar, effective, and alveolar deadspace ventilation were also measured.

The EFL dogs were trained to run on a treadmill as previously reported (1970-1971 Annual Report, LF-

44, pp. 227-236). Respiratory frequency, tidal volume, minute volume, 02 uptake, CO2 output, respira-

tory exchange ratio, and specific ventilation were measured during exercise after the dogs had run

for I0 minutes at 5 mph on a 10% grade.

Evaluations of right heart cardiovascular dynamics were performed on each dog before exposure

and again on the day of sacrifice. Catheters were passed into the femoral artery and vein by a cut-down

procedure under local anesthesia. With the catheters in place, the dogs were put in the restraining

stocks and connected to the pulmonary function apparatus. The arterial catheter was positioned in the

thoracic aorta for measuring arterial pressures and obtaining arterial blood samples. A Swan-Ganz®

flow-directed balloon catheter was passed through the venous system to obtain blood samples from the

pulmonary artery and measure central venous, right atrial, right ventricular, pulmonary arterial and

pulmonary wedge pressures. In addition to vascular pressures and blood gases, measurements included

heart rate, stroke volume, cardiac output (Fick method), percent venous admixture, pulmonary vascular

resistance, and total systemic resistance. Several pulmonary function parameters were obtained while

the cardiovascular measurements were being performed.

Thoracic radiographs and electrocardiograms were obtained and physical examinations were per-

formed before exposure, at 2 and 4 months post-exposure for the EFL groups, at 6-month intervals for

the other dogs, and on the day of sacrifice for all dogs Venous blood samples for hematology were ob-

tained monthly to 180 days, every 90 days to one year, and seml-annually thereafter. Venous samples

for clinical chemistry were obtained at 6-month intervals post-exposure. A complete necropsy was per-

formed on each dog at sacrifice. Lungs were examined grossly, fixed by bronchial perfusion with 10%

neutral buffered formalin, and selected sections were processed for microscopic examination. In addition,

blocks of tissue selected from major organs were fixed for histopathologic examination. Tissue samples

taken from all organs were also gamma counted using a well detector with a liquid scintillator.
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RESULTS

Sacrifice times and cumulative absorbed lung doses are listed in Table 1. The dogs with lower

ILBs in the MFL and SFL groups were alive at 500 days post-exposure and their cumulative doses at

thai time are listed.

All of the EFL dogs were sacrificed at ]42-143 days post-exposure although their cumulative doses

ranged from 18,000 to 30,000 fads (Table i). At 3 months post-exposure, most of the dogs had slight

reductions in diffusing capacity at rest and increases in specific ventilation during exercise. At 4 months

post-exposure, all of the dogs had more significant changes in those parameters and by 4.5 months post-

exposure, it was felt that the changes definitely reflected functional damage. There was no significant

difference between the percent increase in exercise specific ventilation of the high and low ILB dogs.

Although the difference between the diffusing capacity of the two groups was not clinically significant,

the final value for the high ILB dogs was 384 of baseline and that of the low ILB dogs was 48% of baseline.

No abnormalities were noted by physical or radiographic examination prior to sacrifice, although dogs

535B and 544T had slight increases in the duration of the P wave of their electrocardiograms. At necrop-

sy, the lungs of the exposed dogs were slightly congested and generally bad areas of air trapping in

the apical lobes. The two high level dogs also had small, yellowish moderately firm raised areas on

the apical lobes, and hemorrhagic areas in the myocardium of the right atrium.

The functional alterations of dog 544T were representative of the EFL group (Table 2) . The only

abnormality noted at rest was a reduced diffusing capacity. The minute volume and specific ventilation

during exercise were elevated on repeated measurements and sacrifice at 143 days post-exposure was

based on those changes. At necropsy, there was some trapped air in the right apical and cardiac lobes

when the thorax was opened, and a white, frothy fluid was present in the trachea. All lung lobes were

uniformly pink and no nodules could be palpated. No heart lesions were noted. Microscopic examination

revealed an increased number of alveolar macrophages in scattered alveoli, particularly those around

major airways and vessels. A few chronic inflammatory cells were present around some of the small

vessels. A few chronic inflammatory cells were present around some of the small vessels, but there

was no evidence of changes in the airways or vessels themselves. Radioisotope concentrations were

found widely scattered throughout the right apical, cardiac, and diaphragmatic lobes.

Two high ILB MFL dogs, 538T and 539B, were sacrificed between Ii and 12 months post-exposure

with moderate lung damage and since their patterns of functional deterioration were similar, results

of measurements on 5398 are listed in Table 3. The first abnormality noted was a reduced diffusing

capacity at 4 months post-exposure. By 12 months post-exposure, the diffusing capacity was only 25%

of the baseline value, and a difficulty in exchanging 02 was indicated by an increased PO2 gradient

and reduced arterial PO ’ The dog was still able to maintain a hemoglobin saturation that was well

within the normal range2by increasing its minute volume. The breathing pattern had shifted toward

a higher frequency and lower tidal volume and the dynamic compliance was reduced to 50% of baseline.

There was a slight increase in percent alveolar deadspace ventilation and the nitrogen clearance curve

indicated a non-uniform distribution of inspired gas. The heart rate, stroke volume, and pulmonary

arterial pressure were normal, although the pulmonary vascular resistance had increased slightly.

An elevated respiratory rate and harsh bronchial sounds were observed by physical exam prior to sacri-

fice. The electrocardiogram demonstrated an increased amplitude of the P segment and a biphasic P

wave in lead IIl. Thoracic radiographs showed an increase in linear markings and a honeycomb appear-

ance over most of the lung fields. The dog had an absolute lymphopenia and an increased number of

immature leukocytes in the circulating blood. Clinical chemistry determinations revealed no abnormalities.

At necropsy, small petechial hemorrhages were found scattered throughout the anterior lung lobes.

Clearly delineated yellowish firm areas were seen in the central and hilar regions of the apical and cardiac

lobes and in the anterior portions of the diaphragmatic lobes, Small fleshy hemorrhagic lesions were

found on the endocardium of the right atrium. Microscopic examination revealed a focal septal fibrosis
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Table l

Lung Doses of Dogs Sacrificed at 3 Levels of Functional Damage

Resulting from Inhalation of 144Ce Fused C]~y

Sacrifice Cumulative Absorbed
Dog ILB Days 1=. E. Dose at Sacrifice
No. ~Ci/k@ (A : Alive) or 500 Days P.E.

Sacrificed at first indication of functional damage (treadmill trained)

535 B 50 142 30000

540 S 50 142 29000

541 T 0 147 0

535 A 34 143 ]9000

544 T 32 143 18000

539 C 0 ]49 0

Sacrificed with moderate functional impairment

539 B 48 557 49000

535 T 50 319 40000

547 D 0 353 0

547 C 35 A-500 38000

530 T 29 A-500 31000

544 U 0 A-500 0

Sacri~ced with severe functional impairment

538 A 69 313 52000

540 U 59 197 43000

541W 0 210 0

542 C 48 A-500 38000

547 T 32 A-500 34000

5Z7 C 0 A-500 0

Table 2

Cardiopulmonar 7 Function of Dog 544T Sacrificed

with Early Functional Changes at 143 Days Post-Exposure

Parameters

Cumulative absorbed dose
(32 ~Cl/kg ILB)

Respiratory frequency (100% Or)

Tidal volume (100% 02)

Minute volume (100% O2)

Dynamic pulmonary compliance

CO diffusing capacity

Arterial PO2
Alveolar-arterial POz gradient
Arterial PCO2

Arterial-alveolar PCOJ~ gradient

O2 saturation of hemoglobin

Venous admixture

Alveolar deadspace ventilation

Heart rate

Stroke volume

Cardiac output

Pulmonary vascular resistance

Minute volume (treadmill)

O2 uptake (treadmill)

Specific ventilation (treadmill)

Sacrifice based on values underlined

Units Baseline

rads 0

breaths / min 11

ml BTPS 179

liters BTPS/min 2.0

ml/cm H20 89

ml/min/rnmHg 8

mmHg 67

mmHg I

mmHg 47

mrnHg 3

% 88
% 19
% 6

strokes/min 130

ml 11

liters/min I. 38

dynes/sec/cm5
1100

liters BT/~S/min 27.3

ml STPD/min 347

ml minute volume/ 80

ml 02 uptake

4Mo. P.E.

18000

8

197

1.6

I03

3*

75

5

42

l

92
6
3

144

15

1.23

850

38.2

348

110
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Table 3

Cardiopulmonary Function of Dog 539B Sacrificed

with Moderate Functional Damage at 357 Days Post-Exposure

Parameters Units Baseline 4 Mo. P.

Cumulative absorbed dose
(48~Ci/kg ILB) rads 0 25000

Respiratory frequency breaths/min 28 23

Tidal volume (Z1% Oz) ml BTPS 170 136

Minute volume (gl% O2) liters BTPS/min 4.4 3. 1

Dynamic pulmonary compliance ml/cm HzO 58 65

CO diffusing capacity ml/min/mmHg 8 4

Alveolar POt mmHg 84 88

Arterial POt mmHg 81 80

Alveolar-arterial POt gradient mmHg 3 8Arterial PCOZ

mmHg 40 57Alveolar PCOZ

mmHg 35 33Arterial-alveolar PCOZ gradient

mmHg 5 4

O2 saturation of hemoglobin % 93 93

Venous admixture c]0 I 1 xx

Alveolar deadspace ventilation % 8 8

Heart rate strokes/mln I I0 xx

Stroke volume ml Z i xx

Cardiac output liters/min 2.3 xx

Pulmonary vascular resistance dynes/sec/cm5 584 xx

Pulmonary arterial mean pressure mmHg 17 xx

~ Sacrifice based on values underlined

E. IZ Mo. P.E.

49000

47~

111

5.2

Z6

2

87

69

18

37

28

9

90

0

14

I00

14

1.4

938

16

that was widespread in all lobes. Pleural fibrosis was prominent and the pleura was thickened to i00

microns in some areas. No large scars were present. Alveolar macrophages, many laden with hemosiderin,

were found in most alveoli. There were focal accumulations of vacuolated macrophages scattered through

all lobes and an occasional focus of acute inflammation was found. Subintimal proliferation and fibrosis

were fairly common in large elastic arteries, but no lesions were found in small vessels.

Two SFL dogs with high ILBs, 540U and 538A, were sacrificed with severe functional disorders

at 197 and 213 days post-exposure. Selected cardiopulmonary function data for dog 540U are listed in

Table 4. At 2 months post-exposure, the only abnormality observed was a slight reduction in diffusing

capacity. At 4 months post-exposure, the diffusing capacity was markedly reduced. The PO2 gradient

was increased and the arterial PO2 was reduced, but the hemoglobin saturation was only slightly affected.

Pulmonary compliance was reduced and the breathing pattern had begun to change with an increase

in minute volume. At 6 months post-exposure, the dog was having a difficult time breathing and could

not maintain a normal 02 saturation of hemoglobin. Compliance had fallen to the lower end of the meas-

urable scale, and the dog was breathing rapidly with a tidal volume of only 45 ml. The nitrogen clearance

curve demonstrated a marked nonuniformity in the distribution of inspired air and an imbalance of venti-lation and perfusion was shown by increases in the PCO2 gradient and percent alveolar deadspace ven-

tilation. The dog had an arterial PO2 of only 48 mmHg and the hemoglobin saturation had fallen to 72%.

Harsh bronchial sounds with tales over the major bronchi were evident by auscultation during the 6-

month physical examination. The elctrocardiogram trace was severely abnormal with increases in the

duration and decreases in the amplitude of all segments. Radiographs demonstrated a moderate to marked

increase in the density of all lung fields which was diffusely nodular in character. When the cardiovascu-

lar catheterization was performed at 6.5 months post-exposure, the dog had elevated its alveolar PO2

to 102 mmHg in order to maintain an arterial PO2 of 26 mmHg, and the arterial hemoglobin was only 24%saturated with 02. The arterial PCO2 of 60 mmHg, PCO2 gradient of 40 mmHg, alveolar deadspace



Table 4

Cardiopulmonary Function of Dog 540U Which Died Prior to Sacrifice
at 197 Days Post-Exposure With a Severe Functional Disorder

Months Post-Exposure
6-1/Z

Parameters Units Baseline 2 4 6 ( Terminal~

Cumulative absorbed
dose (59 ~Ci/kg ILB) rads 0 18000 31000 41000 43000

Respiratory frequency
85~( 100~o 02) breaths/min Z0 22 40 --

Tidal volume
( 100~o Or) ml BTPS 113 110 85 45

Minute volume liter s /
( 100~ O2) BTPS/min 2.3 2.4 3.4 3._~9 *

Dynamic pulmonary ml/cm
compliance HzO 41 60 27 10 *

CO diffusing ml/mln/
capacity mmHg 6 4 2 * *

Alveolar Per rnmHg 76 76 83 87 10Z

Arterial POz rnrnHg 73 70 64 48 26

Alveolar -arterial
POz gradient mmHg 3 6 19 39 76

Arterial Pcoz
mmHg 45 47 44 46 60

Alveolar Poez mmHg 42 43 37 Z8 Z0

Ar terlal-alveolar
PCO2 mmHg 3 4 7 18 40

Oz saturation of
hemoglobin ~ 91 89 88 72 24

Arterial pH pH units 7.39 7.39 7.38 7.33 7. 14

Venous admixture ~ 14 80

Alveolar deadspace
ventilation ~o 6 6 19 21 47

ml STPD/
OZ uptake min 63 50 5Z 68 186

stroke s /
Heart rate min 108 62
Stroke volume ml 10 70
Cardiac output liters/min 1. 07 4.37
Pulmonary vascular dynes/see/

resistance cm5 1040 3300

Parameter not measured

~’# Sacrifice based on values underlines

ventilation of 47%, and venous admixture of 80% all reflected a severe mismatching of ventilation and

perfusion. The arterial pH was markedly reduced and the high arterial PCO and a base deficit of llme~/

liter indicated that a mixed respiratory and metabolic acidosis was present. 2The cardiac output was --

increased fourfold above baseline and the cardiac rhythm had shifted to a low rate and a high stroke

volume. The pulmonary vascular resistance was increased to over 300% of baseline and the combined

work load of perfusing the restricted pulmonary vascular bed and ventilating the stiffened lung raised

the resting 02 uptake to 3 times the normal level. After catheterization the dog was taken to the radio-

graphic suite where it died during anesthetic induction. The lungs only partially collapsed when the

thorax was opened and the trachea contained a large amount of serosanguinous fluid. The lungs were

congested, edematous, and had firm yellow areas of fibrosis throughout. A large mottled red-brown

area was found in the right atrium of the heart and there was a small hemorrhagic spot seen on the endo-

cardium in the same area. An area of acute hemorrhage was found on the endocardium of the left ventri-

cle. Microscopically, there was a severe, widespread pneumonitis which was most advanced in the hilar

regions. There was a proliferation of alveolar lining cells and accumulations of alveolar macrophages,

neutrophils, erythrocytes, edema fluid, and fibrin in alveoli. Septal fibrosis was widespread and there
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were small stellate scars around many distal airways, but no large parynchymal scars. Pulmonary ves-

sels were also affected with sub-intlmal proliferation and fibrosis of large elastic arteries and complete

obliteration of many smaller vessels.

At the time of this writing (approximately 650 days post-exposure) the low ILB MFL and SFL dogs

are alive (Table i) and have variable mild functional changes. The dogs are currently being re-evaluated

for cardiovascular alterations and the highest ILB SFL dog, 542G, has pulmonary hypertension although

its pulmonary function data are nearly normal.

DISCUSSION

Only a limited comparison of functional changes and morphological alterations is possible at this

time, since examination of the histologic preparations have been completed only on the 3 dogs used as

examples. The information available, however, allows some interpretations of the functional changes.

The CO diffusing capacity at rest and specific ventilation during treadmill exercise were useful

as screening parameters in detecting early functional abnormalities, but they did not allow for a definition

of the type of impairment involved. Diffusing capacity as measured in this study reflects the surface

area available for gas exchange, the thickness and permeability of the alveolar-capillary barrier, and

the volume and velocity of capillary blood .2 Specific ventilation is an index of the overall efficiency

of ventilation, diffusion, and perfusion. The scattered alveoli with increased numbers of macrophages

and evidence of inflammation around small vessels seen in EFL dog 544T, probably contributed to small,

scattered areas with increased diffusion barriers and may have altered capillary perfusion.

MFL dog 539B also had a reduced diffusing capacity at 4 months post-exposure and although no

measurements were performed during exercise, it appears probable that the functional and structural

alterations at that time were similar to those of 544T at sacrifice. Just prior to sacrifice at one year

post-exposure with a cumulative lung dose of 49,000 fads, dog 539B had functional alterations primarily

indicative of a defect in the distribution of ventilation. The nitrogen clearance curve demonstrated a

reduced dilution of alveolar gas with each breath, even when the slope was corrected for the smallertidal volume. The presence of an increased PO2 gradient with little change in the PGO2 gradient or hemo-

globin saturation also indicated a gas distribution defect. Alveoli having retarded ventilation cannot be

fully compensated by alveoli with increased ventilation because of the sigmoid shape of the 02 dissocia-

tion curve, but GO2 has a straighter dissociation curve which does allow compensation. 3 The areas of

septa/ fibrosis and pleural thickening were reflected by the reduced compliance and altered breathing

pattern. A higher frequency-lower tidal volume pattern had been shown to reduce the energy cost of
4

breathing when individuals with diseased lungs breathe at elevated minute volumes. The gas distribu-

tion defect alone would have resulted in local imbalances of ventilation and perfusion. Local variations

in capillary perfusion were probably also present as shown by the slight increase in alveolar deadspaceventilation and PCO2 gradient, although no lesions wee noted in the small vessels of the tissue sections

examined. The slight increase in pulmonary vascular resistance may have been reflecting the subinti-

real proliferation and fibrosis seen in large arteries, although the lack of increase in pulmonary artery

pressure demonstrated that there was no pulmonary hypertension.

At 6 months post-exposure, SFL dog 540U not only bad a severe gas distribution defect, but also had

a marked disturbance in pulmonary capillary perfusion with evidence of right to left shunting. The

dog had exhausted its means of compensating for the structural changes and had a very low 02 saturation

of hemoglobin at rest. When vascular catheterization was performed at 6.5 months post-exposure, the

dog was in a terminal stage of cardiopulmonary failure. At that time 47% of the minute volume was ex-

pended in ventilating alveoli deprived of blood flow as a result of the obliteration of small vessels.

Diffusion of gases through many alveoli which were both ventilated and perfused was made difficult

by the proliferation of lining ceils and the alveolar accumulation of macrophages, neutrophils and fluids.

The combination of an increased cardiac output and an increased vascular resistance raised the velo-

city of blood flow through the entire lung. A markedly reduced contact time can prevent alveolar gas
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and capillary blood from reaching equilibrium even in normal alveoli. 3 Eighty percent of the blood pass-

ing through the lung failed to make contact with inspired oxygen, probably by perfusing areas in which

alveoli were filled with cells, edema and fibrin. The inability to excrete CO2 resulted in a severe acido-

sis which neither the lung nor kidney could compensate. It is impossible to determine the precise cause

of death which occurred during anesthetic induction. The dog was under severe stress maintaining

both ventilation aand perfusion as indicated by the threefold increase in O2 uptake, and had exhausted

all means of compensation. A recent study 5 demonstrated that anesthesia with sodium pentobarbital

causes an increase in venous admixture, alveolar deadspace ventilation, and pulmonary vascular resis-

tance, and a depression of both cardiac output and minute volume in normal Beagles. The added insult

of sodium pentobarhital may have contributed to the cardiopulmonary collapse of 540U.

Functional changes of similar magnitudes were detected at the same time in both high and low ILB

.EFL dogs, although their cumulative lung doses at sacrifice were different. The functional measurements

therefore did not demonstrate a significant dose rate effect at 4 months post-exposure. At necropsy,

the gross lung lesions of the high ILB EFL dogs were mot pronounced than those of the low ILB dogs

but it remains to be determined whether microscopic lesions will demonstrate a dose-related difference.

A dose rate effect was evident when the time course of the functional decrements of MFL dog 539B (Table

3) and SFL dog 54DU (Table 4) were compared. SFL dog 540U had a reduced diffusing capacity at 

months post-exposure (18,000 fads) similar to that of MFL dog 539B at 4 months post-exposure (25,000

rads) . At 4 months post-exposure (31,000 rads) , 540U had a gas distribution defect similar to that

of 539B at 12 months post-exposure (49,000 rads), and 540U died at 6 months post-exposure (41,000

rads) with eardiopulmonary failure. These findings demonstrate the significant influence of dose rate

on the development of pulmonary injury.

Serial functional evaluations will continue to be performed on the living dogs. The functional decre-

ment of MFL dog 530T is progressing and the dog will probably be sacrificed in the near future. The

remaining dogs should provide useful information as their mild pulmonary injuries either regress, stabi-

lize, or progress. It will also be useful to have serial funetionzl information on dogs thzt are likely

to develop pulmonary neoplasms.
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EFFECTS OF CURRENT AEROSOL EXPOSURE METHODS ON THE

PULMONARY FUNCTION OF BEAGLE DOGS AND SYRIAN HAMSTERS

ABSTRACT

The pulmonary function of six Beagle dogs was measured

in the standing position without sedation and in an exposure

sling following administration of phenobarbital and triflupro-

mazine HCI. Ventilation was depressed and lung mechanics

were altered under exposure conditions, but intrapulmonary

gas distribution and percent alveolar ventilation were
PRINCIPAL INVESTIGATORS

not impaired. The pulmonary function of ten Syrian hamsters
J. L. Mauderly

was measured with the subjects standing quietly, and Joyce E. Tesarek
in an exposure tube. An increase in ventilation resulted

from excitement and a rise in body temperature, but

a normal percent alveolar ventilation was maintained.

The increased body temperature and occasional airway

obstruction were thought to be responsible for hamster

exposure deaths.

INTRODUCTION

The methods used in this laboratory for exposing Beagle dogs and Syrian hamsters by inhalation

to radionuclide-bearing aerosols incorporate means of restraint designed to maintain the animals’ po-

sition, force them to breathe the aerosol mixture, and limit contamination to the area of the muzzle.

Dogs are prepared for exposure by sedation with phenobarbital and triflupromazine HC1 (1966-1967

Annual Report, LF-38, pp. 1-18), suspension in a canvas sling, and covering the muzzle with a latex

mask which has an opening for nose breathing only. 1 Hamsters are held in a molded plastic tube by

a rubber plunger pushed tightly behind them. The forward part of the tube is tapered so the head is

held firmly with only a portion of the nose and mouth exposed. 2 Both species are then connected to

an apparatus which provides a constant flow of aerosol mixed with fresh ambient air past the nose.

Respiratory patterns and volumes are important factors in determining the initial pattern of aer-

osol distribution and deposition within the lung. It was desirable therefore to determine the extent

to which the animals’ normal respiration was altered under exposure conditions. The hamster studies

were also conducted to determine whether the animals’ respiration was restricted to an extent that might

contribute to the mortality experienced during exposure.

METHODS

Dogs:

Three male and three female Beagle dogs from 2 to 3 years old were used in the study. Four series

of pulmonary function measurements were performed without prior sedation with the dogs restrained

in the standing position and wearing the standard face mask. The measurements were repeated four

times under conditions typical of aerosol exposure including; (l) phenobarbital, 60.0 mg orally 2.5

hours prior to testing; (2) triflupromazine HCI, 0.55 mg/kg intravenously 45 minutes prior to testing;

(3) exposure sling restraint; and (4) nose breathing only using exposure mask. A segment of 2.2 

ID plastic tubing with a molded latex skirt was cemented to the exposure mask to provide a connection

to the breathing apparatus.

The techniques used for measuring functional parameters were similar to those reported previously

(1969-1970 AnnuaIReport, LF-43, pp. 205-211, and 1970-1971 Annual Report, LF-44, pp. 227-236).
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Respiratory frequency, tidal volume, and minute volume during oxygen breathing were calculated.

Nitrogen clearance curves were plotted from the recorded nitrogen washouts and analyzed graphically.

The analysis yielded the relative size of each component (% A, % B and % C) and the number of breaths

required to reduce the end tidal nitrogen tension by one-half (BI/2A , BI/2B and BI/2C ) . The expired

volume and functional residual capacity were used to calculate the nitrogen clearance equivalent. Minute

volume and alveolar ventilation during air breathing, carbon dioxide output, and fractional uptake of

CO were calculated from data obtained during the measurement of CO diffusing capacity. Dynamic pulmo-

nary compliance and resistance were measured using a pneumotachograph and intraesophageal catheter.

Specific compliance was calculated by dividing the compliaance by the functional residual capacity in

liters.

Hamsters:

Five male and five female Syrian hamsters were used. The hamsters had a mean age of 16 weeks

and a mean weight of Ii0.5 gm when the first series of measurements were begun and a mean age of

18 weeks and a mean weight of 116 gm when the exposure tube measurements were begun.

An apparatus was constructed consisting of a platform for the animals, a non-rebreathing valve,

3-way valves for directing the flow of iuspired and expired gases, and bags for storing gas for inspira-

tion and collecting expirate. The breathing valve was constructed of three layers of plastic with drilled

airways and non-rebreathing flaps cut from a surgical glove. A cone-shaped drilling in the valve face

fit around the hamsterrs nose and mouth and a bead of water-soluble surgical lubricant around the outer

rim formed an airtight seal with the muzzle. The valve had a deadspace of 0.15 ml during use. An adjust-

able fiberglass restraining cup fit around the caudal one-third of the animal, preventing it from backing

up. A telemetric impedance pneumograph was used to record respiratory frequencies. Electrodes connec-

ted to the sending unit were mounted on a scissors-like device which contacted either side of the thorax.

A receiving unit nearby recorded breathing traces. A reservoir bag containing dried ambient air was

provided for inspiration, and expired gas could either be discarded or collected in a 500 ml rubber bag.

Collected expirate was drawn from the bag through a drying tube and into syringes for volume measure-

ments. Oxygen and carbon dioxide tensions of the samples were determined by a mass spectrometer.

The hamsters were trained to stand on the platform with a minimum of manual restraint and to breathe

through the non-rebreathing valve. No measurements were performed until the hamsters were sufficiently

trained so they did not struggle and consistently low breathing frequencies could be obtained. Five series

of "standing" measurements were then performed on each hamster by positioning them on the apparatus,

waiting until the breathing pattern stabilized, and then collecting the expirate for 2 minutes (Fig. I).

Figure I.

ii ¸ ¯

Measuring pulmonary function of "standing" hamster.



A second series of measurements were conducted with the hamsters enclosed in an exposure tube.

Approximately 0.5 cm was cut from the tapered end of a tube so it would fit snugly against the valve

face while allowing the proper amount of the hamsterTs muzzle to fit into the conical valve. Two hose

clamps fastened to the hamster platform held the tube in position. Lubricant was used as a seal between

the valve and tube. Holes drilled in the tube allowed the pneumographs electrodes to contact the thorax.

For testing, the hamsters were placed in the tube, the tube was positioned on the apparatus, and meas-

urements were made at 15-minute intervals for one hour (Fig. 2) 

Figure 2. Measuring pulmonary function of hamsters in exposure tube.

RESULTS AND DISCUSSION

Dogs :

The combined means of 4 measurements on each of 6 dogs under the two conditions are listed in

Table 1. The high and low mean values among the 6 dogs are also shown, For discussion purposes,

the measurements done in the exposure sling under sedation will be referred to as "sling. "

The first difference noted when comparing the two sets of data is a depression of ventilation in the

sling. The minute volume was 25% lower on oxygen and 40% lower on room air under exposure conditions.

The carbon dioxide output was also reduced by 40% in the sling. These differences probably reflect

a drug-related depression of metabolism. The carbon monoxide diffusing capacity was reduced to 50%

of the standing value when measured in the sling. It is doubtful that the alveolar membrane thickness

or surface area were altered to that degree, and the lack of fall in fractional uptake of CO indicates that

the ventilatory pattern was not at fault. The remaining factors that could have been responsible for

the fall in diffusion of CO are the total amount of alveolar ventilation, pulmonary capillary blood volume,

and velocity of capillary flow. The data in Table 1 indicate that although the percent alveolar ventilation

was increased, the total amount of alveolar ventilation per minute was reduced by 35% from the standing

value. A recent study in this laboratory 3 demonstrated that administration of triflupromazine HC1 alone

in the same dosage as used here decreased cardiac output to nearly one-half of the unsedated value,

primarily by reducing the stroke volume, ft is likely, therefore, that the gas exchange problem indicated

by the reduced diffusing capacity was related to drug depression of both ventilation and perfusion.

Although ventilation was depressed in the sling, the breathing pattern and distribution of inspired

gas were not impaired. The minute volume was reduced by lowering the respiratory frequency resulting

in a higher tidal volume than when standing. The functional residual capacity (volume to be diluted)

increased but the larger tidal volume (diluting volume) acted to prevent a serious increase in the func-

tional residual capacity/tidal volume ratio. The nitrogen clearance equivalent and clearance curves
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Table 1

Pulmonary Function of Unsedated, Standing Beagle Dogs Compared wlth Function Measured Under
]~xposure

Par ;~rnete r

Respiratory frequency (O2)

Tidal volume (Or)

Minute volume (O2}

Minute volume (air)

Alveolar ventilation (air)

Percest alveolar ventilation

Functional residual capacity

Functional residual capacity/
tidal volume

Nitrogen clearance equivalent

Dynamic pulmonary compliance

Specific compliance

Dynamic pulmonary resistance

CO diffusing capacity

Fractional uptake of CO

Carbon dioxide output

(Nitrogen clearance curves)

% component A

B1/z component A
a/a component B

BI/2 component B
~/0 component C

BI/Z component C

Unsedated, Standing

Urtits Mean Range

breaths/min 2Z 14 - 38

ml BTPS* 166 10Z - Z68

liters/min BTPS 3. Z6 2. 18 - 3.82

liters/min BTPS 3.77 Z. 74 - 5. 57

liters/min BTPS Z. 70 1.90 - 3. 54

go of minute volume 72 61 8Z

liters BTPS 630 529 - 789

ratio 4.0 Z.9 - 5. Z

liters expired/liter F.R.C. II i0 - 13

ml/cm H20 48 40 - 56

compliance/liter F. R.C. 76 57 - 88

cm H20/l[ter/sec 13 11 - 16

ml/min/mm Hg 8 4 - 14

decimal fraction 0.49 0.40 - 0. 55

ml STPD**/mEn 87 5Z - 1Z5

% of total washout

No breaths to reduce NZ by 50%

Condit[ons of Aerosol

30 18 35

1.5 l.C 1.9

68 6Z 79

6 4 8

Z 1 3

129 96 17Z

Sedated Sltnd-Suspended
Mean Range

13 7 19

19g 166 - Z41

2.49 1.41 - 3.89

Z. 24 I. 66 - 3. 78

1.76 1.5Z - Z.45

82 70 - 92

806 670 - 960

4.2 3.4 - 5.1

9 8 -- Ii

30 Z6 - 33

32 31 - 47

28 18 - 35

4 3 7

0.53 0.45 - 0.62

51 29 - 67

lB 8 27

1.6 1.0 Z.0

79 70 87

6 4 11

3 2 4

ll0 ~0 14Z

*BTPS = body tetnperature and pressure, saturated

STPD = standard temperature (273 ° K] and pressure (760 mm Hg), dry

both demonstrated that the distribution of inspired gas and dilution of alveolar gas with each breath

was, if anything, slightly improved in the exposure sling. A more uniform distribution of inspired

gas was shown by an increase in the main Ualveolar" component (% B) of the curves while the slope

(BI/2B) of that component remained unchanged. The increase in percent alveolar ventilation also demon-

strated that the slower, deeper respiratory pattern compensated for the greater lung volume and improved

the efficiency of ventilation.

The decreased dynamic pulmonary compliance and increased resistance associated with sedation

and sling restraint are as yet unexplained. A similarly reduced compliance during sling restraint was

found in a previous study.3 Resistance was also increased during sling restraint in that report, and

the mean value of 27.0 cm HzO/LPS associated with sling restraint and triflupromazine sedation agrees

with the value measured in this study. One factor may have been the increased lung volume in the sling.

Although an increased lung volume is generally thought to be associated with an increased compliance, 4

measurements at normal tidal volumes but at lung volumes considerably higher than normal, have been

reported to give low values due to stress relaxation effects. 5 The sling itself may have contributed to

the reduced compliance. Caro et al.6 reported a reduced compliance at normal lung volumes in human

subjects whose chests were strapped with tape. Those authors, however, also observed air trapping,

indicating closure of lung units which, if occurring in this study, should have been evident in the nitro-

gen washout parameters. The restriction of the dogs to nose breathing apparently did not alter pulmonary

resistance since nearly identical values were obtained using the regular breathing mask. 3

Hamsters :

The combined means and ranges of the means of I0 standing hamsters are listed in Table 2. It is

difficult to determine whether the values obtained are representative of "normal," since the respiratory

variables of hamsters appear to undergo wide changes when measured under different circumstances.



Parameter

Re spiratory frequency

Ti dal voluzne

~vlinu te volume

Oxygen uptake

Carbon dioxide output

Respiratory exchange ratio

Specific ventilation

Table Z

Pulmonary Function of 10 Unsedated, Standing Syrian Hamsters

Compared With Function Measured Under Conditions of Aerosol Exposure

Standing Exposure Tube
(5 tests per (1-5 series ~)er hamster)

15-minutes 50 minutes 45 minutes bO minutesUnits hamster)

76e 13Z 133 157 139breaths/minute
69 -gZd

I 15 - 148 I 18 - 147 114 - 15Z 115 - 159

ml BTPSa 0.66 0. 59 0.68 0.74 0.74

0.44-1.06 0.34-0.99 0.38-0.99 0.29-1.27 0.46-1. 1Z

ml B rPS/minute 50 79 91 103 104

32-80 49-122 49-143 43-193 64-171

n,l STPDb/rninute 2.3 3. I 3.7 4.0 4.0

1.8-3. 5 Z.3-4.8 g.4-5.9 2.7-6.8 3. Z-5.8

2.1 3.1 3.5 3.9 3.8
ml STPD/minute

1.3-3.3 Z. I-4.7 Z. 1-5.7 Z. 5-6.6 3.0-5.9

0. 89 0.99 0.97 0.98 0.9~
CO2 output/O Z ul~take

0.80-0.96 0.87’-1.09 0.89-1.01 0.9)-1.11 0.87-1.03

22 Z5 Z5 Z5 26
minute volunae/O Z uptake

10-Z 5 g i -31 2D-Z9 16-29 20-30

a BTPS - Body temperature and pressure, saturated

b 5TPID Standard temperature ~nd pressure, dry

c Combined ~rithmatic mean of all hamster s

Range of individual means

Frequencies counted when the hamsters were resting motionless in their cages were approximately

one-half as high as those listed in the table, and frequencies obtained during the early phases of training

were usually double the listed value. The respiratory exchange ratio of the standing hamsters was

lower than that reported for normal Beagle dogs and was near the value reported for human subjects

(197]-1972 Annual Report, LF-45, pp. 279-282), indicating that the hamsters were in a reasonably steady

state of respiration when measured. The low specific ventilation of the hamsters as compared to that

reported for normal dogs and humans also adds credibility to the measurements, since that parameter

increases during hyperventilation caused by excitement. The values obtained during measurements

performed in the standing position were therefore considered as normal baselines for comparison with

the exposure tube data.

As shown in Table 2, there were marked increases in frequency and minute volume when the ham-

sters were piaced in the exposure tubes. There were also progressive increases in frequency, tidal

volume, minute volume, and oxygen uptake related to the time of confinement in the tubes. The hamsters

strugg]ed periodically throughout the tube confinement, and their excitement was ref/ected by the in-

creased respiratory exchange ratio and specific ventilation. To examine the effect of tube confinement

on the distribution of inspired air, the percent alveolar ventilation was estimated. Measurements on

humans and dogs have shown that approximately one-third of a normal tidal volume is wasted on airway

deadspace. One-third of the standing hamster tidal volume was therefore multiplied by the frequency

at each time interval, yielding values for deadspace ventilation which were subtracted from the minute

volumes. The amount of ventilation reaching the alveolar area was thus estimated as 66% standing, 63%

at 15 minutes, 68% at 30 minutes, and 71% at 45 and 60 minutes. Although crude, those estimates indicate

that the progressive increase in tidal volume maintained the fraction of inspired air reaching the alveolar

bed at normal levels.

The progressive increase in tidal volume and the lack of significant rise in specific ventilation after

15 minutes indicate that the exposure tube did not prevent the hamsters from responding efficiently to

an increasing demand for ventilation. The parallel progressive rise in minute volume and oxygen uptake

led to the investigation of temperatures inside the tube with respect to time of confinement. A thermistor
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was mounted on the face of the rubber stopper so it would maintain contact with the hamsters. Eight

hamsters were placed in the tube for one hour each and temperatures were recorded at 10-minute intervals.

The mean surface temperature increased from 32.7°C soon after loading into the tube to 35. I°C at 60

minutes. When graphed, the temperature curve had a shape which paralleled the ventilation and oxygen

uptake curves. It appears likely that the increased ventilation was primarily a response to an increased

metabolic rate created by the rise in temperature and an attempt to cool the body.

On two occasions, hamsters were removed from the tube and resuscitated because they had stopped

breathing and were cyanotic. Efforts to revive a third hamster were unsuccessful and it died. All three

subjects had successfully completed the 60-minute series on other occasions. The suffocation was attrib-

uted to the compression of the hamsters’ cervical airways against their forelegs or the side of the tube.

SUMMARY

These results indicate that current exposure methods do not alter the partitioning of the alveolar

and airway ventilation of either dogs or hamsters in such a way as to create an artificial pattern of aerosol

deposition. A depression of minute volume, probably related to sedation, acts to lengthen the exposure

time required to achieve a given initial lung burden in dogs. The increased minute volume of hamsters,

apparently related to both body temperature and excitement, acts to reduce exposure times. The altera-

tions in breathing frequencies and volumes would affect airflow characteristics in the airways of both

species; a problem which was beyond the scope of these studies. Restrictions imposed by the exposure

tube and sling did not seem to impair the ability of either species to inflate their lungs. ]t appears that

the mortality experienced during hamster exposures is primarily related to a buildup of body heat and

airway obstruction resulting from movements of the head and forelegs.
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COMPARATIVE EFFECTS OF INHALED 90y, 144Ce AND 90Sr IN FUSED CLAY

ON PERIPHERAL LYMPHOCYTE FUNCTION IN BEAGLE DOGS

ABSTRACT

Beagle dogs exposed by inhalation to a variety of relatively

insoluble radionuclides have been found to develop persis-

tent lymphopenia as well as primary pulmonary neoplasms.

Animals exposed to longer half-life radionuclides also show

functional derangement of the remaining peripheral lympho-

cytes. These experiments were designed to evaluate the

relative effects of dose and dose rate on the development

of and recovery from the lymphopenic state as well as on

the relationship between the lymphopenic state and pulmo-

nary neoplasm induction. Three groups of 4 dogs each

were exposed by inhalation to 90y, 144Ce or 90Sr in fused

clay et activity levels which would induce lymphopenia

and radiation pneumonitis, yet allow the dogs to survive

to develop pulmonary neoplasms. Lymphocyte function

studies are being performed on all dogs at weekly to bi-

weekly intervals for the first 8 weeks post-exposure and

monthly thereafter. Peripheral lymphocyte function is

evaluated by in vitro culture and stimulation with plant

mitogens. Data are available to 12 weeks post-exposure

for the 90y fused clay dogs, to 8 weeks post-exposure

for the 905r fused clay dogs and to 2 weeks post-exposure

for the 144Ce fused clay dogs. The only significant

findings to date have been in the 90y group. The 90y

exposed dogs developed lymphopenia; however, the

response of the remaining peripheral lymphocytes from

these dogs did not differ from those of the control animals.

These results differ from those obtained on lymphocytes

from dogs exposed to 144Ce fused clay.

INTRODUCTION

PRINCIPAL INVESTIGATORS

S. A. Benjamin
R. K. Jones

Beagle dogs develop a persistent lymphopenia after inhalation exposure to relatively insoluble forms

of alpha- and beta-emitting radionuclides, i, 2 The duration of this lymphopenia is dependent on the half-

life of the radionuclide involved. Animals exposed to longer-lived alpha- and beta-emitting radionuclides

have also been found to develop primary pulmonary neoplasms several years post-exposure. 3,4 At one

year post-exposure, dogs exposed to 144Ce fused clay develop lymphopenia as well as functional depres-
5

sion of the remaining peripheral lymphocytes as measured by mitogen stimulation in vitro. Furthermore,

at times when pulmonary neoplasms develop in animals exposed to 144Ce and 90Sr fused clay, they have

had similar lymphocyte derangements (S. A. Benjamin, unpublished data, this laboratory). These exper-

iments were designed to study: (a) the effect of radiation close and dose rate on the functional properties

of peripheral lymphocytes during the course of the development of and recovery from the lymphopenie

state, and (b) the course of the lymphocyte depression in individual dogs and how this is related to ulti-

mate development of pulmonary neoplasms.
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METHODS

Three groups of Beagle dogs were exposed to 90y, 144Ce or 90Sr in fused clay for these experiments.
Each group consisted of 4 animals, 2 males and 2 females, from the Lovelace colony. Along with each group,

2 controls, 1 male and 1 female, were exposed to the corresponding stable element in fused clay. Dogs

were 17-20 months old at the time of exposure and weighed from 6.3 to 13.8 kg. Exposures were nose-

only and dosimetry and clinical handling in the post-exposure period were similar to that given animals

on lifespan dose-response studies as previously described (1970-1971 Annual Report, LF-44, pp. 145-

150). Desired activity levels for these dogs were chosen to achieve two major results. First, it was de-

sired that these dogs develop a significant peripheral lymphopenia. Second, it was desired that these

dogs would develop radiation pneumonitis and pulmonary fibrosis but would still survive and accumulate

a radiation dose to lung sufficient’to result in the induction of pulmonary neoplasms based on observed

incidences in dose-response studies. The data on the numbers of animals and activity levels are outlined

in Table 1. The schedule for hematological and lymphocyte function testing was designed to provide sam-

ples for evaluation based on the effective half-life of each radionuclide: 90y _ weekly to 8 weeks and
thereafter monthly; 144Ce - weekly to 2 weeks, biweekly to 8 weeks and thereafter monthly; 90St - bi-

weekly to 8 weeks and thereafter monthly. Twenty-five ml of heparinized blood and 2.5 ml in EDTA were

drawn from each dog at each sampling period. Routine hematological studies included total and differential

WBC, total RBC, platelet count, hematocrit and hemoglobin. At each sampling time, lymphocytes from

each dog were separated and cultured with the plant mitogens, phytohemagglutinin (PHA), pokeweed mi-

togen (PWM) or saline, the last as a control. The techniques of culture have been described (this report,

pp. Z49 to Z 50). Response to plant mitogens was measured by 24-hour uptake of tritiated thymidine into

DNA from 72 to 96 hours of culture. The DNA was then extracted with perchloric acid and measured by

liquid scintillation counting as described. Results were evaluated for quench and, since this was an in-

significant factor, they are reported as counts per minute (cpm) per culture.

RESULTS

Radiobiolog y:

The initial lung burdens (ILB) for all three groups of dogs are outlined in Table 1. In the 90y ex-

posed animals, essentially the entire infinite doses were delivered by 3 weeks post-exposure. The cumu-

lative doses in these animals ranged from 8100 to 9400 rads.

Hematology:

The absolute lymphocyte values for the dogs in the 90y and 90Sr study as a function of time post-ex-

posure are plotted in Figure 1. These values are derived from the absolute lymphocyte counts for each

animal as compared with its own baseline. The control values are a composite of the controls from all

three groups. The values for weeks 3, 5, 7 and 12 are derived for only 2 dogs, the 90y controls, since

the other groups had not been sampled at these times. The control values for the other weeks are derived

from at least 4 animals. The lymphocyte values for the dogs exposed to 90y fused clay are significantly
lower than the grouped controls, although the variability in the small sample is marked. There does not

appear to be a significant difference between the 90Sr exposed group and the controls out to 8 weeks

post-exposure. The data for the dogs exposed to 144Ce fused clay are not plotted since they were exposed

Table 1

Comparative Data for Dogs Exposed by Inhalation to 90y, 144Ce and 90Sr
Fused Clay for Lymphocyte Function Studies

Effective Number
Radionuclide Half-Life Of Do~s Desired ILB

90y Fused Clay

144Ce Fused Clay

90Sr Fused Clay"

Fused Clay Controls

Obtained ILB’s

Z.6 days 4 550 ~Ci/kg 520-610 vCi/kg

170 days 4 40 ~Ci/kg 33- 60 vCi/kg

370 days 4 30 ~Ci/kg ZS- 34 ~Ci/kg

--- 6* ......

* Two control dogs were matched with each exposed group.

170



Figure I. Absolute lymphocyte values
in Beagle dogs exposed by inhalation
to 90y or 90St fused clay.
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2 months after the 90St animals. No significant difference was evident between the 144Ce group and the

controls at 2 weeks post-exposure.

Lymphocyte Function:

The response of peripheral lymphocytes to p]ant mitogens in the 90y and 90St groups are graphically

demonstrated in Figures 2 and 3, respectively. Each point represents the mean of either 4 dogs for the

exposed animals or of 2 dogs for the controls. The results for individual animals are based on the mean

of 5 replicate cultures. Results for both PHA and P~.’M are shown. In both the 90y and 90Sr groups, the

responses to the mitogens were variable from week-to-week. These responses, however, were para]lel

in the exposed and control dogs. In both radionuclide groups the control dogs appear to be responding

at a higher level than the exposed dogs. If, however, the data are plotted as a percent of the baseline

responses, then there does not appear to be any difference between the groups. The unstimulated control

cultures for all treatment groups uniformly had mean responses of less than 500 cpm per culture. The

results of the lymphocyte function studies on the dogs exposed to 144Ce fused clay are not yet available.

DISCUSSION

Of the preliminary results reported here, only the data from the 90y exposed dogs can be interpreted

meaningfully at this time. The 90Sr exposed dogs, because of the substantially lower dose rate, would

not be expected to show significant changes until later times post-exposure, After 90y fused clay expo-

sure, however, the hematologic changes are manifest within one week. Since 90y has a half-life of 62
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Figure 2. Response of canine lymphocytes to plant mitogens after inhalation exposure
to’90Y fused clay. The baseline and l-week values have been corrected for the specific
activity of the 3H-TdR u(/lized and the corrected curves are indicated by dotted lines.
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Figure 3. Response of canine lymphocytes to plant mitogens after inhalation exposure to 90Sr
fused clay. The baseline values are corrected for the specific activity of the 3H-TdR.

hours, virtually the entire potential cumulative dose is delivered by 3 weeks post-exposure. The absolute

lymphocyte counts were depressed in the 90y exposed dogs, when compared with the grouped controls,

at least through 8 weeks post-exposure. In spite of this lymphopenia, there did not appear to be a func-

tional depression of the remaining lymphocytes. This is in contrast to what has been seen in dogs with

lymphopenia after 144Ce fused clay exposure (this report, pp. Z48 to 2 54). The main difference between

these two treatments is one of duration; that is, the dose rate is lower and the dose more protracted after

144Ce fused clay exposure. Several possibilities exist to explain this difference in results. It is possible

that the high dose rate radiation from the 90y exerted mainly a killing effect on a significant population

of the circulating lymphocytes and these were replaced mostly by cells that were relatively undamaged.

It then might follow that the protracted irradiation from 144Ce might kill fewer lymphocytes outright and

cause accumulation of damage in large numbers of remaining cells. These lymphocytes would then not

manifest this damage outwardly until they were stimulated by mitogens, ft is also possible that the more

protracted irradiation depleted the lymphocyte reserve of the 144Ce exposed animals over long periods

of time. In this case, those cells potentially capable of responding to mitogenic stimuli might not be re-

placed at normal rates. The lymphocytes in the peripheral blood then, rather than being damaged, may

not have differentiated fully and reached their full immunological potential, Finally, it is conceivable

that the more protracted irradiation led to a selective killing of lymphocytes capable of responding to the

two mitogens employed in our studies. The dogs in this study are being evaluated on a continuing basis

and further work is in progress in an attempt to elucidate the implications of these preliminary findings.
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EFFECT OF PARTIAL 60Co THORACIC IRRADIATION

UPON PULMONARY COLLAGEN METABOLISM AND FRACTIONATION

IN SYRIAN HAMSTERS

ABSTRACT

Changes in pulmonary collagen metabolism result/ng from

radiation exposure were studied in Syrian hamsters. The

animals received multiple thoracic doses of 60Co radiation

to achieve cumulative exposures of 6000, 4000 and 2000 R.

Incorporation of the 14C praline into pulmonary collagenous

protein was elevated in the 6000 and 4000 R levels only at

13-14 weeks after initial exposure. At 21-22 weeks post-

exposure, an increase in pulmonary tropocollegen content

suggested an increased collagen synthesis. A variable in-

crease in native collagen at 13-36 weeks suggested increased

pulmonary scarring. A collection of alveolar macrophages

at 7-8 weeks, followed by inflammation at 13-14 weeks and

beginning pulmonary fibrosis et 13-19 weeks was noted.

A t 21-22 weeks past-exposure, q somewhat more marked

pulmonary fibrosis, some epithelialization and at 35-36

weeks hemosiderin deposits were observed. These patho-

logic processes were lessened at 35-36 weeks after initial

exposure. These results suggested that 60Co external

irradiation increased the synthetic rate of collagen et an

early time post-exposure. Later, collagen tended to

accumulate and at 27-36 weeks, collagen synthesis had

returned to normal rates and tissue pathologic changes

were less pronounced.

INTRODUCTION

PRINCIPAL INVESTIGA TORS

J. A. Pickrell
Dorothy V. Harris
F. F. Hahn
J, J. Belasich
R. K. Jones

1,2
Exposure to fractionated thoracic irradiation produces pulmonary fibrosis in several animal species

3as well as man. Similarly, thoracic irradiation from internally deposited radionuclides has also resulted

in the development of pulmonary fibrosis in Beagle dogs .4 The measurement of connective tissue constit-

uents in Beagle dog lungs 5 revealed an increase in total lung collagen at 6 months post-lnhalation exposure

to a 144Ce clay aerosol, Partitioning of collagen by neutral saline revealed an increase in collagen synthe-

sis (indicated by tropoco]lagen quantity) and collagen catabolism (indicated by ult~afilterable hydroxypro-

line peptide quantity) at 2, 4 and 6 months post-inhalation exposure to the 144Ce. Scarring (as indicated

by native collagen quantity) increased at 6 months post-exposure when the two collagen metabolic pro-

cesses were no longer balanced (this report, pp, ]80to186).

Although collagen biosynthesis in rat aorta, uterus and tendon has been followed using incorporation

of labelled amino acids, 6 little information exists concerning collagen metabolism in pulmonary tissue.

Therefore, the incorporation of 14C proline into various tissues and into pulmonary tissue was measured

in normal animals. Approximately 50% of the injected 14C proline was given off as CO2 and about 0.4-0,6%

was incorporated into pulmonary tissue. Most of the uptake of 14C proline in the pulmonary tissue appeared

to be into proteins with relatively short half-lives. A significant portion of radioactivity (~ 30-40%), how-

ever, was incorporated into both the soluble and insoluble collagen fractions as analyzed by the modified

173



Lowry procedure. 7 Preliminary results in a more recent study indicate that most of the radioactive hy-

droxyproline was incorporated into the insoluble (native) collagen fraction.

Having demonstrated that 14C proline can be used to monitor collagen synthesis in normal lung tissues,

it was important to determine whether radiation exposure of pulmonary tissue altered the rate of collagen

synthesis. These procedures were applied to Syrian hamsters and used to study pulmonary collagen syn-

thesis following fractionated 60Co pulmonary exposure.

MATERIALS AND METHODS

Exposure:

The apparatus used for exposing the thorax of Syrian hamsters to 500 R of 60Co gamma irradiation

once or twice weekly to achieve cumulative doses of 2000, 4000 and 6000 R has been described (1971-1972

Annual Report, LF-45, pp. 256-258). Approximately 180 hamsters ranging in weight from 80 to i50 grams

were exposed or received sham exposure. Sixty-seven (67) animals were lost to study due to experi-

mental conditions at the time of or subsequent to exposure.

Collagen Metabolism:

At specified times after the initial 500 R exposure (Table 1), animals were intraperitoneally injected

with uniformly labelled 14C proline (specific activity > 225 mCi/m mole). Control animals were treated

in the same manner. Previous results indicated either one or two days after injection of 14C proline (10

t~Ci) as optimum time of incorporation. Selected animals were confined in glass metabolism cages, and

monitored for carbon dioxide exhalation by trapping the expired CO2 in columns containing 200 ml of 1
M ethanolamine.8 At one day after injection of I4C proline, the animals were anesthetized by an intraperi-

toneal injection of sodium pentobarhital and an aortic bleedout effected. The lungs were weighed, minced,

lyophilized and aliquots hydrolyzed, 5 diluted to a 5 mg/ml concentration, and differentially extracted

for radioactive proline and hydroxyproline.9 Carbon-14 radioactivity was determined by liquid scintilla-

tion counting using a cocktail of 33% Triton X-100, 67% toluene and 5.5 gm PPO/1 and 0.1 gm POPOP/1 and

an internal standard of 14C toluene on representative samples. In addition, a neutral salt collagen frac-

tionation was performed on aliquots of lyophilized pulmonary tissue as described (this report, pp. 180

to t86), and collagen quantities obtained were normalized to 100-gin hamsters. Statistical significance

levels are reported using the Mann-Whitney U statistic, a nonparametric measure of central tendency (this

report, pp. 180 to 186).

Pathology:

At the first sacrifice period, different animals were used for histopathological and biochemical mea-

surements. The lungs of animals assigned to pathology were intratracheally perfused with buffered forma-

lin. In all subsequent sacrifices, the same animal was used for histopathological and biochemical measur-

ements. A total lung weight was obtained; the left lung was excised and intrabronchially perfused with

buffered formalin. The remainder of the lung was quantitated and saved for biochemical measurements.

Table I

Sacrifice Protocol for Syrian Hamsters Either Exposed to 60Co

External Thoracic Irradiation or to Sham Exposure

Number Animals, Sacrificed, Sex and Time
7-8 Weeks 13-14 Weeks 18-19 Weeks

Approximate After Initi~l After Initial After Initial ZI-2Z Weeks 27-28 Weeks 35-36 Weeks
Dose Level Exposure Exposure** Exposure** After Initial After Initial After Initial

(R) 3 o~, 3 ~ c~ $ Exposure** Exposure** Exposure*

6000 6 3 3 3 d 1

4000 6 3 3 3d 3 ~ 2c~, I
2000 6 3 3 3 c" 3 ~ 4 F

0 6 3 3 2d, I~ ic~, 2 ~ 4F

* One-half of the animals used for histopathologic evaluation, one-half for connective tissue analysis.

** Left lung used for histopathologic evaluation, right lung used for connective tissue analysis.
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Portions of the liver, spleen, kidney, bladder and skin were saved for histopathologic evaluation. Sam-

ples of these tissues were then fixed in formalin, embedded in paraffin, sectioned at 6 micra and stained

with bematoxylin and eosin or Elastic Massonrs stain. Autoradiograms (exposures 30-90 days) proved

unrevealing and will not be discussed.

RESULTS

Exposure:

Although each exposure was unilateral (right side), no differences were noted in the values of thermo-

luminescent dosimeters (TLDs) implanted in the right, left and midline of the lung. Means, exposures

to the implanted lung chips expressed as a percentage of midline exposure delivered in air (MAE). ranged

from 93 to 103%; values on individually positioned dosimeters ranged from 80 to 130% of MAE. The dosime-

ters positioned between liver-diaphragm, and the liver and stomach varied considerably. Values were

often low, about 4 to 15% of MAE, but at times they exceeded 100% of MAE. Dosimeters implanted in the

neck area near the thyroid, and in the abdominal area well below the shielding, were consistently low,

ranging from 2 to 5% of MAE (1971-1972 Annual Report, LF-45, pp. 255-261).

Pathology:

No consistent macroscopic alterations were noted in animals sacrificed at 7-8 or 13-14 weeks after

the initial radiation exposure. At 18-19 weeks after initial exposure, grayish lung discoloration and alo-

pecia of the skin over the thorax were noted in some of the 6000 R group. Numerous small white nodules

and grayish-white loci were found in the lungs of the 4000 R group. No lesions were observed in the

control animals. At 21-22 weeks after initial exposure, the 6000 and 4000 R groups had a graying of hair

in the thoracic area. The lungs revealed numerous grayish-white loci, some of firm consistency and

grayish or purplish mottling. In the 2000 R group, a white thoracic hair band was also observed. Again,

no visible lesions were present in the control arAmals. Changes at 27-36 weeks after initial radiation ex-

posure were quite similar to those seen at 18-22 weeks post-exposure, but somewhat less pronounced.

A rather dense eollagenous sear was noted occasionally.

At early sacrifice times, 7-8 and 13-14 weeks after initial exposure, only minimal histological evidence

of changes were present. These changes consisted of a generalized increase in the number of alveolar

macrophages and at the latter times, inflammation and a beginning septal fibrosis. At 18-19 weeks after

exposure, definite pulmonary lesions observed in some hamsters consisted of (1) a general increase 

alveolar macrophages, (2) a scattered focal increase in alveolar macrophages usually associated with

other lesions, (3) foci of fine alveolar septal fibrosis usually subpleural and (4) occasional deposits 

relatively dense collagenous tissue (Fig. 1). By 21-22 weeks after initial exposure, some animals had

severe pulmonary lesions which were similar in character to those seen earlier; however, many fibrotic

alveolar septa were lined by thickened epithelial cells (Fig. 2). Again, the lesions were not uniform 

all hamsters at the same exposure level and were generally less severe in lower level animals. At 27-36

weeks after initial radiation exposure, similar changes were noted, but alveolar macrophages and inflamma-

tory ceils were less pronounced, and fibrosis and epithelialization were present. In addition, some de-

posits of hemosiderin were noted. Histopathologic processes as a function of time and relative severity

are shown in Figure 3.

Collagen Metabolism:

Production of 14CO2 following the 14C proline injection, while variable, seemed unaffected by radia-

tion exposure, time after initial exposure, or appearance of gross pathologic lesions and will not be dis-

cussed. Incorporation of 14C proline into pulmonary collagenous protein was calculated by determining

the fraction that hydroxyproline constituted of the total radioactivity present in pulmonary tissue hydrol-

ysates (F.. ). An acti~4ty ratio for radioactive proline to hydroxyproline of 1:1 was assumed for
~_ypre ~t)

pulmonary collagen.-~ ]hus, lung collagenous protein incorporation was:FHypr ° x total lung 14C proline incorporation.

2 X
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Figure i. Accumulations of relatively dense
collagen in the alveolar septa of a Syrian
hamster 18-19 weeks after fractionated 60Co
thoracic gamma irradiation. Elastic Masson,
X 520.

Figure 2. Proliferation of epithelial cells
along fibrofic alveolar septa of a Syrian
hamster 21-22 weeks after fractionated 60Co
thoracic gamma irradiation. Elastic Masson,
X 520.

Figure 3. Relative severity of major pul-
monary lesions related to weeks after
external exposure to fractionated thoracic
60Co irradiation in Syrian hamsters.
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Pulmonary collagenous protein (Fig. 4) was not different from the control values at 7-8 weeks post-initial

radiation exposure. However, by 13-14 weeks after initial radiation exposure, a significant increase was

noted in the 6000 to 4000 R groups. The 200D R group did not differ from the controls. At 18-36 weeks

after initial radiation exposure, no further increases in pulmonary collagenous protein were noted. No

concomitant increase in lung dry weight nor increase of incorporation of 14C proline into pulmonary non-

collagenous protein was observed. Noncollagenous protein incorporation equaled the difference between

uptake into total lung and the uptake into collagenous protein.
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Figure 4. (Top) Effect of time after initial
exposure to fractionated thoracic 60Co
irradiation on incorporation of 14C proline

into pulmonary collagenous protein in
Syrian hamsters.

Figure 5. (Right) Effect of time after initial
exposure to fractionated 60Co irradiation on

quantity of tropoeollagen in Syrian hamster
lungs.

4O

900

.L:

o
(13

0 600
_o

g
o

0

£
F-

Z
W

300
.J
0

I~J
.J
(I3

_J
0
09

h

2’o ~’o 40
WEEKS AFTER INITIAL INHALATION EXPOSURE

Tropocollagen content (Fig. 5) in exposed animals (indicated by salt soluble nondialyzable hydroxypro-

line) was not different from the pooled control animals at 7-19 and 27-36 weeks after initial radiation

exposure. But, at 21-22 weeks post-initial radiation exposure, all the exposure groups were higher than

pooled control animals (p < 0.05) even though the tropocollagen quantity extracted was different between

the two pooled control groups. External irradiation had no demonstrable effect on ultrafilterable hydroxy-

proline peptides used as an index of collagen catabolism. Native collagen (Fig. 6) used as an index 

scarring in the lung showed a somewhat variable increase from 13-36 weeks after initial radiation exposure,

Significantly increased native collagen compared to pooled control animals was observed at 18-19 weeks

after exposure in the lungs of the 4000 R group, at 27-28 weeks in the 2000 R group, and at 35-36 weeks

in the 4000 R group.

DISCUSSION

Ninety-nine percent of the midline air exposure was received in the thermoluminescent dosimeters

implanted in Syrian hamster lungs . The dosimeters placed between liver and diaphragm and the liver

and stomach clearly indicated that on occasion both of these areas may receive significant radiation. The

neck (thyroid) area and the abdominal area did not receive significant radiation.

The increased 14C proline incorporation into pulmonary eollagenous protein at 13-14 weeks after initial

exposure suggests an increased rate of collagen synthesis. This increase existed even if the potential

for slight contamination of the hydroxypyo]ine fraction from relatively large amounts of proline was con-

sidered. Moreover, these findings agree well with the histopathologic finding of septaf fibrosis with finely

divided collagen fibrils and with the slightly increasing native collagen quantities observed at this time
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Figure 6, Effect of time after

~0itial exposure to fractionatedCo irradiation on native col-

lagen in Syrian hamster lungs.

period. The amount of tropocollagen was not increased at the same time period. The increased incorpor-

ation of 14C proline into pulmonary collagenous protein is not an effect of increased dry weight nor of

an increased incorporation into pulmonary noneollagenous protein, This finding indicates that increased

co]lagenous protein synthesis has occurred and that the increased incorporation was not due simply to

an effect of decreased proline pool size. Biochemical alterations although present at the same time as

histopatbologic changes were considerably greater in magnitude. The elevation of tropocollagen at 21-

22 weeks after exposure does not correlate with an increase in radioactive pulmonary collagenous protein

at 13-14 weeks. Moreover, it does not precede the marginal increase in native collagen at 18-19 weeks,

but does accompany a variable increase in native collagen at 21-22 weeks. An increase in tropocollagen

is somewhat less sensitive and less reliable than an increase of radioactive uptake into pulmonary collage-

nous protein, for collagen synthesis must occur prior to a measurable increase in tropoeollagen. The

reason for the different quantitites of tropoeollagen extracted in lungs of the animals of the two pooled

control groups is unclear, but may be due to a change in pH in the saline used for the extraction. The

chemically determined increases of native collagen, although sporadic in nature, clearly indicate that

histologic changes were present throughout the lung but that pulmonary fibrosis produced by 60Co irradi-

ation is not as marked as that produced by 144Cein dogs (this report, pp. 180 to 186). The lack of change

in ultrafilterable hydroxyproline peptides relative to control animals indicates that increased breakdown

was not occurring during the 60Co irradiation study. Whether collagen had not accumulated to the point

where collagen breakdown was activated, or whether this particular pathologic process is different from

the one previously observed from 144Ce in Beagle dogs (this report, pp. J80 to186), or whether some

undetermined mechanism is operative remains to be defined. The failure of increased amounts of 14C

proline to be incorporated into pulmonary collagenous protein at later time periods indicated that collagen

synthesis no longer occurred at an elevated rate. The accumulated tropocollagen at 21-22 weeks post-

exposure could be an expression of early increased synthesis. It remains to be determined whether the

lack of an increased proline incorporation into pulmonary collagenous protein at later times indicates a

return to normal pulmonary collagen synthetic rates with an adequate number of cells, elevated synthesis

in a lesser number of cells, or some other explanation. However, the less pronounced histologie changes

at 35-36 weeks post-exposure suggest that some tissue damage has been repaired but some is still present.
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PULMONARY CONNECTIVE TISSUE ALTERATIONS FOLLOWING INHALATION

OF 144Ce FUSED CLAY AEROSOL IN BEAGLE DOGS

ABSTRACT
Beagle dogs were exposed by inhalation to 144Ce clay

particles to quantitate the relationship between pulmonary

radiation dose and induced fibrosis. Collagen, elastin,

glucosamine end the ratio of elastin/collagen, hydroxy-

proline/hydroxylysine, end hydroxyproline/proline

as indicators of change in connective tissue constituents

were determined. Total lung collagen was partitioned

into native collagen, tropocollogen and ultrofilterable

hydroxyproline peptides. Increasing cumulative radia-

tion dosage and increasing time post-inhalation exposure

correlated best with increased total lung collagen.

Total lung collagen increase was seen only after more

than 4 months and 39, 000 rads. Tropocollagen and

low molecular weight hydroxyproline peptide quantities

both increased et 2 months post-inhalation exposure

and 20, 000-27, 000 rads. A variable elastin response

apparently was not related to increasing time post-

exposure or increasing radiation dose. These results

indicate that collagen accumulation is the important

factor in pulmonary fibrosis. In addition, although

collagen synthesis and breakdown ere both activated

at a relatively early time period post-inhalation, it

is only when the metabolic balance is altered for a pro-

tracted time that a significant increase in native collagen

(scarring) occurs. The interrelationships observed

in this study provide insight into the mechanism of

fibrosis induced by chronic pulmonary injury.

INTRODUCTION

PRINCIPAL INVESTIGATORS

J. A. Pickrell
Dorothy V. Harris
R. C. Pfleger
S. A. Benjamin
J. J. Belasich
R. K. Jones

The lung is a major organ at risk following inhalation of insoluble radioactive aerosols. One of the

consequences of inhalation of such radionuclides is the development of pulmonary fibrosis. 1 Quantitation

of the amount of fibrosis present in the whole lung or lobe as a function of radiation dose using biochemi-

cal measurements2 seemed to be more precise than histopathologic analyses.

Collagen is sequentia/ly synthesized by incorporating proline into a poly-peptide chain having a non-

helical, repeating triplet sequence (glycine-proline-X; X = any amino acid, often proline) . The chains

(- 120,000 MW) are released from the ribosomes, aggregate into a triple helix and undergo enzymatic hy-

droxylation of specific proline residues by procollagen proline hydroxylase. Glycosylation of specific

hydroxylysine residues and specific excision of the protein chains by procollagen peptidase then follow,

Intramolecular cross-links are formed prior to or shortly after extrusion from the fibroblast and tropocol-

lagen is formed. Intermolecular cross-linking of many tropocollagen subunlts into dense native collagen

then occurs.
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Collagen can be fractionated into native collagen, tropocollagen and ultrafilterable hydroxyproline

peptides with cold neutral physiological saline and subsequent dialysis or membrane filtration.3 Hydroxy-

proline, nearly unique to collagen, is present in relatively constant amounts in most mammalian collagens

and thus serves as a good measure of collagen quantity in a mixture. Tropocollagen and ultrafilterable

hydroxyproline peptides indicate the respective rates of collagen synthesis and breakdown. Native col-

lagen accumulation indicates the degree of pulmonary scarring. This study was used to determine which

connective tissue constituent (collagen, elastin or mucopolysaccharides) was altered, the time of altera-

tion with respect to radiation dose and histologic lesions, and to describe the underlying biochemical

changes in the connective tissue in response to chronic lung injury.

MATERIALS AND METHODS

Animal Exposures:

Twelve, 12- to 14-month-old Beagle dogs with body weight of 7 to 12 kg, were given single nose-only

exposure to approximately 40 to 100 fig of an aerosol containing 144Ce fused montmorillonite clay (AMAD
4,5

1.8-2.1 ~trn; o 1.5-1.6). Exposure techniques and aerosol preparation have been previously reported.
g

The initial lung burdens (ILB) achieved were 608 to 760 ~tCi resulting in estimated cumulative lung doses

of 20 to ?2 kilorads at the time of sacrifice (Table 1) . Six additional dogs were exposed to 40 pg of the

clay vector (MMAD 1.8 I]m o 1.7). One-half of t_~e animals received broncbopulmonary lavage of the right
6g

or left diaphragmatic lobes at selected times post-exposure (Table 1). Since the reduction in radionu-

clide content in these lobes due to lavage was minimal, (< 3% ILB; and some of this on the day of sacrifice)

Table 1

Initial Lung Burden and Estimated Cumulative Radiation Dose to Lung

at Necropsy in Beagle Dogs Exposed to a 144Gc-Fused GlayAerosol and Control

Dogs Exposed to the Clay Aerosol

Est. Cumulative
Exposure Radiation Dose

Animal Weight ILB Bronchopulmonary Necropsy To Lung At
No. (kg) (pGi} Lava~e Days PE Necropsy (fads)

31ST v.3 660 56 zv, oo0
317T 9. Z 608 56 20,000

313A 9.9 678 1 mo.(L), 2 mo.(R)* 56 20,000

305T 10.0 ~760 1 mo.(R), Z mo.(L) 56 23,000

319S 9.4 676 IIZ Z9, 000

311A 10.3 611 112 3Z,000

318G 10.1 616 1 mo.(h), 3 mo.(K), 4mo.(L) 112 32,000

317S 9.4 680 lmo.(R), 3 mo.(L), 4n~_o.(R) 112 38,000

318U 7.0 ~ 720 169 72,000

318S 8.6 617 168 46,000

317A 12.0 686 3mo.(h), 5 mo.(K), 6 mo.(L) 168 39,000

316B 7.7 740 3 mo.(tK), 5 mo.(L), 6 mo.(L) 168 67,000

317B 9.7 56

318A i0.8 I12

317U 8.6 3 mo.(K), 5 mo.(L), 6 no. 169

308G 9.8 1 mo.(L), Z mo.(K) 56

319U 6.9 1 mo.(K), 3 mo.(L), 4mo.(K) llZ -

3 16S 7.0 168 -

* L or R - left or right diaphragmatic lobe
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no dose correction was made. Three groups of four dogs exposed to 144Ce fused clay aerosol and two

control dogs exposed only to the fused clay vector were sacrificed at 2, 4, and 6 months post-inhalation

exposure.

Pathology:

A complete necropsy was made immediately after sacrifice. The lungs were removed, separated into

lobes and counted for 144Ce content. The left apical-cardiac lobe was perfused with 10% buffered formalin

and processed for histologic study using hematoxylin and eosin (H & E), elastic Masson’s or periodic acid-

Schiff (PAS) stains. Selected samples of other tissues including tracheobronchial lymph nodes, heart,

liver, spleen, kidney, bone and marrow (femur and rib) were also fixed in formalin and examined.

Amino Acid Analyses:

The separated lungs were processed and analyzed for hydroxyproline, proline, hydroxylysine, desmo-

sine, and glucosamine plus an unknown ninhydrin positive compound chromatographing near glucosamine

as previously described. 2 Hydrolysis was usually performed by our procedure (6 N or 4 N HCI, 17 to

18 hours at i10°C) . A small number of samples were allowed to stand at 70°C for 18 hours in 6 N HC] and

then were hydrolyzed for 5 hours at II0°C. Values obtained under these two conditions of hydrolysis

showed no appreciable difference, and therefore, no distinction is made in the reported values. No dis-

tinguishable effects were noted on either hydroxylysine or hydroxyproline from the hydrolysis procedure.

Glucosamine quantitiy in aqueous standards decreased variably (32-64%) following hydrolysis. Although

the hydrolysis procedure was ste~ndardized in an ~ttempt to minimize these effects, amino acid quantities are

uncorrected for hydrolysis loss. These quantities were normalized for lobes of different average normal

dry weight and for dogs of different body mass or are expressed as iota] lung or lobar collagen content

normalized to a 10-kg dog. Collagen and elastin determinations performed using amino acid analyses

agree with subsequent preliminary analyses performed using a modified Lowry extraction technique and

a rnicrobiuret autoanalyzer technique for protein analysis. This technique changed the ratio of sample

to biuret to achieve ~ 20X increase in sensitivity. Insoluble collagen levels extracted from some dog lungs

were similar to both total collagen of the lungs of the unexposed dogs and the dogs exposed %o a clay aero-

sol only. Likewise, the amounts of insoluble elastin extracted by this technique are quite similar to those

calculated from desmosine analyses.

Autoanaly zer:
2.

Additional collagen values were obtained by methods reported previously, i.e., samples were hydro-

]yzed, evaporated and resuspended in water; hydroxyproline concentrations were measured by autoana-

lyzer; 7 and collagen content was calculated by Grant’s method.7 (hydroxyproline x 7.46) . These colla-

gen contents were compared with those obtained using a modified Lowry procedure. Quantities obtained

by the two procedures were quite similar to those obtained by amino acid analyses. However, Lowry pro-

cedure extraction efficienoies were 70 to 90% and somewhat non-specific, making these values less reliable.

Therefore, hydroxyproline analyses were used as an indirect measure of collagen content.

Collagen Fractionation:

Pulmonary tissue (left diaphragmatic lobe) %vas extracted in neutral physiological saline in the cold.

The soluble fraction was subsequently dialyzed or separated by retention membrane (Centriffo, Amicon

Corp.) into tropocollagen (NSC), and low molecular weight hydroxyproline peptides (UF) . Native colla-

gen (IC) was salt insoluble (Fig. i) . These parameters were expressed as total lobar collagen normalized

to a 10-kg Beagle dog. In addition, some lungs were extracted with 0.45 M saline, the soluble and insolu-

ble hydroxyproline was determined and collagen was calculated. The comparison of total salt soluble

hydroxyproline with that fractionated by membrane retention or dialysis revealed that total salt soluble

hydroxyproline was consistently lower (1 + 0.9 mg) in lungs extracted with 0.45 M saline than in lungs

extracted in normal saline buffered with 0.005 M ~’is. This was most probably due to a slight interfering

color obtained from hydrolyzed tris buffer. This color was non-linear and the difference minimal com-

pared to observed changes; therefore, no correction is made for it in these data.
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TISSUE HOMOGENATE

0. 15 M NaCI (10ml/g wet wt) (wrist arm shaker)

extract in cold overnite (rinse with I/2 vol 1 X)

Salt Soluble Fraction

Dialyze in cold overnite

in Z0 ml HzO (repeat 2 X)

or

Centrifuge through
CENTI~IFLO membranes
4°C, < I000 g ~ 3 hr
(rinse i X)

dialysate or Filtrate or
membrane dialy sate media

Hgir olyze*

Hydrolyze*I

T ropocoilagen Ultrafilter able hydroxyproline
NSC peptides

UF

~ entrifuge

Salt Insoluble Fraction

* Hydrolyze 110 ° C
4NHC1 16-18 hours

Evaporate, resuspend inH20

I
Native Coilagen

1C

Figure 1. Abbreviated connective tissue extraction.

RESULTS

Pathology:

The pathological changes in the lungs of the animals exposed to 144Ce in fused clay were generally

similar between animals but increased in severity with increasing time post-exposure and hence, in-

creasing dose. These changes consisted of varying degrees of acute radiation pneumonitis and pulmonary

fibrosis. The radiation pneumonitis (Fig. 2). was characterized by increased numbers of large, often

bizarre alveolar macrophages. Polymorphonuclear leukocyte exudation was found less frequently than

the macrophage increase and perivascular and peribronchial inflammation were found occasionally. Pulmo-

nary congestion and focal hemorrhage were also variable findings. Epithelial changes included loss of

lining cells from terminal bonchioles and alveolar ducts with regeneration of atypical cells with a peg-like

configuration in some areas. Alveolar lining cells were often greatly hypertrophied with a bizarre appear-

ance. The fibrotic changes tended to be focal in all the affected dogs. These changes ranged from fibril-

lar and collagenous thickening of individual alveolar septae to scattered small and large, dense collagenous

scars (Fig. 3). There was also some perivascular and peribronchial fibrosis present in more severely

affected animals. Three of the four dogs sacrificed at 6 months post-exposure had ischemic necrosis and

hemorrhage involving the right atrial wall. No other significant lesions were noted in the irradiated ani-

mals. Five of the six control animals had some degree of either acute or chronic pulmonary inflammation;

however, this was usually mild and did not resemble the radiation pneumonitis. Significant pulmonary

fibrosis was not evident in the controls.

PAS stains revealed strongly PAS-positive material in alveolar macrophages and weakly PAS-positive

material within thickened alveolar septae in animals exposed to 144Ce in fused clay. These accumulations

were most prominent in areas with the most severe radiation-related changes, especially in fibrotic areas.

In the controls, PAS-positive material was present only in the bronchial epithelial cells and rarely in

alveolar macrophages.
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Figure 2. Radiation pneumonitis in Dog 319S Figure 3. Focus of pulmonary fibrosis in
showing numerous alveolar maerophages and Dog 316B. There is a larger scar and some
hypertrophied atypical alveolar epithelial alveolar sept a] fibrosis evident. H&E, X 80.
lining cells. Elastic Masson, X 296.

Amino Acid Analyses:

Hydroxyproline to proline ratios of the right apical, right cardiac, and right diaphragmatic lung lobes

were determined on animals irradiated with 144Ce in fused montmorillonite clay and on control animals.

No differences were noted and the controls were reasonably consistent, having a mean ratio of 0.36 i 0.08.

Hydroxyproline to hydroxylysine ratios revealed no significant relationship to increasing radiation dose

or time post-inhalation exposure. Elastin content on an average gram normalized dry weight basis shewed

a small but variable response, similar to that noted in the elastin to collagen ratio. Thus, changes in

elastin concentration seem to be a relatively insensitive indicator of radiation damage. Glucosamine plus

an unidentified ninhydrin positive substance parallels but is less pronounced than the total collagen re-

spons e.

Collagen:

The increase of collagen content resulting from long times post-inhalation exposure and increasing

radiation dosage is shown in Figure 4. Collagen is expressed as a total lung collagen based on s~nples

obtained from various lobes. Minimal changes were noted in the pulmonary tissue of animals sacrificed

at 2 and 4 months post-inhalation exposure. Total lung collagen is clearly elevated at 6 months post-

inhalation exposure.

The ranges of pulmonary collagen fractions at various times post-exposure are shown in Figure 5.

Native, or insoluble collagen, was roughly i00 times as concentrated as was soluble collagen or low mo-

lecular weight hydroxyproline peptides. Like total lung collagen, native or insoluble collagen was ele-

vated over the range of control values (abcissa) only at 6 months post-inhalation exposure. However,

tropocollagen was elevated at 2, 4 and 6 months post-lnhalation exposure as was hydroxyproline peptides,

the collagen breakdown products. Statistical significant levels are reported for the Mann-Whitney U

8statistic, a non-parametric measure of increase of central tendency.

DISCUSSION

Neither elastin nor collagen values from dogs that inhaled fused clay (controls) were significantly

different from values previously obtained on normal healthy dogs. Thus, fused clay in the small quantities
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studied does not appear to be fibrogenic. Hydroxyproline to proline ratios of irradiated animals were

not significantly altered in most eases. This finding together ~4th an increase of total lung collagen at

6 months post-exposure suggests that both collagenous and noncollagenous proteins are being synthesized

at an increased rate. Alternatively, collagenous proteins are being laid down at an accelerated rate and

non-pulmonary proteins (plasma or red blood cell) are being accumulated so that the ratio remained con-

stant. The relative importance of these alternatives is not clear; however, the necropsy findings suggest

that hemorrhage or exudation may play at least some role in these cases. The similarity of hydroxyproline

to hydroxylysine ratios in most animals suggests that radiation does not alter the amino acid composition

of collagen. Thus, the pathogenesis mechanism of the collagen response may be one of altered collagen

quantity rather than altered composition. The constancy of elastln content in pulmonary tissue and the

elastin to collagen ratios suggests that elastin is a relatively insensitive indicator of radiation damage

to pulmonary tissue. The small glucosamine increase in irradiated lungs agrees with the accumulation

of PAS-positive material in the same lungs. These findings may represent an increase in pulmonary muco-

polysaccharides in connective tissue, or an increase in connective tissue mucins.
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Increasing time post-exposure and increasing radiation dosage correlated best with increased collagen

accumulation. The increase in collagen and fibrosis observed by histologic examination represents whole

lung changes and probably represents a reparative process in response to pulmonary damage. The lack

of response at 2 and 4 months post-inhalation exposure may be explained in two alternate ways. First,

at early times following inhalafion, significant cellular repair can occur and thus connective tissue accum-

ulafion or scarring is not elicited. Second, at a relatively early time period post-inhalation exposure,

connective tissue synthesis and breakdown are significantly activated, and only when these two metabolic

processes become imbalanced for a protracted period of time does significant scarring of pulmonary tissue

occur as indicated by increased accumulation of native collagen. While there must conceivably be a dose

or time when tissue destruction and concomitant collagen production become incompatible with survival

or life, this point was not reached in this study. Although the collagen response probably represents

the previously mentioned alteration of collagen metabolism, one must consider the possibility of specific

direct or indirect interaction in the collagen biosynthetic sequence. Collagen synthesis and degradation

are apparently activated at a relatively early time period post-inhalation exposure and a knowledge of

the mechanism of this activation is essential to an understanding of the pathogenesis of pulmonary fibro-

sis. Thus, the interrelationships observed in this study may provide insight into the mechanism of pul-

monary fibrosis induced by chronic pulmonary irradiation.
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RADIATION-INDUCED LEAKAGE OF SERUM PROTEIN INTO THE LUNG

OF THE BEAGLE DOG

ABSTRACT

To better understand the mechanism of radiation-induced lung

disease, one needs a knowledge of the time sequence of events

between inhalation of radionuclides and the subsequent develop-

ment of pneumonitis end fibrosis of the lung. This study was

made to test the hypothesis that radiation causes vascular dam-

age which allows leakage of serum protein into the lung, which

in turn leeds to the appearance of cells rich in lysosomal activity

and eventually to fibrosis. Twenty-seven Beagle dogs were

exposed to an aerosol of 144Ce fused clay to achieve initial

lung burdens of 45 ~Ci/kg body weight and then given broncho-

pulmonary lavages at various times after exposure through

196 days. A significant increase in serum protein in the lavoge

fluid was observed at 28 days after exposure and a cumulative

lung burden of 6000 rods, serum leakage continued to increase

through day 128 and a cumulative lung burden of 28, 000 rods.

This leakage was accompanied by an increase in neutrophils

but not by any significant increase in macrophages nor was

there any decrease in lavagab/e surfactant lipid until day 128.

INTRODUCTION

PRINCIPAL INVESTIGATORS

Rogene F. Henderson
E. R. Gutierrez
Waneta C. Tuttle

Vascular damage which allows leakage of serum proteins into the alveoli has been suggested as one

step in the sequence of events between exposure of the lung to radionuclides and the development of fibro-

sis. The presence of serum protein in the alveoli as well as direct radiation-induced cell death might

lead to an influx of alveolar macrophages with a concomitant increase in lysosomal enzyme activity. This

along with an inflammatory cell response is thought eventually to lead to fibrosis. To test this hypothesis,

the amount of serum protein that could be removed by pulmonary lavage at various times after exposure

to 144Ce in fused clay was measured and compared with the number and type of eells removed by the same

]avage.

METHODS

Twenty-seven young adult Beagle dogs were exposed by inhalation to an aerosol of 144Ce fused clay

to obtain an initial lung burden of 45 ~tCi/kg body weight. Nine control clogs were exposed for 40 min

to an aerosol of fused clay. All of the 144Ce exposed dogs received a single lavage (6 liters) of the right

lung at 2 hr, 2, 4, 7, 14, 28, 56, 128 and 196 days post-exposure with three exposed dogs for each time

period. One control dog also received lavage of the right lung at each period. Additional details of the

aerosol preparation and exposure are given in this report (pp. 261 to 2 66).

The lavage fluid was centrifuged at 30(1 ~_ for i0 min to remove cellular material. Protein determina-

tions were made on this slow-speed supernatant by the method of Itzhaki and Gill I using a 5-cm light path

cuvette to increase the sensitivity of the method. For electrophoresis, the protein was concentrated by

dialysis of the lavage fluid against distilled water followed by lyophilization. The dried protein was dis-

solved in physiological saline and the solution used for electrophoresis. This procedure resulted in some

loss of protein due to denaturation. The protein in a control sample was also concentrated by the more

tedious method of using polyethylene glycol flakes to adsorb saline from the lavage fluid, which was
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contained in a dialysis bag. This method resulted in less denaturation, but the relative amounts of the

protein present were the same as those from the lyophilization method. Therefore, dialysis and lyophili-

zation were used to concentrate the remaining samples.

Three methods of electrophoresis were used to characterize the protein in the lavage fluid. The first

was the standard cellulose acetate strip electrophoresis used in clinical chemistry for analysis of serum

protein. 2 The strips were run in barbital buffer, pH 8.6, for 2.5 hr at 240v. A densitometer was used

to quantitate the percent of each type of protein present in the concentrated lavage fluid. The second was

disc polyacrylamide gel electrophoresis which was more sensitive than the cellulose acetate strip method

and indicated the minor protein components present.3 The gels were run in Tris-glycine buffer, pH 9.5,

for 40 min at 5 ma/tube. Third, immunoelectrophoresis was used to determine if the proteins were actu-

ally serum proteins.4 The agarose-covered slides had three wells; the two outer wells were filled with

protein from lavage fluid and the central well contained dog serum protein. The electrophoresis was run

at pH 8.6 in barbital buffer at 5 ma/slide for 2.5 hr. After electrophoresis, dog antiserum was placed

in the troughs between the wells for reaction against the dog serum and the lavage protein.

RESULTS

Lavage fluid from both the control and the 144Ce-exposed dogs contained serum protein. The quantity

of protein in the lavage fluid of control dogs varied from 3.4 to 10.7 mg protein/kg body weight. Electro-

phoresis indicated that three protein bands were present in the control lavage fluid and all three reacted

against dog antiserum. The major band moved the fastest in all three electrophoretic systems and ap-

peared to be albumin; it moved electrophoretically with serum albumin and reacted with dog antiserum

opposite the dog serum albumin. The slowest moving protein component of lavage fluid ran with dog serum

IgG and reacted against dog antiIgG. The intermediate band has not yet been identified but ran approxi-

mate]y in the ~2 position in reference to serum proteins. Control samples contained so little protein that

they were difficult to concentrate enough to quantitate the relative percentage of each of the three proteins

with the cellulose acetate strip method. For this reason, only one sample was quantitated and it contained

72% albumin, 9% diffuse protein in the ~ region, 11% protein in the ~2 region and 8% IgG. The other control

samples appeared to have a similar relative protein composition and, in all control samples, albumin repre-

sented the major portion of the protein present.

There was an increase in the amount of protein present in lavage fluid following exposure to 144Ce

in fused clay (Fig. i). There was an initial small rise in protein at 2 days after exposure but this sub-

sided and a second, sustained rise in lavage protein was not observed until 28 days after exposure or
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at a cumulative dose to the lung of 600 fads. The protein content reached a maximum at 128 days after

exposure (~ 28,000 rads) and fell off at 196 days to approximately the 56-day level (the 196-day samples

were analyzed too late to be included in Fig. i). In the earlier lavage fluids after exposure, the same

three proteins were observed as in the control samples, but in later lavages, as the protein levels in-

creased, proteins in the a region were also observed. Usually two major and one minor a bands could

be seen. Thus far, two 56-day samples and three 128-day samples have been quantitated. All gave simi-

lar results and were averaged. They showed 69 -+ 7% albumin; 5 ± 2% a1 protein; 7 ± 4% a2 protein; 13

-+ 3~ [32 protein; and 6 ± 2% IgG. (The reference to 1, a2 and 9 2 p rotein i s o nly t o i ndicate r elative e lec-

trophoretic positions; no definite identification of these proteins was made.) These data were not unlike

the control data and the main difference could be that the higher concentration of the proteins in the lavage

fluid from exposed dogs allowed visualization and quantitation of the ¢z proteins not seen in the control

lavage fluid except as a diffuse band. There was no evidence of gross bleeding in the lavage fluid through

day 128 but there was a definite reddish tinge in all three 196-day lavage fluids.

Immunoelectrophoresis showed that the major protein bands in the lavage fluid reacted against dog

antiserum indicating that the increased protein in lavage fluid after irradiation was serum protein.

Lipid analyses of the lavage fluids were incomplete but the data through day 56 after exposure indi-

cated that the total lipid removed as well as the percent of the lipid that was surface active was within

normal limits. Samples from day 128 indicated some decrease in surfactant lipid removed by lavage.

Cell counts on the lavage fluid did not indicate any large influx of maerophages into the alveoli in

response to the presence of serum protein there. Cell counts on control lavage fluid varied from 11 to

118 x l03 cells/cc and 83-92% of these were maerophages. Cell counts have been completed on all but

one of the lavage samples from exposed dogs and only two were welt outside the normal range and two

were slightly above normal range. One cell count of 166 x 103 cells/cc was observed in the lavage fluid

from a 2-day exposure dog and a count of 147 x 103 cells/cc was seen in a 196-day dog. Two counts of

121 x 103 cells/ec were seen in a 2-hr and a 4-day ]avage. The percent macrophages in the cells from

the lavage fluid of exposed dogs varied from 76 to 96%. Neutrophil counts, on the other hand, followed

much the same pattern as the protein content with an initial small rise followed by a maximum elevation

at 128 days or approximately 28,000 rads to the lung.

DISCUSSION

The work reported here indicated that leakage of serum proteins into the alveoli increased after expo-

sure to radionnclides but the data did not support an influx of macrophages at the time of this increase.

If an influx of macrophages occurs, it must be at a time so distant from the time of increase in serum pro-

tein in the alveoli as to make any cause-effect relationship between the two events doubtful. However,

the data do not preclude the possibility of local increases in macrophages which would be masked in the

analyses of washings of the total lung. Whether the macrophages that were present became activated is

the subject of another study (this report, pp. ZI9 to 222).

The increase in serum protein in lavage fluid was accompanied by an increase in neutrophils and the

peak in both neutrophil count and protein content at 128 days after exposure indicated a maximal inflam-

matory response at that time. The red tinge in 196-day lavage fluid is hard to reconcile with the lower

serum protein content of the same lavage fluid. The explanation may be that healing of the inflammatory

process indicated at 128 days had begun by 196 days and the red tinge of the 196-day lavage fluid was

due to debris left over from the inflammation. The healing lung might be able to reabsorb serum proteins

but not cells. In support of this is the fact that fibrosis was clearly evident in the lungs of the 196-day

dogs at autopsy. The fact that some serum protein is present in control lavage fluid is not too surprising

considering the delicacy of the alveolar-vascular interface. There is the possibility that some of the pro-
5

tein, particularly the higher molecular weight lgG, exists normally in the alveoli. Workers in Germany

have reported that surfactant lipids not associated with serum proteins can be obtained using a microcap-

illary technique and a microlavage. Albumin, because of its lower molecular weight, would be expected



to ~’leak" through the vascular walls easily, and the fact that albumin makes up the major portion of protein

seen in lavage fluid is a strong indication that the protein in lavage fluid is vascular in origin. The rela-

tively high level of albumin and the absence of evidence of gross bleeding indicates an increased perme-

ability of the vasculature rather than a gross rupture of vessels. Whether the protein found in lavage

fluid was in the alveoli prior to lavage or entered the alveoli during lavage is not known.

It was somewhat surprising that the surfactant lipid content of lavage was not more affected by the

presence of serum proteins. The explanation may be that the fibrinogen (molecular weight = 300,000)

in serum, which is thought to be the serum factor that inactivates surfactant, 6 does not leak into the al-

veoli until there is major damage to the vasculature. The day-128 post-exposure lavage samples did show

some decrease in surfactant lipid.

1.

3.

4.

5.

6.
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REPLACEMENT TIME FOR LIPIDS REMOVED BY PULMONARY

LAVAGE: EFFECTS OF MULTIPLE LAVAGE ON LUNG LIPIDS

ABSTRACT

Doily and hourly pulmonary Iovages were performed

on Beagle dogs to determine the time required to com-

pletely replace lipids lost from the lung by lavage and PRINCIPAL INVESTIGA TORS

to observe the effects of frequent multiple lavages on lung Rogene F. Henderson
J. J. Waide

lipids. The replacement time for lipids lost by lavage was R. C. Pfleger
about five hours. Multiple daily lavage increased rather

than decreased both the total lipid and the surfoctant

lipid content of the lung.

INTRODUCTION

Pulmonary lavage has proved an effective therapeutic measure for the removal of inhaled radionuclides

(1971-1972 Annual Report, LF-45, pp. 187-304). This procedure, however, as performed in Beagle

dogs, removes some lung lipids, including surfaetant lipids. The amount of lipid removed per kg body

weight is fairly constant (17 _+ 3.9 mg of total lipid per kg) and includes about I/5th of the total surfactant

lipids found in the lung (1971-1972 Annual Report, LF-45, pp, 268-274). It is enough lipid to form one

monomolecular layer covering the alveolar surface area. At the end of a standard six liter lavage, no

more lipid can be washed from the lung. Thus, the alveolar lipid removed appears to be a discreet

quantity which can be washed out by a saline solution, but which cannot be replaced during the time

period of a lavage (approximately 30 min) . The object of the study reported here was to determine the

time required for complete replacement of lipids lavaged from the lung and to observe the effect of fre-

quent, multiple lavages on the remaining lung lipids.

METHODS

A 2 1/2-year-old male Beagle dog (476A) in good health was lavaged daily with physiological saline

in the left lung for 10 days using the standard six liter technique,1 The dogs received a chest radiograph

on day 0 (one day prior to the first lavage), day 8 and day 11, Blood samples for cell counts were drawn

daily on day 0 and just prior to each lavage; on day 0 and day 11, blood constituents were analyzed

on a Sequential Multiple Analyzer (SMA) 12/30. On day 11, the dog was sacrificed by a cardiac bleedout

while the dog was under sodium pentobarbital anesthesia.

The right diaphragmatic and the left diaphragmatic lung lobes were used for lipid analyses. Each

lobe was perfused intravascularly with physiological saline, frozen with dry ice, ground to a powder

in a chilled Waring blender, dialyzed versus distilled water to remove the salt, lyophilized and finally

lipid extracted by the Folch procedure.2 Phospholipids were separated from neutral Iipids on a Biosil

HA column, The fatty acid composition of the phospholipid fractions was analyzed by gas chromatography
3as previously reported.

Lavage fluid from each of the lavages was analyzed for total lipid and for acetone-precipitable (sur-

factant) lipid as previously described (1971-1972 Annual Report, LF-45, pp. 268-274). Surface tension

measurements were made on a Cahn dynamic surface tension balance,

A second dog, a 3-year-old female (459T) was lavaged in the left lung by the standard six-liter

technique five times in approximately six hours and the lavage fluid analyzed as described above.

RESULTS

The dog that was lavaged daily for 10 days appeared to tolerate the procedure remarkably well,

except for some weight loss; 10.q kg on day 0 to 9.7 kg on day 0. The chest radiographs revealed no
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lung lesions. The daily blood cell counts were unremarkable except for a slight increase in white cells.

The blood chemistries on day II were within normal limits except for a slightly elevated inorganic phos-

phorus (day 0, 3.9 mg%; day Ii, 5.8 mg%; normal, 2.2-4.9 mg%) and SGOT (day 0, 30 KU; day 

61KU; normal, 18-52 KU) levels, and a high alkallnephosphatase (day 0, 14.8 KAU; day Ii, 99.9 KAU;

normal 4-15 KAU), These changes may have been due to anesthesia effects on the liver,

The amount of lipid removed per lavage and the percent of the lipid that was acetone precipitab]e

remained within normal limits for each of the i0 lavages (Table I) . The average amount of lipid removed

was 17.3 mg/kg as compared to our previously noted value of 17.0 + 3.9 mg/kg. The average percent

of lipid that was precipitated by acetone (AP) was 53.7 as compared to 54 + 9% for normal values.

The surface active properties of both the total

lipid extracts and the AP fractions from all 10 lavages

were normal. The minimum surface tension reached

on compression of films of the total lipid extracts
Lavase % AID*

ranged from 12 to 15 dynes/cm, whereas that of
1 87.0 55.0

the AP fraction was 0-2 dynes/cm,
Z 87.0 55.0

Analysis of the lipids remaining in the lung one
3 67.Z 51.0

day after the last lavage showed that instead of
4 86.4 58.0

depleting the lung of lipid, the serial lavages had
5 76.2 53.0

increased lipid content in the lung (Table 2). The
6 89.4 54.0

controls shown in Table 2 had not been given Halo-
7 75.0 60.0

thane anesthesia I0 days in a row, Therefore, the
8 81.6 57.0

increased lipid content observed in both the right,
9 66.6 50.0

nonlavaged lobe and in the left, lavaged lobe may
1O 73.8 55.0

be due either to anesthesia or to a systemic response
X = 79.4 X = 53.7

to the lavage. There was a doubling of neutral

lipids due almost entirely to an increase in trigly- *

cerides. Phosphatidyl ethanolamine and phospha-

tidyl choline among the phospholipids also increased.

Table i

Daily Lavage of Left Lobe of 476A

Lipid Removed

(mg)

% AP: % of the total lipid that was pre-
cipitated by acetone. The acetone-pre-
cipitable liplds are the highly surface
active lipids.

Table Z

Lung Tissue Lipids

(m~/kg1

Control i* Control Z"::
476A+ 476A+

RD LD

Total Lipid 170 185 260 280

Neutral Lipid 45 46 89 90

Cholesterol Z3 Z7 3Z Z8

Triglycerides 12 14 36 40

Pho spholipid I25 139 17 1 190

Sphingomyelin Z 0 Z i Z 5 Z 4

Phosphatids/ choline 57 61 72 84

Phosphatidyl glycerol 7 7 5 8

Pho s phatidyl e thanolamine 23 25 39 38

* Control samples were lipid extracts of perfused lungs from nonlavaged
dogs in good health.

+ The data are from analyses of one lobe (RD, right diaphragmatic, LD,
left diaphragmatic) and have been increased to the value which would
represent the whole lung for comparison with the control samples.
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Two lipid increases that occurred to the greatest extent in the left lavaged lobe of 476A were probably

due to lavage rather than anesthesia. Phosphatidyl choline, the phospholipid known to be the major

surfaetant lipid, increased the most in the left lobe. The fatty acids present in the phospbolipids (Table

3) indicated an increased amount of palmitate in the phospholipids of the lavaged lobe and an overall

increase in the degree of saturation of the fatty acids. Surfactant activity is dependent on the amount

of saturated fatty acids, particularly palmltate, in the phospholipids and the increased palmitate in the

]avaged lobe suggested that lavage stimulated surfactant synthesis.

The dog lavaged five times in six hours was not able to replace the total amount of lipid removed

in the time intervals between lavages (Table 4). The dog replaced the lipid at a rate of approximately

0.2 mg lipid/rain giving a replacement time of about five hours for the total lavagable lipid.

Table 3

Phospholipid Fatty Acids

476A 476A
Fatty Acid RD* LD* Control

14:0 I. 9 4.6 3.5

15:0 2. 5 I. 4

16:0 33.0 42.3 34.6

16:1 4.5 5.1 5.7

16:2 2.9 1.0 0.1

18:0 17.7 13. 1 15.9

18:1 15.3 14.0 19.3

18:2 3.2 I. 2 4.4

18:3 2.4 2.4 1.3

20:0 2.8 1.2 0. 1

20:4 14.0 9.2 9.0

Saturated 57.9 64.7 54.8

Unsaturated 42. 1 35.3 45.2

R.D, right diaphragmatic lobe; LD,
left diaphragmatic lobe

Table 4

Lavage of Dog Five Times in Six Hours

Interim Lipid Removed
Lavase Time (minI (ms)

1 9:30 - 9:50 60.2

2 lhl0 - 11:30 I00 27.4

3 IZ:43 - 12:59 89 17.5

4 14:20 - 14:34 95 18.7

5 15:30 - 15:45 69 IZ.7

Time for replacement of lipid:

60.Z mg
O. 21 mg/min

Lipid Replaced

( ms/min)

= 287 min or approximately 5 hours

0. Z7

0. Z0

0.20

0.18

0.21
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DISCUSSION

The daily lavage o2 dog 476A was done with the idea that eventually the dog might be depleted of

surfactant lipid. The dog, however, continued to lose the same amount of lipid containing the same

amount of surfactant lipid each day. At sacrifice, one day following the tenth lavage, the lung lipids

remaining were not deficient in surfactant lipids, but showed an increase in both total lipid and in surfac-

rant lipids. The latter increase was greatest in the left lavaged lobe as indicated by the amount of phos-

phatidyl choline present and by the increased content of palmitie acid in the phospholipids. Thus, an

unexpected byproduct of the experiment ~x;as the finding that lavage apparently stimulates surfactant

synthesis. This is not unusual since many instances of feedback inhibition are known in biology. Re-

moval of the product of a synthetic process often stimulates that synthesis. There is the possibility,

however, that a decreased rate of degradation or turnover of surfactant was responsible for the increased

surfactant in the lungs of dog 476A, but this does not seem likely since the lavage was removing lipid

at the rate of approximately 80 mg/day. Further experiments, testing the ability of lavaged versus non-

lavaged lung tissue to incorporate 14C-labeled precursors into surfactant liplds, are in progress.

The original objective of this work, to determine the replacement time for lung lipids removed by

lavage, was accomplished by lavaging dog 459T five times in six hours. The replacement rate of about

5 hours was considerably shorter than the reported turnover rates of 16-48 hours for phosphatidyl choline
4

in the lung. The five-hour rate probably represents the time needed to move surfactant lipid from stor-

age areas in the alveolar type II cells to the surface of the alveoli.
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ANTIOXIDANT EFFECT ON SYRIAN HAMSTER LUNG LIPIDS

FOLLOWING INHALATION OF A 90y FUSED CLAY AEROSOL

ABSTRACT

Syrian hamsters were exposed to an aerosol of fused clay

containing 90y to determine the extent to which radiation

was responsible for lipid peroxidation. On the day of

exposure, the animals were divided into two groups;

one group was fed a diet that contained 6% fat and the

other a similar diet with 1000 ppm BHA and BHT, potent

antioxidants. Spectrophotometric assay of diane conjugates

5 days post-exposure revealed that less conjugates were

present in lung lipids of irradiated animals receiving

the antioxidants than in animals receiving the normal

diet. Assays for diene conjugation at 12, 19 and 26 days

post-exposure showed that with time after the initial

inhalation exposure and with time on the diets, the amount

of diane conjugation decreased and did not persist beyond

the 90y irradiation. This was expected since the half-

life of diene conjugates is estimated to be less than 6

hrs, and the initiator of the radical reaction which produced

them, the radiation from 90y, also decreases rapidly.

INTRODUCTION

PRINCIPAL INVESTIGATORS

R. C. Pfleger
J. J. Waide
J. A. Pickrell

Significant radiation exposure to the mammalian lung has been shown to produce radiation pneumonitis

followed by the development of progressive pulmonary fibrosis. Although the pathogenesis of these pulmo-

nary changes is not well understood, a possible mechanism may be the interaction of free radicals with

cellular membrane lipids. One might postulate the first event as the loss of hydrogen at one of the methy-

lene bridges occurring on polyunsaturated long chain fatty acids. A lipid free radical would be formed

which then by the rearrangement of double bonds yields a conjugated diene configuration radical. This

compound in the presence of oxygen then may go on to form a peroxide radical and a hydroperoxide. Since

the diene conjugation is an unnatural configuration for naturally occurring fatty acids, its formation could

lead to altered membrane structure. As a result of alteration in the cellular membrane, cell permeability

could change leading to cell death. This oxidative deterioration is called lipid peroxidation. Since the

oxidation of lipid molecules by ionizing radiation 1 producing free radicals is well established, this phe-

nomenon could be important in understanding the mechanisms underlying cellular injury to the lung re-

sulting from pulmonary irradiation.

Since living organisms contain many physiological free radicals such as in the electron transport

system, it is essential that natural antioxidants such as the tocopherols, selenium and thiol containing

compounds be present to control such natural free radicals. No doubt these may also assist in preventing

damage from radiation-induced free radicals. One might speculate that by artifically increasing the con-

centration of antioxidants, additional cell damage might be prevented. This might be achieved using a

naturally occurring antioxidant such as Vitamin C. However, depending on the amount of ascorhic acid

present and the specific molecular environment, it may act as a reducing agent to absorb radical reactions,

or it may act as an oxidizing agent to promote radical formations.
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Certain other non-biological molecules also demonstrate antioxidant behavior; among them are

butylated hydroxytoluene (BHT), 2,6-di-tert-butyl p-methyl phenol and butylated hydroxyanisole (BHA),

3(2),tert-butyl 4-methoxy phenol. It has been shown2 that BHA and BHT prevent the vascular damage

of acute choline deficiency which is known to progress through the stage of lipid peroxidation. If then

free radicals are mediated by antioxidants, one might expect to observe a decrease in the radiation effects

of pneumonitls and fibrosis in animals maintained on antioxidants following a radiation exposure to an

insoluble r adionuelide.

The following study was designed to test the hypothesis that the feeding of therapeutic antioxidant

agents, BHA and BHT, might influence the rate and quantity of lipoperoxidation and lipid composition

in Syrian hamster pulmonary tissue after inhalation of a 90y fused montmorillonite clay aerosol. Specifi-

cally, it addressed the question whether peroxidative decomposition of pulmonary cell lipids could be

a major consequence of the radiations from 90y and whether the drugs would prevent the peroxidative

decomposition and thus prevent delayed pathologic sequellae.

METHODS

Twelve-week-old Syrian hamsters (Sprague-Dawley, Madison, Wisc.) were exposed to 90y in fused

montmorillonite clay aerosols (1.1 ~/m AMAD).3 Two hundred forty-four animals (equal numbers of males

and females) received an initial lung burden of ~ i07 ~Ci resulting in infinite doses of 6.6 krads to 18.0

krads. The irradiated animals were divided into two groups: one group (122 animals) was fed a normal

diet (Wayne Lab-Blox, Allied Mills, Inc., Chicago, IIi.) supplemented with corn oii to a total fat content

of 6% (designated normal diet); another group (122 animals) was fed a similar diet (6% fat) except 

was supplemented with I000 ppm each BH, A and BHT (designated antioxidant diet) . The oil used to make

up the diets contained 70 ppm BHA and BHT which increased only slightly the total antioxidants in the

diet. Two control groups of Syrian hamsters (66 animals each) were exposed to a fused clay aerosol con-

taining stable 90Zr and fed similar diets as the irradiated animals. The animals were first fed the pre-

pared diets on the day of exposure.

Certain animals (chosen at random) were sacrificed following anesthesia with Nembutal and the carotid

and brachial arteries cut to allow a good bleed-out. Four of the irradiated animals (two on each diet)

were sacrificed at 5 and 12 days post-exposure. On days 19 and 26 post-exposure, six additional animals

(three on each diet) were sacrificed. Four control animals (two on each diet) were sacrificed likewise

at 5, 12, 19 and Z6 days post-90Zr exposure. The lungs were dissected, weighed and kept cold. Complete

necropsies were performed. Then a lung mince was made on a watch glass on ice with 0.15 M NaCI and

0. 003 M EDTA.4 The latter was added to prevent peroxidation of lipid during the extraction procedures

and the lung tissue concentration was i00 mg/ml. Lungs from control animals were treated in a similar

manner. A11 samples were kept ice cold. Total pulmonary lipids were extracted and the lipid composi-
5

tion was determined as previously described.

The quantitative estimation of lipoperoxidation rested on measurement of diane conjugation absorption.

A known quantity of the total lipid extracted in CHCI3 was reduced to dryness under nitrogen and dissolved

in methanol to a concentration of 0.2 mg total lipid/ml. The optical density was read against a methanol

blank over the range 215 to 275 nm in a Zeiss (PIVIQ II) ultraviolet spectrophotometer using i cm cuvettes.

In peroxidized lipids, the diene conjugates exhibit a distinct absorption peak at 230-235 nm 4 In partially

peroxidized lipids, the peak at 230-235 nm was obscured by end-absorption of the nonperoxidized lipids.

For such partially peroxidized lipids, the diene conjugation peak can he obtained as a difference spectrum

between partially peroxidized lipid and an equivalent quantity of nonperoxidized (control) lipid. In order

to determine the extent of lipoperoxidation induced in vivo by the ionizing radiations from 90y in the struc-

tural lipids of the hamster pulmonary tissue, the UV spectra was taken of the lipid extracts from animals

exposed to 90y and fed the two different diets. Next the spectra of the total lipid extracts from the two

control groups fed the two different diets were obtained, The mean difference in optical density at peak

absorption (231-235 nm) between the irradiated hamsters and the control hamsters (on each diet) 
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measure of the diene conjugation absorption of the peroxidized lipid, corrected for non-specific light

scattering (end-absorptlon). The mean optical density (O.D .) value so obtained by difference is the diene

conjugation absorption for peroxidized lipid in vivo at a final concentration of 0.02%. By multiplying the

~%c
i~

O.D. by 50, an E was obtained which, being a difference value, we designated as ~E1 cm"m

RESULTS

The curves in Figure ] show the complete data for the ultraviolet absorption (between 220 and 245

nm) of the lung lipids from the animals sacrificed 5 days after the 90y exposure. This region of the ultra-

violet spectrum (220-245 nm) is the area where conjugated dienes strongly absorb. Notice that the two

upper curves are from animals exposed to 90y [upper curve, the animal received li .5 krads, second curve

(b) the animal received 6.5 krads] and maintained on the normal diet whereas the middle two curves 

and d) are from the lung lipids from animals that also received 90y [(c) 11.6 krads, and (d) 6.5 krads]

but were maintained on the antioxidant diet. The lower curve shows the range of the lung lipid absorption

from 4 control animals (2 maintained on each of the two diets).

Figure 1. Ultraviolet absorption spectra of Syrian hamster lung lipids 5 days
after inhalation of 90y aerosols. A lipid extract concentration of 0.02% in
CH3OH was blanked against CH3OH. Curves a, b, e and d show the actual
datum points. Curves a and b are from animals on the normal diet. The data
from four control animals (2 on each diet) are aiso shown.

The curves in Figure 2 show differential ultraviolet absorption spectra of the lipid extracts discussed

in Figure 1. The lower curve shows the difference spectrum between the animal that received 11,6 krads

and maintained on the antioxidant diet and a control animal maintained on the same diet. The peak of diene

conjugation absorption at 233 nm is rather wide. This is probably due to end-absorption of the other non-

peroxidized lipids in the sample. The upper curve shows the difference spectrum between the animal

that received 11.5 krads and fed the normal diet and a control animal maintained on the same diet. The

curve is considerably higher than for the animals that were fed the drug diet even though the amount

of radiation delivered to the lungs was approximately the same. This means that there is about 3 times

more diene conjugation in the lung lipids from the animal that was fed the normal diet. Notice also that

the peak in the upper curve is well defined, another indication of the extent of lipoperoxidation and little

end-absorption, These data (Figs. 1 and 2) are ample demonstrations of the extent of diene conjugation

(lipid peroxidation) in the lung lipids of animals following absorption of the z’adiations from 90y. In the

region of the diene conjugation peak absorption (225-240 nm), there is no overlap between experimental



data nor between experimental and control data (Fig. i). Implicit in these facts therefore is the statisti-

cal significance of the difference spectra (Fig. 2) 

0
250 234

I
238 242

WAVELENGTH (nm}

Figure 2. Ultraviolet difference spectra of Syrian
hamster lung lipids 5 days after inhalation of 90y

14aerosols. The AE 1 cm designates 1% lipid extract

concentration and I cm light path. The lower curve
represents the absorption difference between the
irradiated animal on the antioxidant diet and a con-
trol animal on a similar diet, The upper curve shows
the difference between animals fed the normal diet
(90y exposed animal - control animal).

In addition to the data shown in Figures 1 and 2 for the animals sacrificed on day 5, similar analyses

were performed on the lung lipids from animals sacrificed at 12, 19 and 26 days post-inhalation exposure

(Table 1). The mean AE.1% of 4.6 is related to the data for the 2 animals sacrificed on day 5 who were
lC m

fed the normal diet. The next highest AE1 cm value relates to the animals also sacrificed on day 5 but

who were fed a diet containing the BHA and BHT. From these data one may conclude that the extent of

lipid peroxidation (diene conjugation) was inhibited by the action of the antioxidants.

Twelve days after the initial feeding of the diets and after the 90y exposure, the AE 1% values de-1 cm
creased precipitously (Table 1). Not only were lower values observed for the drug fed animals but also

for the animals maintained on the normal diet. By 19 days post-exposure, conjugated diene peak absorp-

tion could be detected in only 2 of the 6 possible difference spectra. At this time the 90y had passed through

7.3 half-lives. At 26 days post-inhalation exposure, 99.9% of the initial lung 90y had decayed and no

diene conjugation was evident in the lung lipids of any of the animals.

The lipid composition data (Table 2) showed that the cholesterol and total sterol content of the lungs

from the aDSmals on both diets increased at 26 days after the initial irradiation. This effect was not seen

in the control data. No apparent differences were seen in the phospholipid composition of the lungs from

the irradiated animals nor from the animals on either diet. The lung weight, body weight and lipid con-

tent ratios from the animals did not show any differences between irradiated animals On the two diets.

The wet lung weight to body weight ratio for the irradiated animals tended to increase by 20% at 26 days

after the inhalation exposure whether the animals were on the antioxidant diet or not. This trend was

not evident in the nonirradiated animals. The lung lipid to body weight ratio and the lung lipid to wet

lung weight ratio showed no obvious trends either in relation to diet or to time after inhalation of the 90y.

No gross pathological lesions were observed in any of the animals’ lungs.

DISCUSSION

The data in Table 1 clearly showed a decrease with time post-exposure in the extent of diene conjuga-

tion in the presence of the drugs BHA and BHT. This effect is especially evident at 5 days post-inhalation

90y. By 26 days post-exposure, lipoperoxidation appeared to have ceased in both the animals on the anti-

oxidant diet and on the normal diet. Even at 12 and 19 days post-90y, the results yielded no evidence
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Table i

Diene Conjugation Absorption in Syrian Hamster Lung Lipids Peroxidized In Vivo

Range Of
Cumulative No. Of

Days Dose To Hamsters No. Of
Post- Sacrifice Exposed To Control

Exposure Treatment ( rads 90y Hamsters

5 90yD (6.6-11.6) x i03 Z Z

90yO (8.0-11.5) x 103 Z g

90¥O _ 90YD

12 90y D (14.3-16.0) x 103 2 Z

90yO
(13.8-16.2) x 103 2 Z

90y O . 90yD

19 90y D (16. 1-16.8) x 103 3 Z

90yO ( 7. 1-18.0) x 103 3 Z
90y O . 90yD

Z6 90y D (13.4-15.0) x 103 3 2

90yO ( 14. 1-15.9) x 103 3 2

9°y O . 9°yD

Me an

3.8

4.6

3.6

1.0 (3)

0.6 (z)

o. 3 (z)

1.4 (4)

1.4 (4)

1.v (6)

--- (6)

--- (6)

--- {9)

Treatment: 90y D is the designation for hamsters exposed to 90y and fed the diet with

0. 19 BHA and BHT. 90y O is the designation for hamsters exposed to 90y and fed the
i%

normal diet. Mean AE1 cm is the mean difference in absorption of the lipids from an

animal that received 90y and the antioxident and the absorption value from an animal

fed the antioxident but not receiving 90y. The I% designates the value of the absorb-

ence at 1% concentration of lipid and I cm is the light pathlength. The numbers in

parentheses represent the number of times no diene conjugation was detectable in the

difference spectrum.
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Table Z

Lipid Composition of Lung Tissue From Syrian Hamsters

% Phospholipid
Days On PhosphorusZ

Diet Group I SPHI PC PG

5 90y _ Drug 12 57 2. 0

90y _ N ii 59 3.Z

C - Drug I0 56 3.6

C - N l0 62 I. 1

IZ 90y _ Drug I0 53 3.5

90y . lq 9 5Z 5.0

C - Drug I0 50 3.0

C - N i0 50 4.6

19 90y . Drug I0 59 Z. 3

90y _ N i0 52 Z. 5

C - Drug i0 49 Z. 7

C - N I0 56 i. 6

26 90y _ Drug II 50 1.8

90y _ N I0 49 I. 9

C - Drug ii 48 3.0

C -N iI 53 1.8

1 90y indicates that the animals had inhaled 90y.

% Neutral Lipids3

Ghol. T. Sterols

43 50

4Z 49

48 54

38 42

43 51

40 49

44 49

35 39

43 52

47 54

45 55

54 63

6O 69

5O 61

50 56

52 56

C indicates control
animals. Drug means the animals were fed the diet containing i000
ppm BHA and BHT. N means the animals were fed the normal 6%
fat diet.

Z Complete phospholipid analyses were performed but only the surface
active phospholipids are shown. SPHI - sphingomyelin. PC - phospha-
tidyl choline. PG - phosphatidyl glycerol.

3 Complete neutral lipid analyses were performed but only the sterols
are shown. CHOL - Cholesterol. T. Sterols - total sterols (choles-
terol + sterol esters).

of lipoperoxidation (at day 12, only 2 of 4 experiments yielded evidence of diane conjugation). These

observations suggested that as the intensity of the radiation decreased, the amount of free radical forma-

tion, lipoperoxidation and diane conjugation also decreased and further that the diane conjugate, itself

a product of a degenerative process, is subject to metabolic turnover. This short life for diane conjugates

has previously been documented by Recknagel and Ghoshal 4 who showed diane conjugates were formed

in rat liver microsomal lipids 1 hour after dosing with CCI4 but they disappeared quickly with time.

It is interesting that with irradiation of Beagle dog lungs following inhalation of 144Gc, an increase

in total sterel and cholesterol content was observed (unpublished observations). This same kind of effect

is documented in this study beginning at 26 days after the inhalation and no effect of the antioxidant drugs

is apparent in preventing this radiation-induced phenomenon. A possible explanation for the increase

in sterol content at the expense of triglycerides and free fatty acid is that the sterols, being an integral

part of cell membranes, are replacing the phospholipids which were damaged by the radiation (free radi-

cal reactions leading to diane conjugates) . The cholesterol increase would lead to altered membrane

structure, permeability and cell destruction. At this time though, 26 days post-90y, cell destruction and

degeneration of lung tissue is not apparent since total lung lipid composition is not altered and no gross

pathology is evident. (Cytologic preparations are being evaluated.) The increase in the wet lung weight

to body weight ratio at 26 days post-90y suggests an increased permeability of the alveolar-arterial
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membranes causing plasma to seep into the interstitial spaces. The quantity of plasma however was insuf-

ficient to produce gross pathology changes. Further, membrane structure could have been altered when

the regenerated membranes were synthesized during the catabolism of lipid containing diane conjugates

and peroxides.

These data suggest that many of the pulmonary cells are affected by the radiation but the damage was

apparently readily repaired or affected cells were replaced as diane conjugation decreased with time,

no gross pathology was seen and no compositional changes were evident. This gives rise to the prediction

that even though an early (5 day) effect (lipoperoxidation) was observed, it was not until later times 

days) that cell membranes become altered (cholesterol is increasing) which would then lead to cell destruc-

tion and radiation pneumonitis. Since late occurring radiation-induced sequellae are observed at time

periods after conjugated dienes have disappeared, if is not clear how free radical attack on nucleic acids

and proteins may contribute to these sequellae. However, cell membrane alteration may accumulate early

and may be expressed long after the causative reaction has disappeared. The final test of the value of

antioxidants in radiation therapy lies in whether the drugs altel- the progression of the known radiation

sequellae of pneumonitis, fibrosis and tumor formation. These findings must await the completion of

longterm observations of the animals on the two diets.
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TRYPSIN INHIBITORY CAPACITY OF CANINE SURFACTANT PROTEIN;

IMMUNOFLUORESCENCE STUDIES OF ALPHA-I-ANTITRYPSIN IN HUMAN LUNG

ABSTRACT

In order to better estoblish the nature of surfoctent protein,

pulmonary surfectent was obtained by bronchopulmonary lavoge

of Beagle dogs under holothene anesthesia and from isolated

lungs following perfusion of the pulmonory vasculature with

saline. Immunoelectrophoresis of the surfoctont protein indicated

the presence of 3 proteins antigenicolly identical to canine serum

proteins. Trypsin inhibitory cepecity wes evelueted in terms

of the obility of the surfectent protein to inhibit trypsin diges-

tion of a fibrinogen ogor substrate. The surfectant protein

exhibited trypsin inhibitory capacity intermediate between absence

of inhibition observed in the saline controls end strong inhibition

exhibited by whole serum. Immunoelectrophoretic potterns

were identical in somples from perfused end nonperfused lungs,

indicating that the serum-like proteins are true components

of the surfoctant lipid-protein complex and ere not present

os o result of blood contamination. Two sections of human lung

obtoined ot surgery were studied by the indirect fluorescent

antibody method. In one, specific fluorescence suggested that

alpha-l-antitrypsin may line the respiratory bronchioles end

alveoli.

INTRODUCTION

PRINCIPAL INVESTIGATORS

Waneta C. Tuttle
S. C. Westerberg

The observation in man of a relationship between an inherited deficiency of serum alpha-1-antitrypsin

and the occurrence of pulmonary emphysema suggests that alpha-l-antitrypsin may play an important

role in the normal and pathologic physiology of the lung. 1 Alpha-l-antitrypsin is an anti-protease of

molecular weight 45,000 to 60,000 that inhibits the activity of trypsin, eollagenase, elastase, and leuko-

cytic proteases .2,3 We hypothesize that alpha-l-antitrypsin protects the lung from proteolytic damage re-

suiting from inhalation of a variety of toxicants including radionuclides, and have begun a series of studies

designed to investigate the specific mechanisms by which this occurs.

The distribution of Mpha-l-antitrypsin in normal lung tissue is not known. In order to determine

if Mpha-l-antitrypsin may be a part of or found in situ with surfactant lipoprotein we have studied canine

surfactant protein by immun~electrophoresis and by trypsin inhibitory capacity assay methods. In addition,

we have conducted preliminary fluorescent antibody studies of the distribution of alpha-1-antitrypsin in

human lung.

METHODS

Surfactant was obtained by bronchopulmonary lavage of healthy adult Beagle dog lungs by the method

of Kylstra as modified by Boecker et al. 4 Unilateral lavage with normal saline was performed in vivo on

nine animals under light halothane anesthesia. In order to reduce the possibility of contamination of the

surfactant protein with whole blood protein, surfactant obtained by lavage of isolated saline-perfused lungs

was also studied. For this purpose, four animals were anesthetized with sodium pentobarbital and sacri-

ficed by exsanguination. The heart and lungs were removed en bloc and irrigated with saline. The hings

were ventilated with a Harvard constant volume pump at the rate of 12 cycles per minute and the pulmonary
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vasculature was perfused with normal saline. When the lungs became white, bilateral lavage with normal

saline was performed.

The lavage fluid was treated identically whether it was obtained from live anesthetized animals or

from the isolated, perfused lung preparations. Cells were removed from the whole lavage fluid by slow

speed centrifugation (3,000 ~-min). Precipitation of the surfactant was then accomplished by high speed

centrifugation (2 x 106 s-min) at 4°C. The fluffy pellet obtained by high speed centrifugation has been

shown by previous studies in this laboratory( 1967-1968 Annual Report, LF-39, pp. 191-195) to contain

94-96% of the pulmonary washing phospholipid and to be highly surface-active. Following dialysis against

distilled water for 48 hours, the surfactant pellet was lyophilized. Lipids were extracted from the freeze-

dried material with 4:1 v/v hexane-ethanol. The hexane-ethanol insoluble fraction, hereafter referred

to as surfactant protein, was suspended in normal saline.

Immunoelectrophoresis of the surfactant protein from each animal was conducted as follows. Electro-

phoresis was performed at 4°C in 2% agarose in barbital buffer (pH 8.6, ionic strength 0.05). Current

was regulated at 5 ma/slide. Following electrophoresis troughs were filled with either canine antiserum

globulin (rabbit origin, Colorado Serum Co.), antidog whole serum antiserum (rabbit origin, Colorado

Serum Co.), or immunoglobulin against canine IgG (rabbit origin, Colorado Serum Co.). Antisera were

allowed to react with the separated proteins in a humidified chamber for 24 hr. Thereafter the slides were

washed in saline and distilled water, placed in a 37°C incubator until dry, and stained with Ponceau S-

II dye.

Tryspin inhibitory capacity of the surfactant protein was evaluated by the radial diffusion and electro-

phoresis methods described by Cawley. 5 Both assays were performed on fibrinogen-agarose slides com-

posed of 4 parts 2% fibrinogen in barbital buffer, 2 parts 0.025 M calcium chloride, and 9 parts 2% agarose.

The slides were heated for one hour at 65-75°C to allow the fibrinogen to coagulate. The fibrinogen-agarose

slides were washed, dried, and stained in the manner described for the immunoelectrophoresis studies.

The radial diffusion assay provided an estimate of the trypsin inhibitory capacity of a whole sample

of surfactant protein. Saline, serum, surfactant protein, or trypsin were placed in alternate wells on

the slides and the samples were allowed to diffuse through the fibrinogen agarose substrate. Inhibitory

capacity was evaluated in terms of the degree to which radial trypsin digestion of the fibrinogen was blunted.

In the electrophoresis trypsin inhibition assay, the inhibitory capacities of electrophoretically separated

fractions of the surfactant protein were observed. Electrophoresis was conducted as it was in the immuno~

electrophoresis studies except that the troughs were filled with trypsin instead of antiserum. The trypsin

was allowed to digest the fibrinogen-agarose substrate at room temperature for 16 hours at which time

the reaction was stopped by immersing the slides in ]0% acetic acid. The presence of trypsin inhibitor

was noted at points where the fibrinogen-agarose substrate was not digested by the trypsin solution.

For the fluorescent antibody studies, sections of relatively normal human lung tissue were cut from

peripheral areas of diseased tissue removed at surgery. The tissue was frozen in the cryostat and 5-mi-

cron slices were cut and placed on glass slides. Sections were air dried and fixed in acetone. The indi-

rect fluorescent antibody procedure was followed.6 Reagents were rabbit immunoglobulin against human

alpha-l-antitrypsin (Canalco) and FITC labelled antirabbit globulin (Difco). Sections were counterstained

with Evan’s Blue dye to mask auto fluorescence.

RESULTS

Results of the immunoelectrophoresis studies of surfactant protein obtained from isolated, perfused

lungs were identical with those observed with surfactant protein from live anesthetized animals. Immuno-

electrophoresis of surfactant protein using canine antiserum globulin as the antiserum indicated the pres-

ence of two proteins antigenically related to serum proteins, Immunoelectrophoresis using antidog whole

serum antiserum indicated the presence of three serum proteins, two of which were identical to those ob-

served with the canine antiserum globulin and a third which migrated opposite albumin in whole serum

(Fig. 1, top and middle). Studies in which antidog IgG was placed in the trough identified one of the
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serum proteins as IgG (Fig. i, bottom). These results indicated the presence in surfactant protein 

albumin, IgG, and a third serum protein that remains near the point of application during electrophoresis

and produces a short rounded arc upon reaction with antisera to canine serum proteins.

Both types of trypsin inhibition assays indicated the presence of trypsin inhibitor in the surfactant

protein, in the radial diffusion experiments, the inhibition of trypsin digestion of the fibrinogen-agarose

substrate was clearly intermediate to that observed for saline and whole serum (Fig. 2). The electro-

phoresis results demonstrated the presence of a trypsin inhibitor in surfactant that migrates eleetrophoret-

ically in the same location (alpha-i region) as the major trypsin inhibitor of canine whole serum (Fig.

3) . In human whole serum, the major trypsin inhibitor is alpha-l-antitrypsin. As in the case of the im-

munoelectrophoresis studies, no differences in the results of the trypsin inhibition assays were observed

between surfactant protein from perfused and nonperfused lungs.

Lung tissue from two patients was studied by the fluorescent antibody technique. In sections obtained

from a normal-appearing area peripheral to a tumor, striking specific fluorescence suggested that alpha-

l-antitrypsin may line the respiratory bronchioles and alveoli. In the other case, tissue was obtained

from a lobe removed due to the presence of diffuse bronchiectasis. No specific fluorescence was observed

in this tissue.

DISCUSSION

In these studies we have immunoelectrophoretically demonstrated the presence of albumin, IgG, and

a third unidentified serum protein in surfactant protein obtained in vivo by bronchopulmonary lavage.

The same proteins are present when lavage follows perfusion of the pulmonary vasculature with saline.

Figure 1 (left). Immunoeleetrophoresis 
canine whole serum (top wells) and canine
surfactant protein (bottom wells) . Antisera:
antidog whole serum antiserum, above and
middle; antidog IgG, below. Anode to left.

Figure 2. (left below) Radial diffusion trypsin
inhibitor assays. Wells filled as follows:
top (left to right) canine surfactant protein,
trypsin, canine whole serum, trypsin, saline;
bottom (left to right) saline, trypsin, canine
surfactant protein, trypsin, canine whole
S erum.

Figure 3. (right below) Electrophoretic trypsin
inhibitor assays of canine whole serum (top wells)
and canine surfactant protein (bottom wells).
Trough filled with trypsin. Anode to left.
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This lends support to the hypothesis that these serum proteins are not present as a result of whole blood

contamination. In addition, the concentration of these three proteins in the surfactant protein was of suf-

ficient magnitude to indicate that if their presence were due to whole blood contamination, additional bands

representing the other serum proteins should have appeared during immunoeleetrophoresis.

Demonstration of trypsin inhibitor in surfactant protein by these methods has not been reported, al-

though Taylor and Abrams7 reported inhibition of fibrinolysis by surface active lipoprotein. In our study,

trypsin inhibitor was present in the surfactant protein from perfused as well as the nonperfused animals

and was observed in the alpha-l-globulin region, It is curious that trypsin inhibitor was observed in

the alpha-l-globulin region when immunoelectrophoresis did not indicate the presence of an alpha-l-

globulin. This may be explained in terms of the high sensiti%dty of the trypsin inhibition assay when com-

pared to immunoelectrophoresis. In human serum, a barely discernible alpha-l-antitrypsin band on im-

munoelectrophoresis corresponds to very strong inhibition in the trypsin inhibition assays.

The specific fluorescence observed in one of the tissue sections is the first demonstration of the pres-

ence of alpha-l-antitrypsin in lung. The appearance of the specific fluorescence in the terminal airways

and alveoli in a distribution similar to that demonstrated by others 8 for surfactant as well as our observa-

tion of trypsin inhibition by surfactant protein tentatively suggest that alpha-l-antitrypsin may be a part

of or found in association with surfactant lipoprotein.
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PRELIMINARY

OF DISSOCIATED LUNG CELLS

ABSTRACT

The application of unit gravity sedimentation end Ficoll density

gradient centrifugation techniques to separate dissociated lung

ceils wes investigated. Cell types most active in acetate or

choline incorporation into lipids were found to sediment slower

than other cells in a gravity sedimentation chamber," cells most
active in 3H-choline incorporation into phospholipids were found

to concentrate in discontinuous Ficoll gradients at a specific

gravity of about I. 074. The gravity sedimentation of cell populations

dissociated from lung with either trypsin-collogenose II or elastase-

collagenase II, showed that cells dissociated with trypsin exhibited

a much lower incorporation of acetate. This indicated that

phospholipid synthesizing cells in the lung may be more susceptible

to damage by proteolytic enzymes than other cell types present

in the lung. Ficoll gradient centrifugation fractionated alveolar

macrophage cells obtained by lavage into subclasses that differed

in their metabolic activity. This method may be useful in character-

izing the mocrophages obtained from the lungs by Iovage. Neither

Ficoll gradient centrifugation or gravity sedimentation adequately

separated alveolar macrophages from other cell types present

in the lung. This necessitates the development of other methods

for mechanical removal of these cell types before the properties

of dissociated lung cells can be studied in detail.

INTRODUCTION

STUDIES OF METHODS FOR FRACTIONATION

PRINCIPAL INVESTIGATORS

T. R. Henderson
D. L. Lundgren
R. C. Pfleger
D. O. Slauson
A. L. Altmon
A. P. Newman

Beagle dog and Syrian hamster lungs have been dissociated into individual, viable cells with col-

lagenase II and elastase (this report, pp. Z i 3- Z f 8). Since it is difficult to morphologically differentiate

many classes of pulmonary cells, particularly in the absence of a structural matrix, biochemical methods

for characterization of lung cells are desirable.

Certain lung cell types have the specific ability to synthesize surface-active phospholipids of the

dipalmitoyl lecithin type. Earlier cytochemical studies had concluded that Type II pulmonary epithelial

cells or great alveolar cells were the principle cells involved in the synthesls, storage and secretion

of surfactant phosphoIipids. ] Other investigators have suggested that not only Type II cells but also

monocytes, macrophages and non-ciliated bronchiolar cells (Clara cells) are capable of actively synthe-

sizing phospholipids, including dipalmitoyl lecithin. 1,2 Thus, one criterion of the integrity of these

cell types would be the incorporation of labeled precursors such as acetate or choline into phospholipids

and the patterns of sedimentation of labeled cells might provide an indication of the efficiency of cell

separation into different gradients.

As markers of cell metabolism, we have initially used the incorporation of labeled metabolites as

an estimate of the efficiency of cell separation procedures. Use was made of 32p-NaH2PO4 , 14C-acetate

and 3H-choline as radioactive tracers for detecting cells actively synthesizing phospholipias. "[hese

molecules have all been reported to be actively incorporated into phospholipids and can be readily counted
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differentially by liquid scintillation spectrometers. The excess label 14C-acetate is degraded to

14CO2 and eliminated from the assay system.

Two general methods were used to separate subpopulations of cells from mixed populations: unit

gravity sedimentation and density gradient centrifugation. Gravity sedimentation in a calf serum gradient

was developed as a method for fractionating cells of different sizes; larger cells usually sediment at

a faster rate under these conditions.3 This technique apparently has not yet been applied to lung cell

separation but has been successfully used in separating immunologically competent spleen cells. 4 Fieoll

gradients (5 to 45%) have been used to separate epithelial cells from rat lungs and Type II alveolar cells

can be separated from other cells in 60 to 80% purity in the zone above 15% Ficoll.5 This implies that
6

the Type II cells have a density less than 1.055, a property which might be useful in separating these

cell types.

METHODS

Enzymatic Dissociation of Lung Cells:

The methods of lung cell dissociation by commercial enzyme mixtures were according to those described

elsewhere 6 and in this report pp .Z i3 -2 18. The method of Kerkof 7 involved incubation of lung minces

overnight with 1 mg/ml of Dlfco 1:250 trypsin in Hanks’ balanced salts solution, pH 7.4, 5°C, followed

by incubation of the washed fragments with 1 mg/ml of collagenease II in the same medium but with

!00 vCi of 3H-choline or 50 ~tCi of 1,2-14C-acetate added, and incubation continued with gentle shaking

at 37°C for 2 hours. ? The cells were filtered through gauze and washed 3 times in phosphate buffered

saline (PBS) to remove the excess label and resuspended in 3% calf serum in PBS. An alternate method

of lung dissociation consisted of incubating lung minces overnight in a solution of 1 mg/ml of collagenase

II plus 0.1 mg/ml of elastase. The next day, the suspension was pulsed labeled with 3H-choline or

14C-acetate and incubated with gentle shaking for 2 hours at 37°. The cells were then filtered through

gauze, washed and resuspended as described above. When it was desired to flash label lung cells in

vivo, the animals were injected with 50 ~tCi of 32p 2 hours before euthanization. Antibiotics (400 units

of penicillin G sodium, 200 ~lg of streptomycin sulfate and 200 ~g of neomycin sulfate/ml) were included

in the above solutions for the purpose of suppressing microbial growth during periods of incubation.

Separation of Lung Cells:

Separation of lung cell populations by unit gravity sedimentation was carried out by a modification

of the methods of Miller and Phillips.3 Cell sedimentation chambers of two sizes were constructed as

shown in Figure 1. Approximately 107 cells/ml, suspended in 20 ml (small chamber) or 130 ml (large

chamber) PBS with 3% calf serum were introduced into the chamber through stopcock E, the chamber

previously having had either 20 or 130 ml of PBS introduced to stabilize the cell suspension as it entered

and was raised in the chambers. Both additions to the chambers were carried out by adding the solution

to cylinder A. The cylinder was next rinsed with 20 ml or 130 ml of 5% calf serum in PBS which was

A- Cylinder for Cell Sample and ~ ~ / ~t ~" ~
Steep Gradient

B- Gradient Maker
C- Magnetic Stirrers
D- Separation Chamber
E- Three-way Valve C C
F- Baffle
G- Cell Band offer Loading

Figure 1. Diagram of apparatus for separa-
tion of cells at unit gravity. A, intermediate
vessel for application of cells samples and
final mixing of gradient; B, gradient maker
containing 15 or 30% calf serum in PBS; C,
magnetic stirrers; D, sedimentation cham-
bers; E, three-way valve; F, baffle; G, cell
band shortly after filling of the chamber is
complete.
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allowed to raise the cell layer in the chamber. Next, 250 or II00 ml of 15% and 250 or Ii00 ml of 30%

calf serum in PBS were added to gradient chambers B. The flow through the mixing chamber C was

started and the gradient loaded into the chamber over periods of approximately 15 to 45 min. The cells

were allowed to sediment for 4 to 8 hr, and 15 ml fractions (small chamber) or 50 ml fractions (large

chamber) were removed through stopcock E after that time. All of the above procedures were carried

out at 5°C.

Separation of cells on Fieoll gradients was carried out by a modification of the method of Kikkawa
5

and Yoneda. Ficoll was dissolved in Hanks’ balanced salts solutions to give stocks of 5, i0, 15, 20,

25, 30 and 50% solutions weight/volume. A cell suspension containing approximately 107 cells suspended

in 5 ml of Hanks’ balanced salts solution was added to a 50 ml centrifuge tube, and 5 ml each of 5, i0,

15, 20, 25, 30 and 50% Ficoll added sequentially through a 9.5 cm stainless steel 16-gauge needle maintain-

ed at the conical bottom of the centrifuge tube with a clamp. After the gradient was complete, the centri-

fuge tubes were capped and centrifuged at 2000 ~_ for I hr at 5°C. Fractions were removed from the

bottom sequentially with the stainless steel needle and a syringe.

Cell counts of all suspensions from both the cell separation chambers and Ficoll gradients were

done with a Coulter counter by standard leukocyte counting procedures. Radioactivity measurements

were performed on 1 ml aliquots of the fractions from the separation chambers or 0.5 ml plus 1 ml H20

for the fractions from Ficoll gradients by mixing with 15 ml of Aquasol LSC cocktail and counting for

3H, 32p 14C or in a Packard 3320 Liquid Scintillation Spectrometer. Thin layer radiochromatograms
8

were performed as described previously.

A macrophage-rieh, lavage cell fraction of Beagle dog lungs was prepared from animals anesthesized

with Halothane. 9 Each lung was washed repetitively with saline (total 6 liters of lavage fluid/lung).

The cells were recovered by centrifugation at I000 g for i0 min and resuspended in PBS.

Ficoll and blue dextran, molecular weight average 2,000,000 were obtained from Pharmacia Fine

Chemicals, Inc. , Piscataway, N. J. Acrylamide, N,N’-methylene bisacrylamide and TEMED (N, N,

Nr, N’-tetramethylenediamine) were reagent grade or the highest grade available from Canalco, Inc.,

Rockville, Md.

RESULTS

Fractionations of Beagle dog and hamster lung cell suspensions, dispersed with collagenase II-elastase,

are shown in Figures 2 and 3. The cells labeled most extensively from incubation with ]4C-acetate appeared

to remain near the top of the gradient. Hamster lung cells were more active in acetate incorporation

than were Beagle lung cells. Smears of the cell fractions indicated that mostly single, unclumped cells

were being obtained; the viability of the cells as estimated by dye exclusion measurements was better

than 90%.

Studies of the separation of cells dissociated from dog lungs with trypsin followed by collagenase

II digestion showed a good yield of cells exhibiting better than 90% viability by dye exclusion. The abil-

ity of the cells to incorporate 14C-acetate, however, was greatly depressed, apparently because of their

exposure to trypsin (Fig. 4). Subsequent studies confirmed that exposure of cells to trypsin was corre-

lated with an appreciable loss of acetate incorporating abilities in all experiments performed.

All of these studies consistently noted, however, that the cells exhibiting maximal activity in acetate

incorporation sedimented less slowly (remained near the top of the gradient) . Cytoeentrifuge smears

showed that macrophage-like cells were present in all fractions, and were not separated from other

cell types by this procedure.

Density gradient centrifugation in Ficoll gradients was also investigated as a method for fractionation

of phospholipid synthesizing lung cells. Figure 5 shows the results of dual-labeling Syrian hamster

lung cells; 32p labeling in vivo followed by 3H-choline pulsing in vitro while the cells were being dis-

sociated with collagenase and elastase. The results show that the 3H and 32p incorporation peaks appear

to coincide with the 30% Ficoll fraction of specific gravity about 1.074.
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When hamster cell fractions from the above gradients were extracted and the lipid fractions applied

to thin layer chromatographic plates, radiochromatograms (Fig. 6) showed that 3H-choline incorporation

was largely into the phosphatidylcholine fraction, with only traces of uptake into other fractions, and

the radioactivity peak among the Ficoll fractions was similar to the counts observed on whole cells.

This suggests that 3H-chollne is probably the most specific label for detection of lung cells active in

phospholipid synthesis, because 32p uptake of these fractions was less than 50 cpm.

As an additional test of the efficiency of Ficoll gradients in fractionating lung cell types and the

use of 3H-choline incorporation as an indicator of phospholipid synthesis, dog lung lavage cells were

studied under the same conditions as the whole lung cells in Figure 5. Dog lung lavage cells, with a
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population of more than 90% macrophages, were pulsed with 3H-choline and fractionated on a Ficoll gra-

dient (Fig. 7). There was no appreciable difference between the macrophage fractions in their activity

of 3H-choline incorporation, as cell counts paralleled the 3H-counts of each fraction closely. Approximate-

ly 60% of the 3H-activity appeared to be associated with the cells sedimenting at 1.074 specific gravity

which was similar to the Syrian hamster whole lung cell suspension (Fig. 5).

The fractionation of alveolar macrophages obtained by lavage on Ficoll gradients appeared to reflect

their "metabolic state." If lavage cells are stored in normal saline at 5°C for 48 hours before fractiona-

tion, the major cell peaks are associated with Ficoll densities of 1. 022 to 1.056, in contrast to the results

shown in Figure 7. Storage of cells overnight before centrifugation results in a shift of the major cellular

peak from 1.074 to 1.070.

Methods reported for gelling of sucrose density gradients by acrylamide polymerization were invest-

igated for their efficiency in fixing bands in Ficoll gradients. 10 Addition of acrylamlde and bis-acrylamide
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to the Ficoll stock solutions, along with N, N, N’, NT-tetramethylenedlamine and riboflavin, allows for

ready photopolymerization of the gradients with a UV light after centrifugation. This exposure to UV

light resulted in breakup of the cells but their position in the Ficoll bands remained fixed by the acryla-

mide. Also, Ficoll layers were found to be effectively marked by adding 0.1% blue dextran, molecular

weight 2,000,000, to every other band. This material was found to be permanently fixed in the acryla-

mide and is useful as a permanent marker for bands of different densities.

DISCUSSION

Neither of the eel1 separation procedures used in this study appears capable of separating alveolar

maerophages from the other cell types dissociated from lungs. Some sort of preliminary mechanical

separation method may be necessary to accomplish this. Two possibilities exist: (1) magnetically re-

moving macrophages after allowing them to phagocytize iron filings or magnetic particles, or (2) trapping

macrophages in the airways and vasculature with acrylamide gel containing enzyme solutions.

Both methods of cell separation result in totally unexpected findings which may be of interest in

understanding changes in lung function in states of health and disease. First, the finding that 14C-acetate

incorporation appears to be more sensitive to proteolytic enzymes such as trypsin than cell viability

may suggest that pulmonary fibroplasia occurs in response to a deficiency of cells active in lipid synthesis.

Moreover, exposure of the airways to proteolytic enzymes of microbial or lysosomal origin in disease

states is not unlikely. Second, if canine or Syrian hamster Type II pneumocytes have a density of less
6than 1.055, as implied for rat Type II pneumocytes, then the activity of Type II cells in synthesizing

phospholipids is small in comparison with the activity of other cell types. The data shown in Figure

5 suggest that less than 25% of the choline incorporating activity is associated with cells having a density

less than 1.055. That the metabolism of macrophages involves an active synthesis of phospholipids and

other lipids has been reported by other authors. 1,2 The separation of macrophages into subpopulations

differing in apparent metabolic activity on Ficoll gradients does not appear to have been reported pre-

viously. Perhaps the differences in cell density may be due to varying amounts of lipids or other materials

which have been phagocytized. Robertsz speculated that the active synthesis of phospholipids and lyso-

soma1 enzymes in macrophages is related to the synthesis of new cell membranes and new lysosomes

needed for continued phagocytosis.

A third point raised by these studies relates to the practical applications of these two methods of

cell separation; unit gravity sedimentation and Ficoll gradient centrifugation. In the case of animals

that have inhaled insoluble radionuclide particles, these methods might be used to investigate which

cell fractions have phagocytized radioactive particles and whether the viability of these cells appears

to be altered. One way of detecting effects of irradiation in eliciting genetic damage would be to isolate

the fractions which have incorporated radioactive particles and to measure the number of fragmented

DNA particles accumulating in non-dividing cells by alkaline sucrose gradient centrifugation.11 If
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macrophage populations of the lung differ in the amount of radioactive particles phagocytized, it might

be possible to study the cell suspensions obtained on Ficoll gradients to determine whether differences

in the specific activity of lysosomal enzymes could be detected in the fractions obtained. Roberts2

discusses evidence for an effect of irradiation on the de novo synthesis of lysosomes in macrophages

and lack of irradiation effects on the ability of macrophages to phagocytize particles.

Gravity sedimentation of lung cell populations offers the possibility of investigating changes in lung

cell populations on a whole lung basis as reported here. Cells from the lungs of animals that had inhaled

radionucllde particles could be studied to determine whether the acetate incorporating cells (probably

the same as lipid synthesizing cells) 8 had been differentially damaged, If the macrophages could be

removed by lavage and mechanical trapping before the lung cell suspension was placed on the cell

separator, these results could be interesting. To attempt the same type of measurements by Ficoll gra-

dient centrifugation on a large scale would be economically prohibitive,
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STUDIES OF THE DISSOCIATION OF

VIABLE CELLS BY COMMERCIAL

ABSTRACT

Investigations were made on the effectiveness of several

commercial enzyme preparations used singly or in various

combinations for depolymerizing the connective tissue

matrix of lungs and liberating viable cells into suspension.

A collagenase preparation enriched in clostridial peptidase

(collogenase II) was more active in hydrolyzing Beagle

dog lung connective tissue suspensions than other collagenase

preparations. Purified pancreatic elastase was also active

in depolymerizing lung connective tissue suspensions.

When used in combination with collagenase 1[, a synergistic

effect was observed. This combination of enzymes was

effective in liberating viable cells when incubated overnight
with minced whole lung tissue at 5°C. When crude commer-

cial trypsin is used as a substitute for elastase, however,

cell viability is reduced. The other enzymes tested~

or combinations thereof, were ineffective in dissociating

cells from the airways of lungs without losing an appreciable

number of cells.

INTRODUCTION

LUNGS INTO INDIVIDUAL

PROTEOLYTIC ENZYMES

PRINCIPAL INVESTIGATORS

T. R. Henderson
R. C. Pfleger
D. L. Lundgren
D. O. Slauson
A. L. Altman
A. P. Newman

In acute and chronic pulmonary diseases, certain pulmonary cell populations change in number,

type and function, The way in which such cytologic changes are related to disease processes is not

clearly understood. Methods are needed to estimate the viability and functional capacities of various

cells types derived from lungs that have been exposed to chronic irradiation by radionuclide inhalation.

In order to isolate lung ceils, it is necessary to develop methods for dissociating the cells from the

fibrous connective tissues with which they are intimately associated in vivo. The enzymes most frequent-

ly used for dissociation of tissues into individual cells have been trypsin, callagenase, elastase, Pronase
1-5and various combinations thereof. Pronase has been suggested to be more effective than trypsin

for dissociating certain kinds of tissues, but the use of Pronase alone for dissociation of lung cells has

not been reported 5 The mechanism by which trypsin disperses cells is not clear; highly purified tryp-
sin is much les s effective in liberating individual cells than less purified pancreatic extracts. 2,4 It

has been suspected that the activity in dissociating tissues was due to the mixture of enzymes, The

presence of elastase in pancreative extracts is thought to be a major factor, since elastase alone exhibits

activity in dissociating cells from some tissues.2 Since pancreatic extracts exhibit little or no activity

in depolymerizing native collagen substrates, considerable interest has developed in the possible uses
6of bacterial collagenases for the dissociation of tissues rich in fibrous, connective tissues. Since trypsin

destroys collagenase activity, efforts have been directed toward using trypsin and eollagenase sequentially,

rather than simultaneously, or in developing mixtures of other proteolytic enzymes that are less destruc-

tive of collagenase activities. 3 This report presents the preliminary results of studies directed at the

dissociation of lungs into individual cells by the use of the following commercial enzyme preparations:

collagenase I, II, III and IV; elastase; ~3-glucuronidase; hyaluronidase; chymopapain; lyophilized trypsin;

deoxyribonuclease I; chondro-4-sulphatase; Pronase and trypsin.
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METHODS

Three assay systems were used to elucidate the apparent optimum conditions for digestion of the

fibrous connective tissue matrix of lungs and the enzyme combinations that were most effective in liber-

ating individual viable cells.

I. Connective Tissue Suspensions: Suspensions were prepared by repeated blending of

lyophilized, powdered dog lungs in 0.15 M NaCl using a Vertis homogenizer, followed by sedimention

at 20,000 ~. for 10 min in a centrifuge maintained at 5°C. When all the biuret-positive material had been

extracted by the saline washes, the pellet was blended to provide a uniform suspension in the assay

medium under test and diluted until the turbidity at 600 nm in I cm cuvettes was i to 1.5. Measurements

were performed in a Zeiss PMQ II spectrophotometer. The suspensions were equilibrated at 37°C or

the other temperatures being assayed, and the test enzyme solutions added at time 0. The turbidity

readings of duplicate tubes were recorded at appropriate time intervals and the decrease in turbidity

used as an indication of the activity of a given enzyme in depolymerizing lung connective tissues.

2. Whole Hamster Lun~ Assay System : Dissected Syrian hamster lungs were lavaged 3

times through the trachea with the assay solution, followed by filling of the airways with the same solu-

tlon. The solution was removed with a syringe and replaced at 15 min intervals with solution warmed

to 37°C. Cytocentrifuge smears were prepared from these washings and the presence of non-macrophage

cell types determined qualitatively on smears stained with Giemsa stain.

3. Lung Mince Assay System: Dissected Syrian hamster lungs were lavaged and perfused

with the enzyme solution being assayed. The lungs were then minced with scissors in the same solution

and incubated at 37° for the indicated time periods or overnight at 5°C.

The commercial enzymes used in these studies were collagenase l, If, IIl and IV (ca 199 units) mg);

elastase (ESFF - 100 units/mg); ~-glucuronidase (E. coli -25 units/gm); hyaluronidase (testicular-

3000 units/mg); chymopapain (3.2 units/mg); lyophilized trypsin (192 units/mg); and deoxyribonuclease

I (2000 units/mg); chondro-4-sulphatase (1.6 units~ampoule); Pronase (45,000 units/mg); and trypsin

1:250.

The effects of salt concentrations and buffer combinations on the activities of various proteolytic

enzymes were studied using hide powder azure and elastin orcein. A 25-mg sample of dried substrate

was added to 5 ml of buffer-enzyme solution, and the rate of dye release measured on the solution after

filtration at 590 or 595 nm as a measure of proteolytic or elastase activity, respectively.

Acrylamide solutions were prepared by a modification of methods previously published. 7 Stock

A contained 2.4 ml of concentrated HC1, 3. 425 g of Tris base, 5 ml of N,N,N t ,N’-tetramethylenediamine

and water to a total of 100 ml. Stock C contained 28 g acrylamlde and 0.735 g of N,N’-methylene bisacry-

lamide in 100 ml of water. The catalyst was a solution of 1.4% ammonium persulfate in water. All reagents

were reagent grade or the highest grade available from Canalco, Inc., Rockville, Md. For preparation

of enzyme-acrylamide mixtures, collagenase II and elastase were dissolved in 10X-Hanks’ balanced salts

concentrate, pH 7.4, and diluted 1 part with 2.5 parts stock A solution, 2.5 parts Stock C, 1 part catalyst

solution and water to a total of 10 parts. After addition of the catalyst and transfer to syringes, the

lungs were filled through the trachea or perfused with the solution through the pulmonary artery; gella-

tion occurred within 5 min.

RESULTS

Collagenases I, II, III and IV differed slightly in the conditions of preparation such that II contained

higher activities of miscellaneous clostridiopeptidases than I, and IIl and IV contained low amounts of
%

proteases and tryptic activities, respectively. Collagenase II appeared to depolymerize dog lung connec-

tive tissue aggregates at an appreciably faster initial rate and to a greater extent than did collagenases

I, III or IV (Fig. 1). Hamster connective tissue suspensions showed that collagenase II was more active

in hydrolyzing these preparations (Fig. 2).
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Figure I. Dispersion of dog lung connective
tissue aggregates by commercial collagenase
preparations. Enzyme concentration 0.2 mg/
5 ml; Incubation at 37°C.

Figure 2. Dispersion of hamster connective
tissue aggregates by commercial collagenase
preparations. Enzyme concentration 0.1 mg/
5 ml; Incubation at 37°C.

The activity of collagenase was almost doubled at 37°C compared to 25°C, but similar depolymerization

could be obtained by overnight incubation at I°C (Fig. 3). This suggested that the most effective use

of collagenase II in dissociating fibrous connective tissues to release cells might be either through short

periods of incubation at 37°C or by overnight incubation in the cold,

Mixtures of elastase and collagenase II in Hanks’ balanced salts solutions appeared to be more active

in dispersing connective tissue aggregates than either enzyme alone (Fig. 4) 

The activity of Pronase or trypsin in dispersing connective tissue aggregates could not be compared

because exopeptidases such as these have appreciable activity on sheared collagen fibers but none on
6

native collagens or elastins.

Trypsin, Pronase or collagenase activities in hydrolyzing hide powder azure were little affected

by the composition of the assay medium, but elastase activity in hydrolyzing elastin-orcein was inhibited

approximately 75% in calcium and magnesium free media such as Puckls saline A compared with Hanks’

balanced salts, and approximately doubled in 0.05 M Tris buffer, pH 7.4 containing 0. 0018 M CaC12

and 0.25 M sucrose. This agrees with the known inhibition of elastase by inorganic salts and with the
6

known stabilizing effects of calcium on the activity of this enzyme.

The use of lavage with enzyme solutions to obtain cell populations enriched in the cell types border-

ing the airways, revealed that the airways of hamster lungs were almost completely resistant to attack

by proteolytic enzymes or combinations thereof (Table 1) when incubated for short periods of time 

hour or less at 37°C) , Only macrophages could be identified in eytocentrifuge smears from enzyme lavage

of hamster lungs. Some digestion of lung airways was obtained with Pronase or trypsin after several

hours of incubation with collagenase plus elastase, but the low viability of the cells suggested that dis-

persion was due more to enzymatic destruction of cells than to dissociation. The addition of chelating

agents such as 0.001 M sodium EDTA or sodium citrate to the enzyme solutions did not aid appreciably

in enzymatic dissociation of cells from airways,
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Con~ens:

Table i

Enzymes Which Did Not Liberate Cells from the Airways of Intact Hamster

Lungs Under Short-Term Incubation

Trypsin, crystalline

Trypsin, Difco i: 250

Collagenase II

Collagenase II + Elastase*

Chymopap ain

Pronase

Collagenase + Elastase* + Pronase + Chymopapaln

Glucur onidase (bacterial)

Hyalur onidas e (testicular)

Chondroidnase

1 hour of incubation at 37°C in Hanks’ balanced salts solution, pH 7.4.
Enzyme concentration 1 mg/ml, except elastase * 0.i mg/ml.

One of the problems in incubating enzyme solutions in the airways of isolated lungs was the develop-

ment of a leak from enzyme action and the inability to retain the enzyme solution in the airways, An

investigation of the possibility of adding gelling agents to retain the enzyme solution in the airways

for longer periods of time and to maintain the lungs in a fully expanded state during incubation with

enzymes was carried out.
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The preparation of enzyme solutions in Hanks’ balanced salts solutions containing acrylamide was

feasible for the purpose of generating a gelled solution in the airways and vasculature in situ. Following

filling of the airways with acrylamide and catalyst, the solution solidified in approximately 5 min. When

the lungs containing a gelled solution of enzymes (1 mg/ml collagenase II plus 0.1 mg/ml elastase) were

incubated overnight at 5°C and warmed briefly at 37°C for 1 hour, a considerable number of cells of

high apparent viability (94% by dye exclusion) were released. Apparently, this procedure trapped

a considerable number of alveolar macrophage type cells. Perfusion with acrylamide containing enzyme

solutions was also useful in that blood clots and blood cells in the vasculature could be trapped by this

procedure. The 7% acrylamide used was a concentration which allowed for the ready movement of proteins

through the gel and in this case would be expected to readily allow diffusion out of the gel of collage-
6

nase (molecular weight 108,000) and elastase (molecular weight 25,000).

When total dissociation of lungs into cells is desired, the most effective approach was found to be

overnight incubation of lung minces at 5°C with collagenase-elastase mixtures. The effectiveness of

this procedure is improved if the isolated lung is perfused with enzyme solutions to remove blood clots

and to facilitate contact of the enzyme with the small capillaries.

For isolation of cells from dog lungs, elastase may be replaced by crude pancreatic extracts such

as Difco i: 250. By using overnight incubation of lungs with trypsin in the cold, cells exhibiting high

viability in dye-exclusion tests are obtained. However, the activity of the cell preparations in incorpora-

ting 14C-acetate into phospholipids is markedly reduced, apparently due to damage of certain cell types

by trypsin.

DISCUSSION

The unusual resistance of lungs to short-term incubation with concentrated proteolytic enzyme solu-

tions raises many questions as to the structural elements which confer this unusual degree of resistance

to enzymatic attack. One possibility is that the airways are covered by a continuous sheet of epithelial

cells with little or no intracellular spaces through which the enzymes may diffuse. The intracellular

spaces have been termed "zona occhdens" because they do not readily allow free passage of proteins

from the lumina to the intercellular spaces.9 Another possibility is that the presence of polysaccharides

on the surfaces of the airways confers increased resistance to proteolytic enzyme attack.

The increased activity of collagenase II in depolymerizing lung connective tissue aggregates com-

pared to other types of collagenase preparations is in agreement with the increased efficiency reported
8

for this preparation over other preparations in dissociation of liver, bone and thyroid cells. The impor-

tance of collagenase in lung cell dissociation is obvious since no other enzyme commonly used in cell
6

dissociation appears to have any appreciable effect on native tissue collagens. In the same way, tissue

elastins appears to be resistant to attack by proteolytic enzymes other than elastase.6 The ability of

crude trypsin preparations such as Difco i: 250 in digesting elastin apparently is due to the presence

of elastase in these preparations. Since the lung is relatively rich in both elastin and collagen, it is

reasonable to assume that both enzymes are required for optimal dissociation of lung tissue.

A major disadvantage in using elastase in lung cell dissociation is its cost, approximately $3000/gm.

However, the use of low concentrations of 0.1 mg/ml, and polymerization of elastase containing gels

in the airways and vasculature, greatly reduces the amounts needed. The use of enzyme containing

polyacrylamide gels for tissue dispersal also reduces or eliminates problems associated with mucus

contamination, possibly because the acrylarnide gels trap the mucus or polysaccharide layers in the

airways. The trapping of alveolar macrophages by the polymerization of aerylamide may also aid in

separating these cell types, as methods of cell separation do not separate macrophages-monocytes from

other cell types, and mechanical removal is needed.

The methods of preparation of connective tissue suspensions as performed here, are a useful approach

in estimating which enzymes and combinations thereof are most effective in dissociating tissues rich
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in fibrous connective tissues. This approach may also be useful in quickly screening commercial enzyme

preparations to determine their effectiveness in dissociation of tissues.
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IN VITRO MIGRATION OF ALVEOLAR MACROPHAGES FROM DOGS

THAT INHALED 144Ce FUSED CLAY PARTICLES OR 239puo2

ABSTRACT

Alveolar macrophages are an important constituant of

pulmonary defense mechanisms and any decrease in

their function such as might be produced by radiation

may be detrimental to the integrity of the lung. The

effect of alpha and beta irradiation from inhaled radio-

isotopes on the in vitro migration of lava~led cells was

examined. Cells obtained from lavage of the lungs of

dogs exposed to either 144Ce fused clay aerosols or

239pu02 aerosols were tested at various intervals

from 2 to 56 days post-inhalation exposure. Inhalation

of 144Ce fused clay did not significantly affect the in_

vitro migration of lavaged cells et any time tested

from I to 56 days post-exposure. However, inhala-

tion of 239p,,o2 did significantly depress migration

at all times tested, 2, 7, 10, 14, 21, 28, 36, 42 and

49 days post-exposure. A possible mechanism re-

lates to alpha radiation-induced cell death, and

release of inhibitory factor from dead or dying cells.

PRINCIPAL INVESTIGATORS

F. F. Hahn
B. A. Muggenburg

INTRODUCTION

Alveolar macrophages are important cells in the lung which are involved in pulmonary defense mecha-

nismsI as well as in the metabolism of lipids and iron. The defense mechanisms include bacterial killing,

production of interferon, and phagocytosis of inanimate particulates. Most particles which reach the deep
2

lung are ultimately phagocytized, including radioactive particles such as plutonium. Thus, the func-

tional ability of alveolar macrophages after the inhaIation of radioactive particulates has been studied and

has been shown that inhalation of plutonium will inhibit the ability of alveolar macrophages to migrate

from capillary tubes i.~n vitro. 3 This implies that the plutonium inhibits macrophage migration in the lung

and results in a sub-normal defense mechanism. To confirm and extend those findings to include cells

from animals that had inhaled a beta-emitting radioisotope, the following study was performed.

PROCEDURES

Cells were obtained by pulmonary lavage from dogs exposed to aerosols of either 144Ce in fused clay

239puO2 and used in studies to determine the efficacy of pulmonary lavage for removal of inhaled radio-or

isotopes (this report, pp.255 to26~ andpp. Z61 ~o 266).

Do~ Exposures - 144Ce Fused Clay:

Eighteen dogs were exposed to aerosols of 144Ce fused clay particles and achieved ILBs of 237 to 780

t~Ci. The right lung was lavaged using a standard procedure (modified Kylstra) with gas anesthesia and

six liters of sterile isotonic saline (this report, pp.Z 6t to 2 66) ¯ Pulmonary lavage cells were obtained

from these dogs 2. hours, 2, 4, 7, 14, 28 and 56 days post-exposure. Each dog was lavaged only once.

Dog Exposure - 239puO~:

239pu02Beagle dogs were exposed to aerosols of which had been heated to either 325°C or 1150°C.

They were repeatedly lavaged, alternating the lungs used (this report, pp. 2 55 to 2 60). Pulmonary lavage

cells were obtained 2, 7, 10, 14, 21, 28, 36, 42 and 49 days after exposure.
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Preparation of Lava~e Cells:

The lavage fluids were centrifuged in the cold at 30 g for about 10 minutes. The cells were washed

twice with sterile PBS then suspended at pH 7.4 in TC199, containing glutamine, 20~ fetal calf serum and

antibiotics (penicillin and streptomycin). On each lavage a sample for total cell count, differential count,

and viability were obtained.

Procedure for Macrophase Migration Test:

Six to 10 million cells were loaded into single capillary tubes which was heat sealed at one end and

then centrifuged at 150 g for 5 minutes. Each tube was cut at the cell interface and two tubes were placed

in each of 3 or 4 Sykes-Moore chambers containing TC199 with glutamine, 20% fetal calf serum and anti-

biotics. The sealed chambers were incubated at 37°C in a CO2 incubator. Eighteen to 20 hours later the

outline of the migration area was traced and quantitated with a planimeter and by weighing the cut out.

The migration index was determined by dividing the migrational area of the cells from the experimental

dogs by the migrational area of the cells from control dogs. It was not always possible to test control

dogs on the same day as the exposed dogs but 20 were tested at various times during the course of the

study.

RESULTS

The viabilities of the lavage cells and the percent of macrophages is shown for the two studies in Ta-

bles 1 and 2. The viabilities, as determined by trypan blue exclusion, were uniformly high (96-97%)

144Ce clay and slightly lower in dogs exposed to 239puO2 (89-96%). Controlin dogs exposed to fused

lavage cells have a 98% viability. The percentage of macrophages varied from 75 to 96~ and was generally

lower in the dogs that inhaled 144Ce fused clay. Other cells seen were neutrophils, lymphocytes, eosino-

phils, mast cells and epithelial cells.

In addition to viabilities and percentage of macrophages, Table 2 also shows the percentage of macro-

dogs that inhaled 239puO2 that contained radioactive particles as determined by autoradio-phages from the

graphs. The percentage was low, 2-3%, during the entire 49 days.

The migration index for the lavaged cells at various times post-exposure can be seen in Figure 1.
239The migration index from dogs exposed to the 2 forms of PuO~ are shown separately but are not signifi-

-39cantly different, so have been averaged to indicate the effect of PuO2 on the migration index. Using
a one-tailed Mann-Whitney U test, a ranking test of significance for non-parametric data, the difference

239puO2 and the 144Ce fused clay or control dogs is significant, p = 0.05 at all times.between the

Table 1

Percentage of Viable Cells and Macro-

phages in Pulmonary Lavage Cells from

Dogs that Inhaled 144Ce in Fused Clay.

Days %
Post- % Viable Macro-

Expo sure Cell s pha~ e s

2 98 79

4 98 75

7 98 85

14 98 79

28 96 75

56 97 90

Table 2

Percentage of Viable Cells, Macrophages and Macro-

phages with Radioactive Particles in Pulmonary Lavage

Cells from Dogs that Inhaled 239pu02 Aerosols.
Days 70
Post- % Viable Macro-

Exposure Cells phages
% Macrophages with

Radioactive Particles

2 96 89 2

7 93 84 3

I0 91 77 Z

14 90 83 3

21 93 89 3

28 90 96 2

36 90 94 3

42 89 95 3

49 96 91 2
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Figure 1. Migration index of2ulmElnary ceils lavaged from dogs at various

intervals after inhalation of IZf4Ce fused clay particles or ~TPuO2.

DISCUSSION

of i_~ v!ir_ao migration of alveolar macrophages by ~nhaled Z39FuOz as~ sho3wn in thisThe inhibition

study confirms a previous report of a similar phenomenon in rabbits that inhaled PuO2. The inhibi-

tion starts as soon as 2 days after exposure and lasts for at least 49 days after exposure. Inhaled 144Ce

fused clay particles do not cause a similar inhibition.

The reason for the inhibition is not known. It may be a direct effect of radiation, but, if this is the

case, it must be an effect of high focal or cellular radiation doses. Cells from dogs 0 to 56 days after ex-

posure to 144Ce fused clay aerosols were not inhibited although the radiation dose to lung was 12,000 to

16,000 fads. This does not mean, however, that individual macrophages in the lung received such a

dose as new macrophages are continually replenishing the lung. Radioehemistry to determine the amount

of plutonium in the lungs has not been completed at report time, so the alpha doses to the lung cannot

be estimated at this time.

It is known from other studies that, in general, macrophages and the reticuloendothelial system are

relatively resistent to external irradiation and that phagocytElsis of 239puO2 causes a decreased phago-

cytic ability and death in those cells ingesting plutonium. In the present study only a small percentage

(2-3%) of the lavaged macrophages had ingested plutonium particles. Thus, the ingestion of phitonium

particles by a large number of lavage cells was not required to inhibit all migration.

One possible explanation is the release of a substance inhibiting macrophage migration by dead and

dying maerophages which had ingested phitonium, thus amplifying the radiation effect. The phitonium

particles, with highly ionizing alpha irradiation, aze more likely to cause death of a few cells than the

spareely ionizing irradiation of the beta particles from the 144Ce. The slight decrease in viability of cells

lavaged from the dogs exposed tel 239puO2 particles as compared to those from dogs exposed to 144Ce

fused clay particles (92% vs 97%) may be a result of the death of cells ingesting plutonium. This postulated

substance inhibiting macrophage migration is probably not the same as migration inhibition factor (MIF)

which is a biological mediator of maerophage function produced by antigenically stimulated lymphocytes.

It is an irnmunologi¢ phenomenon, thought to correlate with delayed hypersensitivity, that requires sensi-

tized lymphocytes and a specific antigen in the test chambers, substances not used in this study.

The significance of the in vitro inhibition of alveolar macrophages is unclear, but impaired function

of these pulmonary cells, part of the lungs’ defense mechanism, is certainly not beneficial. Their im-

paired function in animals that have inhaled 239puO2 but not in animals thai have inhaled 144Ce again indi-

cates that biologic effects from beta irradiation cannot be extrapolated to those of alpha irradiation.
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EFFECT OF INHALED 9Oy IN FUSED CLAY PARTICLES ON IMMUNITY

IN MICE CHALLENGED WITH LISTERIA MONOCYTOGENES

ABSTRACT

in order to study the effect of pulmonary irradiation on

lung bacterial clearance in immunized animals, mice

were immunized by intravenous injection of viable Listerio

monocyto~lenes before or after inhaling 90y in fused
clay particles. Fourteen days after immunization,

6 groups of mice (immunized-irradiated, irradiated-

immunized, immunized, irradiated and 2 control groups)

were challenged with o lethal dose of Listeria via the

respiratory route. The concentrations of Listeria

in the lungs and spleens of mice were determined at

O, 4, 24 and 72 hours after challenge. Irradiation of

the lung from inhaled 90y did not appear to suppress
the pulmonary clearance of Listeria in mice during

the first 4 hours after challenge. Twenty-four hours
after challenge, there was extensive growth of Listeria

in the lungs of all the mice. Some growth was apparent

in the spleens of mice that were irradiated-immunized,

irradiated only and in one group of controls et 24 hours.

Mice in the immunized and the irradiated-immunized

groups were successful in suppressing Listeria prolifera-

tion in both lungs and spleens at 72 hours after bacterial

challenge. Immunized mice suppressed the growth

of Listeria in their spleens while the spleens of the

irradiated and the control mice had extensive bacterial

invasion. Mice that hod been immunized only and those

immunized before and after 90y inhalation exposure,
survived a lethal dose of Listeria, whereas the irrad-

iated only and control mice had a high mortality rate.

Survival was attributed to the success of Listerio immun-

ization. It was concluded that the 10, 000 rods of beta

radiation absorbed by the mouse lungs was not sufficient

to completely suppress the immune mechanisms of the

immunized mice.

INTRODUCTION

PRINCIPAL INVESTIGATORS

A. Sonchez
D. L. Lundgren
R. O. McClellan

Ionizing irradiation causes the immunological response to undergo considerable changes which affect

the relation of man and animals to their normal bacterial flora and alter the reactions to agents causing

infectious disease. This suppression of the normal defense mechanisms and the immune response of ani-

mals by ionizing radiation from an external source is well documented. 1 However, the effects of inter-

nally deposited beta emitters on the animal hosts ~ pulmonary immune mechanisms are unknown. Other

factors beside ionizing irradiation lead to pulmonary injury or metabolic disturbances that may result
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in impairment of the immune mechanisms of the lung. An animal that has recovered from an infection or

has been immunized with a specific microorganism will exhibit an immune response that will react more

aggressively against the invading microorganism on subsequent challenge.

The present study was initiated to investigate the effects of beta radiation in mice that were immunized

before or after inhaling 90y in fused clay particles. The parameters studied were pulmonary clearance

of inhaled Listeria monocytogenes, proliferation of L. monocytogenes in mouse lungs and spleens, and

the survival of L. monocytogenes infected mice in various experimental groups.

MATERIALS AND METHODS

Experimental Animals:

Male 6 to 8-week-old mice of the CD-I strain (Charles River Breeding Laboratory) were caged 

previously described (1971-1972 Annual Report, LF-45, pp. 275-278) . The mice were placed in one 

six experimental groups as outlined in Table I,

Table 1

Summary of the Experimental Design

Experiment I.

Before and After 90y Inhalation Exposure
Mouse Group Time in Weeks

-i 0 +I +5

Immunize d -It radiate d ~’:." -~ ..........-~ .~ -.- -~ ;:~ ;:~ ~-" ~’,~

C out r ol ,:,;~ ::, ~,~:~;~.-:.-

Irradiated-lmmunized

Irradiated

Control

Immunization

90y Inhalation ~xposure

......... t Ch ii g......... Lis eria a en e

Termination of Survival Studies

90y Inhalation Exposure:

Experiment Z.

0 +i +3 +7

;:¢ ..:¢ f,¢ ~. o..u a.

Yttrium-90 was separated from its parent isotope 90St and incorporated into montmorillonite clay by
2

cation exchange. An aerosol of this suspension was generated, fused at ll00°C and used for essentially
3

nose-only inhalation exposure of three groups of 80 non-anesthetized mice per group. All exposures

were 20 minutes long. The size of the 90y fused clay particles was approximately log normally distributed

and had an activity median aerodynamic diameter that ranged from 1.6 to 1.8 ~tm with geometric standard

deviation ranging from 1.6 to 1.7. The aerosol concentrations of 90y used ranged from 111 to 120 ~tCi

per liter of air.

Whole-Body Countin$ and Dose Calculations:

Twenty representative mice were whole-body counted in a well-type liquid scintillation counter im-

mediately after inhalation exposure to 90y in fused clay particles and on days 1, 4, 6, 11 and 14. All

remaining mice were whole-body counted 6 days after 90y inhalation exposure. Ten of these were sacri-

riced and the concentration of 90y in mouse lungs and remaining carcass was determined in the same counters

used for whole-body counting. Because of the 64.2-hour physical half-life of 9Oy, the effective retention

of 90y essentially corresponded to the physical decay of 90y. The calculation of the beta radiation dose
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to the lung was therefore calculated on the basis of a single retention component (Y = -0’256t) . For

dosage calculations, an average lung weight of 0.22 gm was used. Other constants used were 0.9 MeV,

the average beta energy for 90y decay; and 0.50, the estimated fractional beta energy absorption in mouse
4

lung.

Mouse Immunization, Pulmonary Clearance of Inhaled Bacteria, Bacterial Growth in the Spleen

and Post-Challenge Survival:

Bacteria: Listeria monocytogenes, strain EGD, (kindly supplied by Dr. G. B. Mackaness, Trudeau

Institute) was maintained in a virulent state by 6 mouse-to-mouse passages. The spleens were aseptically

removed from the mice after the 6th passage, homogenized, suspended in 10% non-fat milk in Trypticase

Soy Broth, dispensed into screw capped vials and stored at -?0°C. Before use, a fresh stock of Listeria

~’as prepared by culturing in Trypticase Soy Broth at 37°C for 18-20 hours in water bath shaker. The

culture was washed twice in phosphate-buffered saline (PBS) at pH 7.4. The bacteria used for generating

aerosols were suspended in 0.1 M phosphate broth containing 0.01% Tween 80 and 0.1% bovine serum

albumin.

Immunization: Immunized-irradiated and immunized mice (Table i) were actively immunized with

L. monocytogenes by an intravenous (IV) injection of 1.8 x 104 colony forming units (CFU) in 0.2 ml 

sterile PBS. The irradiated-immunized mice were injected IV with 1.5 x 104 CFU. Al1 mice in immunized

groups were held for 14 days before being challenged with a lethal dose of L_u. monocytogenes.

Listeria monocyfogenes Challenge: Fifty mice from each of the six experimental mouse groups were

challenged with approximately 2 LDs0 doses (1.4 x i0 I0 or 7.3 x i0 I0) CFU of L. monocytogenes by the

respiratory route in an apparatus previously described.4 A Retec X-?0 nebulizer (Retec Development

Laboratory) was used to generate the bacterial aerosol.

Pulmonary Clearance of Inhaled L. monocytogenes and Growth in Mouse Spleens: Pulmonary clearance

of inhaled Listeria and its growth in both mouse lungs and spleens were determined after inhalation expo-

sure to an aerosol of L_z_. monoeytoEenes. The clearance of Listeria from the lungs and the growth in the

spleens of mice were determined by sacrificing 8 to i0 mice from each appropriate experimental group

immediately after inhalation exposure to the bacterial aerosol and then sacrificing 8 to I0 mice from each

group at 4, 24 and 72 hours after challenge. Methods used for determining the pulmonary clearance of

inhaled bacteria in mice have been previously described (1971-1972 Annual Report, LF-45, pp. 2?5-2?8) 

Similar methods were used for processing the mouse spleens.

Survival: The days to death and the numbers of mice in the various mouse groups surviving after

inhalation exposure to Listeria aerosol, were determined. Lungs and spleens were removed from the

mice that died and smears made on glass slides, Gram’s stained and examined for Listeria.

RESULTS

The average estimated initial lung burden of all mice was 25 ~Ci of 90y with a range of 13 to 36 ~Ci.

A beta radiation dose of 8.600 fads, 88~ of the infinite dose, had been absorbed by the lungs of the im-

munized-irradiated and irradiated-immunized mice at the time for challenge and immunization of each

group, respectively, one week after 90y fused clay inhalation exposure. A beta radiation dose of I0,000

fads, essenfially i00~o of the infinite dose, had been absorbed by the lungs of the irradiated only and ir-

radiated-immunized mice when challenged with Listeria three weeks after inhalation exposure to 90y in

fused clay.

Data on the rate of pulmonary clearance of L__:. monocytogenes by various groups of mice in two experi-

ments within 4 hours after bacterial challenge are summarized in Table 2. The pulmonary clearance of

inhaled bacteria from the lung indicated that a proportion of the organisms were either inactivated by the

alveolar macrophages or were physically transported from the lungs by 4 hours after Listeria challenge.

Mice in the immunized-irradiated group exhibited a pulmonary clearance rate of 67% the immunized mice,

71%; and the control mice of the first experiment, 88~. In the second experiment, the irradiated-im-

munized mice cleared inhaled Listeria from their lungs at a rate of 67%; the irradiated mice, 35% and the

¢ontrolmice, 44~o.
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Table 2.

Pulmonary Clearance of Inhaled Listeria monoeytosenes

in Mice Immunized Before 90y Inhalation Exposure

Experiment i.

Mouse Group Bacteria Cleared bv 4 Hours (%)

h~munized-Irradiated 67 + 9*

Immunized 71 + 10

Control 88 + 7

Experiment Z

Irradiated-Immunized 67 + 6*

Irradiated 35 + Ii

Control 44 + 21

;:~ Standard error of the ratio.

The concentrations of L. monocytogenes in the lungs and spleens of mice in the two experiments at

I, 4, 24 and 72 hours after challenge with Listeria aerosols are summarized in Table 3 and 4. Experiment l:

Following the initial clearance of bacteria from lungs through 4 hours after bacterial challenge, an increase

in bacterial proliferation in the lungs of most mice was observed at 24 and 72 hours. Twenty-four hours

after Listeria challenge, the bacterial concentrations in th e lungs of the mice in the immunize-irradiated,

the immunized, and the control groups had increased 6-, 13-, and ]5-fold, respectively. Through the

first 24 hours after the challenge, Listeria failed to invade the spleens of mice in the first experiment.

Seventy-two hours after bacterial challenge, the proliferation of Listeria in the mouse lungs increased ll-

fold in both the immunized-irradiated and immunized mice and 65-fold in the first control mice. Spleen

cultures of mice in the immunized-irradiated and immunized groups, with the exception of one mouse in

each group, were negative for Listeria. A marked bacterial proliferation was observed in the spleens

of all control mice 72 hours after inhaling Listeria. Experiment 2: The concentration of Listeria in the

lungs of mice in the various groups increased during the first 24 hours after challenge. The increase

in the concentration of Listeria in relation to the numbers of bacteria initially deposited in the lung was

a 5-fold increase in the lungs of the irradiated-immunized mice; 5.5-fold increase in the lungs of the ir-

radiated mice; and a 69-fold increase in lungs of the control mice in experiment 2. The concentration

rate of Listeria in the lungs of mice in the irradiated-immunized group increased 1.4-fold, this repre-

sented a 3-fold decrease in bacterial concentration between 24 and 72 hours after challenge. The increase

in Listeria concentration by 72 hours after challenge in the irradiated mice was 67-fold and approximately

700-fold in the mice in the second control group. Twenty-four hours after challenge, relatively low con-

centrations of Listeria were present in the spleens of all mice in the second experiment. At 72 hours,

relatively low concentrations of Listeria were recovered from only 3 of the 8 spleens of the irradiated-im-

munized mice. Listeria increased extensively in the spleens of the irradiated mice as well as in the spleens

of mlce in the second control group.

Survival of mice after Listeria challenge was an additional parameter studied to supplement the findings

of pulmonary clearance response in mice as well as the proliferation of Listeria in the lungs and spleens.

The survival data are summarized in Table 5.

DISCUSSION

In general, the number of viable Listeria that can be recovered from the lungs of mice declines during

the first 4 hours after challenge by the respiratory route.5’ 6 In this study, the immunized-irradiated

and the irradiated-immunized mice were able to clear their lungs of Listeria with equal efficiency during

the first 4 hours after challenge. Seventy-two hours after challenge, the increased concentration of

Listeria in the lungs of mice immunized before 90y inhalation exposure indicated that internal beta radia-
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Table 3

Concentration of Listeria monocyto~enes in the Lungs of Mice

Immunized Before 90y Inhalation Exposure

Experiment I.

Hours After Listeria Challenge

Mouse Group 0 4 24

Immunized-Irradiated 205* 68 I, 300

Immunized 83 24 I, 100

Control 188 22 2,900

72

2,200

900

12,300

Concentration of Listeria monocytogenes in the Lungs of Mice

Immunized After 90y Inhalation Exposure

Experiment Z.

Hours After Listeria Challenge

Mouse Group 0 4 24 72

Irradiated-Immunized 98 32 480 135

Irradiated IZ7 82 700 8,500

Control 52 29 3,600 36,000

"*Mean x i02

Table 4

Concentration of Listeria monocyto~enes in the Spleens

of Mice Immunized Before 90y Inhalation Exposure

Experiment i.

Hours After Listeria Challenge

Mouse Group 0 4 24

Immunized-Irradiated 0;:-~ 0 0

Immunized 0 0 0

Control 0 0 0

Concentration of Listeria monocytogenes in the Spleens

of Mice Immunized After 90y Inhalation Exposure

Experiment 2

Mouse Group 0 4 24

Irradiated-lmmunized 0 0 0.4

Irradiated 0 0 1.0

Control 0 0 2.0

’!~ 03Mean x 1

** Listeria cultured from I of 9 mouse spleens.

*** Listeria cultured from i of 10 mouse spleens.

::-’*** Listeria cultured from 3 of 8 mouse spleens,

72

244**

54***

2,800

Hours After Listeria Challenge

?2

3.0****

770

15,400
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Table 5

Survival After Infection with Listeria monocyto~enes

of Mice Immunized Before 90y Inhalation Exposure

Experiment i.

Mouse Group Survival ~ Day to Death

Immunized-Irradiated 18/20 4.5 days

Immunized l 0 / l 0

Control 3/10 7. 0 days

Survival After Infection with Listeria rnonocyto~enes

of Mice Immunized After 90y Inhalation Exposure

Experiment Z.

Mouse Group Survival ~ Day to Death

Irradiated-Immunized 9 / 10;:-" 1.0 day

Irradiated 1 / i0 6.5 days

Control i/i0 6.0 days

Death most probably not due to Listeria.

tion interferred with the pulmonary immune mechanisms; whereas in mice which were immunized after

inhaling 90y in fused clay particles, the proliferation of Listeria in their lungs was suppressed. In con-

trast to Listeria proliferation in the lungs, the growth of Listeria was controlled in the spleens of mice

in the immunized-irradiated and the irradiated-immunized groups. Survival studies also indicated that

immunization before or after 90y inhalation exposure had a protective effect. The survival studies of

Stewart et al. 5 demonstrated some impairment in the ability of mice immunized after irradiation to acquire

protective-acquired immunity.

The proliferation of Listeria appeared to be restricted to the lungs in the immunized-irradiated mice

since invasion of the spleens, with the exception of one mouse, was not evident through 72 hours after

bacterial exposure. The success of immunization against Listeria was evidenced not only by the reduc-

tion of bacteria in the lungs and spleens but also by the 100% survival of the mice in this group of mice

which were challenged with Listeria.

When the mice that inhaled 90y in fused clay particles only were compared with the immunized only

mice, there appeared to be some alterations in their defense mechanisms. These alterations were manifest

in that Listeria increased progressively in both the lungs and spleens through the 72 hours after bacterial

challenge. The increase in the concentration of Listeria in the irradiated mice was much lower than ex-

pected when compared to the bacterial concentration in the lungs and spleens of both groups of control

mice. The high mortality (90%) in the irradiated only mice reflected the suppression of the natural pulmo-

nary defense mechanisms. These findings were in agreement with those of Stewart e.~t al. 5 who studied

the effects of continuous gamma irradiation on the immune response of mice infected with Listeria. The

rate of pulmonary clearance in mice in one of the control groups was not consistent with that of the other

control group or with previous reports. 5,6 Of the bacteria initially deposited in the lungs of the normal

control mice in the second experiment, only 44% were cleared in the first 4 hours after challenge. Control

mice of the first experiment exhibited an 88% pulmonary clearance rate which is in agreement ~4th previous

Listeria pulmonary clearance studies.5’ 6 There is no explanation for the wide variation in the clearance

rate of Listeria from the lungs of the two control groups. With the exception of the differences in the

initially deposited concentration of Listeria and the pulmonary clearance of Listeria during the 4 hours

after challenge, mice in both control groups had similar increased concentrations of bacteria in their lungs

at Z4 and 72 hours after challenge. Invasion of the spleens by Listeria was not evident within the first
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24 hours after challenge in the control mice in the first experiment, but a marked increase was observed

72 hours after challenge. The effect of this extensive proliferation was expressed in a 70% mortality rate

of this group of mice. Mice in the control group in the second experiment had a 90% mortality rate which

was related to the invasion of the spleens by Listeria at 24 hours after challenge and the overwhelming

number of bacteria found in spleens at 72 hours after inhaling Listeria.

This study has demonstrated that (1) immunization does protect mice from a lethal dose of Listeria

and (2) a 10,000-tad dose of beta radiation before or after immunization does not appear to be sufficient

to completely suppress the activity of acquired immunity.
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THE FREQUENCY OF CHROMOSOME ABERRATIONS IN THE BLOOD LYMPHOCYTES

OF THE CHINESE HAMSTER FOLLOWING INHALATION OF 238puO 2 PARTICLES

ABSTRACT

To evaluate the extent to which chromosome aberrations

ere produced in blood lymphocytes by inhaled plutonium,

Chinese hamsters were exposed via inhalation to 23UPuO2-
and the chromosome of the blood lymphocytes examined

for damage 25 days later. Animals with initial lung burdens PRINCIPAL INVESTIGATORS
of 650 to 920 nCi died with a median survival time of A. L. Brooks
16 days. Animals with initial lung burdens of 60 to 80 J. A. Mewhinney

nCi had a 50% reduction in lymphocyte count at 25 days

post-inhalation. These animals also had an aberration

frequency of O. 014 aberrations/cell while pooled controls

showed a frequency of O. 004 aberrations~cell. Further

experimentation is needed on this system to make it useful

as a model for studying the effect of inhaled toxicants

in producing early biological changes in the blood lympho-

cytes.

INTRODUCTION

Inhalation of alpha-emitting radioactive particles produces pulmonary pneumonitis, fibrosis and cancer

after a variable latency period. 1 At early times post-inhalation, unless the dose is high, there are very

few indications of biological damage. Chromosome aberrations in the blood lymphocytes have been used

as an early indication of radiation-induced biological change. The scoring of these abnormalities has

been used as a means of estimating radiation dose following accidental exposure to external irradiation.2

Because of the difficulty in external counting of plutonium, the blood chromosome technique has also been

applied to workers in plutonium reprocessing plants.3 In using these techniques for workers, the radia-

tion history, health history, dose and dose distribution should be well-defined. It is frequently impossi-

ble in occupationally-exposed humans to have all this information available. This makes it difficult to

relate the observed chromosome changes to a known lung burden, dose or total body burden, or even

a single specific environmental factor.

This study was conducted to determine if blood cell chromosome aberrations can be used as an early

indication of damage from inhaled plutonium.

METHODS

Twenty-eight (28) Chinese hamsters were exposed by inhalation to 238puO2 particles with an AMAD

of i. 1 and a o of 1.6. Fourteen animals were exposed for 71 seconds and 14 for six minutes resulting
g

in an initial lung burden of 60 to 80 nci and 650 to 920 nci. Six additional animals served as controls.

On day zero (1-3 hrs post-exposure) and day 25, six animals from each activity level were bled by heart

puncture and dissected to determine initial lung burden, retention and distribution of the 238puO2. At

both sacrifice times, lung, blood, gastrointestinal tract, carcass and miscellaneous samples were analyzed

for 238pu. On day 25, the remaining animals were sacrificed by heart puncture and lymphocyte cultures,

white blood counts, and differential counts performed. Five lymphocyte cultures were set up for each

animal. In cases where it was not possible to get enough blood, only cultures were initiated and hemato-

logical measurement were not taken, Ten additional animals were bled and white cell and differential
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counts taken. These were combined with the values obtained at sacrifice and related to the exposed ani-

mals to determine if there was a depression in the absolute lymphocyte count.

The technique for lymphocyte culture was to add 0.1 ml of whole blood to 8 ml of T-8 median which

contained 20% inactivated fetal calf serum, PHA-M and penicillin-streptomycin. The pH of the medium was

adjusted to 7.1 to 7.3 with 8% sodium bicarbonate. Cultures were incubated with the caps closed at 37°C

for 54 hours. At four hours prior to harvest, 0.4 ml of 1 x 10-4 molar colchicine was added to collect

metaphase cells. Chromosomes were prepared for scoring by the flame dry technique, stained with Giemsa,

coded and scored for chromosome damage without the scorer knowing the radiation history of the hamsters.

RESULTS AND DISCUSSION

The initial lung burdens, 60 to 80 nCi and 650 to 920 nci, were much higher than predicted. For

exposed to the high level of 238puo2 in the lungs, there were early deaths with sevenhamsters of the

eight animals dying by 25 days with a mean survival time of 16 days. No deaths occurred in the controls

or the animals with 60 to 80 nci initial lung burden.

The average lung burden at day zero was 780 nCi in the high level group which was 43% of the initial

body burden. The low level group had an average of 76 nci or 39% of the initial body burden in the lungs.

By day 25, the one animal which survived the highest level of activity had a lung burden of 177 nCi which

at this time represented 99% of the sacrifice body burden. The animals in the low level group still retained

an average of 45 nCi of 238pu in the lungs or 59% of the initial lung burden and 98% of the sacrifice body

burden. The activity present outside of the lung at day zero appears to have been surface contamination,

activity in the upper respiratory tract and gastrointestinal tract.

It is difficult to estimate a dose to the blood lymphocytes since they are in a changing pool with the

lymphocytes from the total body. The dose to lung, however, can be estimated by using the activity pres-

ent in the lung at the time of sacrifice and assuming a constant lung retention over the short time interval

of the experiment. From this calculation, an estimate of the dose to whole blood can be derived by assum-

ing that 6% of the blood volume is in the lungs at any time. The average lung dose for the 60 to 80 nci

group was calculated to be 1200 rads at 25 days which would result in a dose to blood of 70 rads. If the

cell turnover time in blood is long relative to the exposure time, this would represent an estimate of dose

to lymphocytes. If turnover time is shorter than the 25 days of exposure, the effective dose to the lympho-

cytes would be decreased.

Of the 54 cultures initiated there were 38 with cells for chromosomal analysis. These were fairly we]l

and animals that had inhaled 238puo2 particles. A summary of the chromosomedivided between controls

data is shown in Table 1.

Table 1

The Frequency of Chromosome Aberrations in Blood Lymphocytes

of the Chinese Hamster Following Inhalation of Z38puOz

Activity Total Isochr omatid Aberration
~.Ci IBB Cells Dicentric s Deletions Cell

780 15 0 0 0

76 141 i I O. 014

0 137 0 0 0

Other Studies

0 14Z 0 1 0. 007

animals exposed to 238puO2 had a total of two aberrations present with noThe aberrations observed

in the controls. This lack of a clear-cut response may be related to several factors. First, in a study

(this report, pp. to ) where 239pu citrate was injected into the Chinese hamster and concentrated

in the liver, a dose of 70 fads to the liver resulted in an aberration frequency of 0.30. If this aberration
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rate were present in blood there would have been over7 40 aberrations scored. In the liver, however,

the cells scored may be a better representation of the total cells exposed as there appears to be little cell

death. The blood, on the other hand, had a depression of white cell count from 6,6 x 103 to 2.8 x i03

cells/mm 3. This cell killing would result in a selection against damaged cells and decrease the observed

aberrations frequency, Second, the hamster lymphocytes may consist of several populations with differing

lifespans with only a small percent of them having long cell turnover times 4 This would result in elimina-
tion of aberrations as a result of cell division. Third, the 238pu has such a high specific activity that

the distribution of dose may be very non-homogeneous in that only a small percent of the total lymphocytes

may have been irradiated. Finally, the cells stimulated to divide by PHA-M may not progress through

the cell cycle at the same rate if they are damaged as they normally do. This may select against damaged

cells as we had only one sampling time.

These questions need to be addressed for further evaluation of the usefulness of the Chinese hamster

as a model for studying chromsome changes in the blood lymphocytes induced by radiation or other en-

vironmental agents,
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THE EFFECT OF 239puO2 PARTICLE NUMBER AND SIZE

ON THE FREQUENCY AND DISTRIBUTION OF CHROMOSOME ABERRATIONS

IN THE LIVER OF THE CHINESE HAMSTER

ABSTRACT

Chinese hamsters were injected intravenously with

239pu or 239pu02 particles. There were fourcitrate

particle sizes injected, O. 17, 0.30, 0.44 and 0. 80 Nm

which would vary the local radiation dose rate to the

surrounding cells. Additional hamsters were injected

with graded levels of activity from 6 x 10-5 to 6 x 10-3

NCi/gin using O. 30 Nm 239pu02 particles. This changes
the particle number and the average dose rate. An exper-

iment was also conducted to determine the retention and

distribution of the particles using 51Cr to trace the

239pu02 particles. The particles were concentrated

in the reticuloendothelial system with 90% of the injected

activity in the liver, 3% in the spleen and the remainder

associated with bone and bone marrow. There was

particle clumping causing high local doses in all particle

sizes studied. The 239pu citrate produced a linear

increase in the chromosome aberration frequency with

a slope of 4.8 x 10-3 aberrations/cell/rad. The aberra-

tion frequency increased with increasing average dose

following injection of the 23~Pu0 2~ particles with little

evidence of an effect of particle size on the aberration

frequency. This increase in response plateaued at

higher average doses. When local dose was related to

aberration frequency, the smaller the particles the

greater the effectiveness in producing chromosome

damage. Following injection of all particle sizes, there

was a non-uniform distribution of chromosome damage
in the cell population with some individual cells con-

taining as high as 13 aberrations. The non-uniform dose

distribution is thus reflected in a non-uniform distribution

of biological damage et the cellular level. The number of

cells at risk following particulate deposition is much less

than from uniform distribution of the some total activity.

This may indicate that long-term risks from 239pu02
particles would be less than that from uniformly dis-
tributed 239pu citrate.

INTRODUCTION

PRINCIPAL INVEgT/GA TORS

A. L. Brooks
Jan C. Retherford
R. O. McClellan

A potential hazard associated with nuclear industry operations is the release of particulate airborne

alpha-emitting radionuclides such as plutonium with subsequent inhalation by workers. These particles
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can deposit in the deep lung and produce a unique dose distribution. 1 A small volume of tissue sur-

rounding each particle will receive an intense localized radiation dose while most of the cells will re-

ceive no radiation exposure. As a model to study the biological effects of this non-uniform dose distri-

bution on the cellular level, the frequency of chromosome aberrations in the Chinese hamster liver was

determined following intravenous injection of monodisperse 239puO2 particles.

These biological data will aid in making risk estimates from alpha-emitting particles where one must

consider both local dose to cells near the alpha-emitting particles as well as dose to the whole organ.

MATERIALS AND METHODS

Polydisperse spherical 239puo 2 particles were produced by the method described by Kotrappa et

al. 2 in which droplets containing plutonium chloride were passed into tandem heating columns at 300°

and l150°C. The polydisperse distribution of particles was then separated into well-defined narrow ranges

of particles of known sizes using a Lovelace aerosol particle separator.

Monomeric plutonium citrate solution was prepared by the method of Schubert et al.3 and characterized

as being 95% ultrafilterable by centrifugal ultrafiltration as described by Lindenbaum and Westfall 4 utilizing

5/8-inch dialysis tubing (dialysis tubing - Arthur H. Thomas Co., Philadelphia, Pa.) 

The animals, anesthetized with Metofane (Methoxyflurane - Pitman-Moore, Indianapolis, Indiana),

were injected intravenously with the oxide particles or the citrate solution by a method modified from Holland

et al.5 The two basic cytogenetic studies used to determine the cytogenetic effects of the particles of

239puO2 or 239pu citrate are outlined in Table 1. In the first, a constant total activity, 1 x 10-3 pCi/gm

body weight, was injected, using three 239puo2 particle sizes, 0.17, 0.44 or 0.80 ~m real diameter.

Constant activity and variable particle size produced a constant average radiation dose to the liver with

a varied local radiation dose and percent of the liver irradiated. In the second study, a constant particle

size, 0.30 pm, was injected. The local radiation dose around each particle was constant in this case and

the average radiation dose and number of particles were variable. For both experiments, unexposed ani-

mals and animals administered 239pu citrate were used for comparison purposes. Animals from both cyto-

genetic studies were sacrificed at 6, 15 and 42 days post-injection with additional animals sacrificed at

122 days in the single particle size and 239pu citrate groups.

- 239~
239puO2A study was designed to evaluate the distribution ot ~’u when injected as 0,3 ~tm particles,

The particles used in this portion of the study were labeled with 51Cr which emits 320 Key gamma rays.

Table I

Experimental De sign for Determining Aberration Frequency

in Cells of the Chinese Hamster Liver Following Injection of 239puo 2 Particles

or of Z39pu Citrate

Experiment

PuOz (I)

PuO2 (II)

Activity Level No. Of Animals At
(vCi/~’n/ Particle Size Time of Sacrifice (days)

Body Weight) (~m) 6_._ I__5 4__2 IZ 2

1 x 10-3 O. 17 6 6 6

1 x 10-3 0.44 6 6 6

1 x 10-3 0.88 6 6 6

6 x 10-3 0.30 5 4 5

Z x 10-3 0.30 5 5 5

6 x 10-4 0.30 5 5 5

2 x 10-4 0.30 5 5 5

6 x 10-5 0.30 5 5 5

6 x 10-4 0 5 5 5Pu Citrate

Uninj e c ted
Controls 0 0 I1 11 11 11
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The 51Cr label was used to determine whole body retention and provide an additional measure of the

distribution of the particles. Animals were whole body counted at frequent intervals in a Beckman de-

tector consisting of three 5.1 cm diameter by 15 cm long NaI (Ta) crystals arranged axially around the

counting volume,

The techniques for partial-hepatectomy and the details of the scoring and analysis of the chromosome

aberrations have been described. 5

RESULTS

Whole Body and Tissue Distribution:

body retention of 239puo2 particles as determined by counting the 51Cr tracerThe whole could be

adequately described by a single exponential function

Y = 100 e-0 "0 0145t

where Y = percent of injected dose and t = days post-injection. The major sites of retention were the liver

and spleen. Individual organs other than spleen and liver were found to contain less than 0.1% of the

sacrifice body burden and were included with the remaining carcass. Most of the carcass burden were

associated with bone and bone marrow. At 4 hours after injection, 88% of the 239pu was located in the

liver; 4.0% in the spleen; and the remaining activity was found in the carcass.

Radiation Dose:

The cumulative average and local dose received by the liver was calculated using the general equation:

t2
Dose (rods) = 51.2 (E) (fA) f C(t) 

t1

where E = is the average energy of the ¢~ emission in MeV (5.15 for 239pu)

fA
= is the fraction of the a energy absorbed in the tissue of interest (assumed to be

1.00 for the limited range of the a particle)

t2
and f C(t) dt is the integral of the concentration of the isotope within the liver with time 

tl ~tCi/gm

t = is time in days after injection

The average dose was calculated using the pCi of 239pu/gm liver distributed in the whole liver.

This weight included some blood because the animals were not exsanguinated. These doses are related

to average chromosome aberration frequency in Figure 1.

The theoretical local dose is the dose delivered to the liver tissue surrounding each spherical particle

and it is dependent on size and activity of the particle and not the total activity injected. The specific

activity in ~Ci/gm for this calculation was derived by dividing the weight of the sphere of tissue irradi-

ated by the theoretical activity of the individual particle. The volume of tissue irradiated was calculated

on the basis of a 40 pm path length of the alpha particle, assuming a uniform dose around the particle with

no overlap of radiation fields or self-absorption in the particle. The local dose is used in Figure 2 to

illustrate the effect of particle size on the frequency of chromosome aberrations.

Cytogenetic Results:

The results of the chromosome scoring are shown in Figure 1 with the aberrations/cell related to the

average dose. This graph was constructed by calculating the average dose to the liver of each animal

and then averaging animals with the same time of exposure and treatment. The response is given as the

ratio of total aberrations and total cells. Figure I illustrates that there is a linear dose response for ani-

mals injected with 239pu citrate through 120 days which could be described by the equation

Y= 0.02 +4.8 x 10-3D

where Y is aberration/cell and D is total dose in rods.
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Figure 1. Frequency of chromosome aberrations/cell relative to average
radiation dose following injection with 239puO~ particles of three sizes
and 239pu citrate. The line is fit to the 239pu~citrate datum points.

In the particle study at total doses below about 200 fads, the response is nearly linear and, there

is little effect of particle size on the frequency of aberrations scored. In the study using 0:3 ~tm particles,

as the average dose increases, a plateau of the dose response curve occurs at just under one aberration/

cell.

When aberration frequency was related to local dose (Fig. 2), the response decreased as the particle

size increased. Thus, the smaller the particle size, the more efficient the local dose was in producing

chromosome damage. The 0.17 ~tm particles had a dose response relationship very similar to that seen
for the 239pu citrate,

The distribution of aberrations was characterized by plotting the frequency of occurrence of the aber-

rations at 42 days post-injection against the number of aberrations in individual cells (Fig. 3). In the

controls, cells had one aberration or none. The 239pu citrate injection resulted in 80% of the cells with

no abnormal chromosomes, and no cells contained more than four abnormal chromosomes. In all the par-

ticle studies, there were some cells with large amounts of chromosome damage, In one case, a single cell

containing 13 aberrations was observed following exposure to 0.3 ~tm particles at 6 x 10-3 ~tCi for 239pu

for 42 days.

Figure 2. Frequency of chromosome aberrations/cell related to the
calculated local dose from 239Pu particles and 239Pu citrate in the
liver of the Chinese hamster.
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Figure 3. Distribution of chromosome aberrations in the liver cells
of the Chinese hamster after exposure for 42 days to either 239PUO2
particles of 239pu citrate. O = control; L = low dose level 0.3 ~Im
particles, 6 x 10-5, 2 x 10-4 and 6 x 10-4 pCi/gm: T = three of the

p 239p i r a d239puOo particles, 0.17, 0.44 and 0.84 pm; = u c’t ate; n
H = hig~ dose level 0.3 pm particles, 2 x 10-3 and 6 x 10-3 pCi/gm.

In an attempt to determine whether or not the percent of liver tissue being irradiated by the particles

was reflected in the percent of abnormal or damaged cells, these two parameters were related in Figure

4. The figure shows only the data from the 42 and 122-day sacrifice times for animals injected with a single

particle size (0.30 pm) at a variety of activity levels. This eliminates any differences in dose rate or inten-

sity of irradiation around the particles. Figure 4 shows the mean and the range of values for each activity

level. There is an almost 1: l linear increase in the percent of cells damaged as the percent of the cells

irradiated increased up to about 20%. At the two highest levels of injected 239puo 2 particles, in vchich

40 to 60% of the liver tissue was irradiated, the percent of abnormal cells was almost constant (about 30%).

i L J

D
120 Dgys Averoge

eE40 Days Aver:go

I
41--

1
80

PERCENT OF LIVER IRRADIATED

Figure 4. Percentage of the cells that

contain chromosome aberrations rela-
tive to the calculated percent of the

liver irradiated after injection of 0.3

~m 239puo 2 particles,

DISCUSSION

Using 51Cr as a tag for 239Pu02 particles appears to be reasonably satisfactory since the distributions

of the two isotopes were similar at sacrifice times through 32 days. There was an indication of particle

clumping with marked clumping at the higher concentrations and for the smaller particle sizes. Since

particle aggregates result in fewer liver cells being irradiated and in a distribution of dose which is mark-

edly different than that predicted, it makes the biological response data difficult to relate to dose especially

at the cellular level. For example, an animal injected with 0.3 pm 239puO 2 particles at the next to the

highest concentration, 2 x 10 -3 pCi 239pu/gm, was calculated to have irradiated 100% of the liver at a
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local dose rate of 9.4 reds/day. The experimental data indicated that only 45% of the liver cells were

irradiated and there is a distribution of local dose rates from 9.4 to 66 reds/day, assuming that the peak

of 6 to 10 tracks/star is a single particle and that large numbers of tracks/star represent multiples. Thus,

some cells would receive seven times the local dose used in calculating dose-response curves and many

more cells would receive no radiation exposure.

The linear dose response curve for the 239pu citrate with a slope of 4.8 x 10-3 aberrations~cell~red

is similar to that obtained for other alpha emitters; 241Am 7.1 x 10-3 aberrations/cell/red 6 and the alpha

component of 252Cf, 6.2 x 10-3 aberrations/cell/red. 7 The particles of 239puO2 seem to be less effective

in producing aberrations per unit average dose than the uniform distribution of dose by the 239pu citrate.

The lack of an effect of particle size on response, at low total average doses, indicates that the ceil popu-

lation is being sampled fairly randomly and damaged and normal cells had an equal chance to be scored.

Following the injection of 0.3 Nm 239puO2 particles at activities of 6 x 10-4 ~Ci/gm or less, the percent

of abnormal cells increased with increasing number of cells irradiated. This further supports the hypoth-

esis that in the low dose range, the cells scored represent the total cell population with little selection.

In the experiments in which large numbers of 0.3 pm size particles were injected, there is increased

clumping of particles and a non-linear response is seen with increasing average dose. At both longer

exposure times and higher radiation doses, perhaps the radiation dose to cells next to the particles was

high enough to (a) produce large amount of chromosome damage and inhibit division and (or) (b) 

the rate of progression through the cell cycles. Either of these would create a non-random distribution

of damaged ceils with selection against those cells which were badly damaged. Thus, more normal cells

would be scored and a plateau in the response at larger total doses would be observed. The plateau in

the percent abnormal cells, related to the percent of the liver irradiated (see Fig. 4), could also be ex-

plained by the same mechanisms, cell death and (or) mitotic delay. The plateau was aIso seen following

high doses and longer time intervals. Long-term experiments with other endpoints are needed to establish

quantitative relationships between cell damage, cell-killing and the risk for late effects such as neoplastic

transformation.

The apparent decrease in efficiency for producing chromosome aberrations, seen when aberrations/

cell is plotted against local dose, may be an artifact related to the percent of cells irradiated. This graph

(Fig. 2) represents average response related to local dose. If it were possible to relate local dose to the

response seen in only the cells around the particle, the efficiency in producing damage would probably

not be so dependent on particle size. The number of cells exposed increased with decrease in particle

size so that the calculated local dose is more closely related to the response as the particle size decreased.

As the particle size decreased to 0.17 pm, the response approached that of the 239pu citrate. This shows

that the local dose approaches the average dose and thus we have again related average dose with average

response.

The frequency of occurrence of cells with many aberrations indicates that the distribution of the bio-

logical response is related to the distribution of dose. Even at the lowest activity levels where only a

small percent of the cells were exposed, there were individual cells with large amounts of damage. Since

ceils with large amounts of chromosome damage are reproductively dead, they would not be considered

at risk for transformation to form cancer. The dose which these cells received could be considered wasted

when cancer is used as the endpoint. These observations may contradict the theoretical calculations of

Dean and LanghamI in which the tumor probability reached 100% for certain particle sizes. If the only

cells considered to be at risk for tumor induction are those with small amounts of damage, then our data

that inhaled 239puo2 particles may be less hazardous than other forms of radioacti~dty that resultsuggest

in more uniform dose distribution. For example, to produce one aberration per cell in 12% of the cells

required 42 days of exposure to 6 x 10-4 ~tCi 239pu citrate/gm whereas with the 0.3 pm 239puo2 particles,

it required a factor of 7 to 10 times as much total activity to produce the same number of cells with a single

aberration. An additional factor which makes small particles and uniform dose distribution more hazardous
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than exposure to larger particles may be the sterilizing effect which larger localized doses have on cells

close to the larger particles. This prevents them from proliferating and eliminates these cells from the

risk for cancer induction at later times. Thus, the similarity in the slopes of the dose response curve

for aberrations/cell at low total doses for either 239pu particles or uniformly distributed 239pu citrate

appears to obscure the true difference in risk from the two dose distributions. The uniform dose places

many more cells at risk and should be considered a greater hazard than the irradiation from 239puo2 par-

ticles. The calculation of average dose would therefore be conservative for particulate irradiation.
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DISTRIBUTION AND RETENTION OF MONOMERIC 239pu CITRATE

IN THE CHINESE HAMSTER AND ITS CYTOGENETIC EFFECT ON THE TESTES

ABSTRACT
Chinese hamsters were injected with 239pu citrate to character-

ize the retention and distribution of this chemical form of the
isotope. These data were used to make an estimate of the radia-

tion dose to the testes which was related to the chromosome
damage recorded in mitotic metaphose cells. Injected 239pu

citrate in the monameric form was retained in the Chinese hamster

with a long effective half-life. At day zero, the liver and bone

each contained 40% of the sacrifice body burden," the remaining

20% was in the soft tissues and kidney, The liver activity,

expressed as a percentage of the sacrifice body burden, increased

with time whereas the bone remained almost constant. This

long effective half-life in the liver is similar to that seen in

dog and man and indicates that the Chinese hamster may be

a useful small animal model for studying the retention, clearance

and biological effects of 239pu in the liver. There was no signifi-

cant increase in the frequency of chromosome aberrations in

the testes at 64 days after injection, indicating that the genetic

risks from 239pu citrate are small compared to the risk for life

shortening and cancer induction.

INTRODUCTION

PRINCIPAL INVESTIGA TORS

A. L. Brooks
Diane K. Mead
R. F. Peters

Monomerie 239pu citrate is retained in animals and distributed among tissues "a~ith a significant inter-
2species variation. Both dogI and man retain a larger percentage (30 to 50%) of injected 239pu in the liver

with most of the remainder being in bone. In dog and man, both organs retain the isotope with a long

effective half-life. Compared to dog and man, mice3 and rats 4 deposit nearly equal fractions of 239pu

in liver and bone, but 239pu deposited in the liver clears with a half-life of about 7 and 30 days, respec-

tively, for the two rodent species.

During investigations of the effects of 241Am5 and 252Cf6 on the frequency of chromosome aberrations

in the liver of the Chinese hamster, both of these transuranic elements were observed to have long effective

half-lives in liver. This suggested that perhaps 239pu would also have a long half-life in liver of the

Chinese hamster and the hamster could be used as a small animal model for studies of the toxicity, artificial

removal and natural clearance of transuranic elements including monomeric 239pu.

Although 239pu activity in testes has been shown to be low ,7 the radiation sensitivity is thought to

be high in spermatogonia so that a low dose may be significant in producing genetic changes. Since the

frequency of chromosome aberrations are an indication of genetic change, this study then provides an

indication of genetic risk.

This report presents the results of a study to determine the retention, distribution and chromosome

damage in the testes of monomeric 239pu injected into the Chinese hamster.

METHODS

Twenty-five Chinese hamsters were injected intravenously with monomeric 239pu citrate at an activity

level of 6 x 10-4 ~Ci 239pu/gm body weight. The injection solution was prepared as outlined by Schubert

et al .8 and characterized as monomeric by u]trafiltration. 9



The animals were sacrificed at 0, 4, 16, 32 and 64 days post-injection. The day 0 animals were

sacrificed 1 to 3 hours after injection. Tissues and organs obtained at necropsy for assay of their 239pu

content were liver, spleen, kidney, testes or ovaries, hone, bone without marrow and carcass. The tis-

sues were dried in an oven at 125°C for 24 hours and muffled at 500°C for an additional 12 to 15 hours.

The resultant ash was dissolved in 7 M HNO3, evaporated to dryness and dissolved in 3 ml of 1 N HNO3.
Fifteen milliliters of Aquasol were added and the tissues were analyzed for 239pu content in a liquid scin-

tillation counter.

For the cytogenetic portion of this study, five hamsters injected at 6 x 10-4 #aCt 239pu/gm, five injected

with 2 x 10 -3 I~Ci 239pu/gm and five controls were sacrificed after 64 days of exposure. Two hours before

sacrifice, all animals were injected with 0.3 ml of 1% colchieine to to accumulate metaphase figures. The

testes were removed and suspended in 2.2% sodium citrate at 37°C for 10 minutes. The tubules were fixed

in 3:1 ethyl alcohol and acetic acid and then suspended in 45% acetic acid, As a tubule became trans-

parent, it was placed on a slide, covered with a coverslip and the metaphase cells spread under direct

pressure. The slides were coded and scored for chromosome aberrations without knowledge of the previ-

ous radiation history.

RESULTS

The distribution of the 239pu citrate is shown in Figure 1 plotted as a percentage of the sacrifice body

burden. The liver and carcass plus bone each had about 40% of the sacrifice body burden at day 1 with

the soft tissues and kidney making up the remaining 20%. The relative activity in the liver increased at

four days to about 50~ and remained constant at this level throughout this study. The skeleton retained

about 40% of the sacrifice body burden from day 0 through the 64-day study. The soft tissues content

of 239pu dropped to a few percent by day 4 and continued to decrease throughout the study. Thus, most

of the activity in the carcass was located in bone and not soft tissues.

I00 I I I

¯ ~
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A
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Figure 1. The distribution of
23Vpu citrate expressed as a

percentage of the sacrifice body
burden in Chinese hamsters
after intravenous injection.

The activity in the ovaries was below the level of detection. The testes activity was 0.26 nCi/ gm at

day 0 after the injection of 6 x 10-4 txCi/gm (0.6 nCi/gm). The activity decreased to 0.08 nCi/gm by day

4 and continued to decrease slowly to 0.05 nCi/gm by day 64. The animals injected with 2 x 10-3 FCi/gm

had 0.20 nCi/gm in the testes at sacrifice 64 days post-injection.

The results of the chromosome study (Table 1) indicate that the two treated groups had 0,02 aber-

rations/cell whereas no aberrations were observed in the controls. The sample size was so small and

the level of damage so low that no significance was attached to this observation.
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Table 1

Chromosome Aberration Frequency in the Testes of the Chinese Hamster

Following Intravenous Injection of 239pu Citrate

Activity
~Ci/gm

Body Total Normal Abnormal Isochr ornatid Total Aberrations
Weight Cells Cells Cells Deletions Dicentric s Aberrations Cells

Z x 10-3 91 89 2 0 2 2 0.02

6 x 10-4 90 88 2 1 1 2 0. 02

Control
(0) 46 0 0 0 0 0 0

DISCUSSION

At day 0 (i to 3 hours post-injection), there apparently was still some 239pu in the blood stream which

could account for the activity in the soft tissues. The activity in the blood, decreased over the first few

days and by day 4 appeared to be deposited in the liver and bone. This was evidenced by an increase

in the net activity in the liver with time, indicating both an absolute and a relative increase in this organ.

Activity initially deposited in either the liver or bone was retained with a long effective half-llfe, but

this half-life cannot be accurately defined at this time because of the short duration of the experiment.

As additional sacrifice periods are completed, a further definition of the turnover rate of 239pu in the mono-

meric form may be possible. A long retention time is characteristic of polymeric 239pu within the livers

of mice.7 The fact that this is not polymeric 239pu in the Chinese hamster is supported by the ultrafiltra-

tion study and the diffuse distribution of 239pu in the livers of the hamsters in this study( Fig. 2).

The calculated doses of 1.0 and 4.0 rads to the testes of hamsters injected with 6 x 10-4 and 2 x 20-3

~Ci 239pu/gm, did not produce significant cytogenetic damage, This indicates a very minor genetic

risk component from 239pu in the body relative to the somatic risk.

239 mIn somatic tissues such as liver where there are large concentrations of Pu, the dose is uch high-
Jf.... -4 .239

er than to the testes. In Chinese hamsters injected wlth 6 x I0 elC1 Pu/gm body weight( this report,

pp. 233 to Z39), the liver received a dose of 125 rads by 64 days which resulted in 0.56 chromosome

aberrations / cell. Thus, by 64 days almost half of the total liver cell population has chromosome damage.

Figure 2. Microdistribution of 239pu

citrate in the hamster liver at 64 days
after injection with 6 x 10-4 ~Ci 239pu/

gm body weight. Autoradiographs were
exposed for 30 days.
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The fact that an injection of 2 x 10-3 [zCi 239pu/gm produced about 50% life-shortening (this report,

pp 233-239), but only 2 aberrations in 90 cells further emphasizes the small genetic risk compared to

the somatic risk. Even if the aberration frequency were to increase to significant levels at longer times,

the risk for premature death due to bone marrow depletion and cancer induction would still outweigh

any consideration of genetic alterations.

The long effective half-life of 239pu in the hamster liver makes it a useful small animal model for

studying this isotope.

1.

2.

3.

4.

5.

6.

7.

REFERENCES

Cochran, T, H., W. S. S. Jee, B. J. Stover and G. N Taylor, "Liver Injury in Beagles with
239pu: Distribution, Dosage and Damage," Health Phys. 8: 699-703, 1962.

Langham, W. H., 2. H. Bassett, P. S. Harris and R. E. Carter, ~Distribution and Excretion of
Plutonium Administered Intravenously to Man, " LA-1151, 1950.

Rosenthal, M. W. and A. Lindenbaum, "Influence of DTPA Therapy on Long-Term Effects of Re-
tained Monomeri¢ Plutonium: Comparison with Polymeric Plutonium, " Radiat. Res. 31: 506-521,
1967.

Taylor, D. M. and N. F. Kember, "The Metabolism of Americium and Plutonium in the Rat, "
Phys. Med. Biol. 6: 73-86, 1961.

McKay, L. R., A. L. Brooks and R. O. McClellan, "The Retention, Distribution, Dose and
Cytogenetic Effects of 241Am Citrate in the Chinese Hamster, " Health Phys. 22: 633-640, 1972.

Brooks, A. L., J. A. Mewhinney and R. O. McClellan, "The In Vivo Cytogenetic Effects of
252Cf on Liver and Bone Marrow of the Chinese Hamster, " Health Phys. 22: 701-706, 1972.

Baxter, D. W., M. W. Rosenthal, J. J. Russell, E. Moretti, D. Chladek and A. Lindenbaum,
"Comparison of Monomeric and Polymeric Plutonium in the Dog and Mouse, " Radiat. Res. 54:
556-565, 1973.

8, Schubert, J. J., F, Fried, M, W, Rosenthal and A, Lindenbaum, "Tissue Distribution of Mono-
meric and Polymeric Plutonium as Modified by a Chelating Agent, " Radiat. Res. 15: 220-226,
1961.

9. Lindenbaum, A. and W. Westall, "Colloidal Properties of 239pu in Dilute Aqueous Solutions, "
Int. J. App1. Radiat ,. 16: 545, 1965.

243



THE EFFECT OF 144Ce-144pr AND PARTIAL-HEPATECTOMY

ON THE PRODUCTION OF LIVER TUMORS IN THE CHINESE HAMSTER

ABSTRACT

Six hundred and fifty (650) Chinese hamsters of similar

age and genetic background have been introduced

into an experiment to determine the combined effect

of partial-hepatectamy and intraperitoneal injection

of 144Ce-144pr citrate on the production of liver

tumors. These animals were injected with activity

levels from 0.036 to 0.25 F[Ci 144Ce/gm body weight

and had either no further treatment or were partially-

hepatectomized at either 20 days before or 20 or

200 days after injection. Controls were subjected

to o similar surgical schedule. To date, 50 animals

have been sacrificed at 600 days and 237 animals at

700 days post-injection. The dose to the liver at

sacrifice has ranged from 1,400 to 10,300 rods and

produced from 0.40 to 3.20 chromosome aberrations/

cell. In the animals sacrificed at 600 days, only

one hepatocellular neoplasm was found. One hundred

and sixty-two animals injected with 144Ce and allowed

to live another 100 days developed 26 hepatocellular

neoplasms, 2 fibrosarcomas and I hemangiosarcoma

of the liver. There have been no hepatocellular neo-

plasms in the 75 control animals. There was on increased

incidence of hepatocellular neoplasms in animals partially-

hepatectomized at 200 days following injection of O. 25

~Ci 144Ce/gm body weight as compared with non-hepatec-

tomized animals. Animals injected with O. 04 and 0. 05

~Ci/gm and partially-hepatectomized after injection

had the same tumor incidence as animals injected with

0. 036 l~Ci/gm and no surgery. Portial-hepatectomy

prior to injection with 0.036 lICi/gm appeared to de-

crease the incidence of liver tumors.

INTRODUCTION

PRINCIPAL INVESTICA TORS

A. L. Brooks
S. A. Benjamin
R. O. McClellan

Many physical and chemical factors which alone are ineffective or only mildly effective in producing

tumors greatly augment tumor production when combined with a known carcinogen, These substances

are called ~promoters", while the carcinogens are called ’:initiators ~’ , It has been postulated that ~initia-

tars ’T cause genetic damage and "promotors" stimulate cell division to allow the damage to express itself
1in the form of a cancer.

The interaction of 144Ce and partial-hepatectomy is being studied to determine the roles that low dose

rate radiation and cell division play in producing liver tumors. In this experiment, the 144Ce produces

the genetic damage and the partial-hepatectomy provides a stimulus for cell division. Since chromosome

aberrations are an indication of genetic damage, the frequency of liver tumors can be related to the number

of aberrations per cell. This should help elucidate the significance of early chromosome changes in
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relation to late-occurring pathological changes. This report is an update of the study reported in detail

in LF-45, pp. 241-249.

METHODS

A total of 550 Chinese hamsters raised in our laboratory with known genetic background and 12 to

16 weeks old were divided into eleven experimental groups. A complete summary of the methods were

reported in LF-45, pp. 241-249. The number of animals in each group is shown in Table 1 and the experi-

mental treatments are as follows: Group 1 animals were intraperitoneally injected with Na citrate and

served as controls. Group 2 control animals were also partial-hepateetomy controls with half undergoing

the surgery at 20 days and half at 200 days post-citrate injection. Groups 3, 4 and 5 were injected with

144Ce at activities at 0.036, 0.10 and 0.25 ~lCi 144Ce/gm body weight and received no hepatectomy. Groups

7 and 8 received 0.05 and 0.10 ~tCi of 144Ce/gm and were partially-hepatectomized 20 days post-injection.

Groups 9, 10 and 11 were injected with 0.04, 0.12 and 0.25 ~tCi/gm, respectively, and underwent the

surgical procedure 200 days post-injection.

RESULTS AND DISCUSSION

The survival data for the Chinese hamsters, with surgical deaths eliminated, are shown in Figure

1. There was marked life shortening in the animals injected with 0.25 ~Ci/gm with a median survival

of 510 days for animals with no partial-hepatectomy and 650 days if the animals had the surgery. The

survival in the three lower activity levels, 0.05, 0.04 and 0.036 ~zCi/gm, was lower than the three control

groups at 700 days. The control groups had an average of 83% survival at 700 days while the average

survival in the latter three groups of 144Ce treated animals was 76%.

A summary of the results for animals that were sacrificed at 700 days post-injection are listed in Table

2. The table includes the treatments, number of animals, radiation dose to the liver at partial-hepatectomy

and sacrifice, calculated aberration frequency at sacrifice and the number and types of liver tumors ob-

served. The animals sacrificed at 600 days are not included in the table since there was only one hepato-

cellular neoplasm in the fifty animals examined. This tumor was found in a hepatectomized animal that

was injected with 0.25 ~tCi 144Ce/gm and died at 585 days post-injection.

Table 1

Experimental Design for Determining the Interaction

Between 144Ce-144pr and Partial-Hepatectorny in Producing Liver Tumors

Number Activity

of 144Ce - 144pr Sacrifice
Group Animals ~Ci/gm Surgical Schedule Time*

1 90 0 0

2 60 0 30 animals partial-hepatectomy at 3 months
and 30 animals partial-hepatectomy at 9
months of age

700 days

7 O0 days

3 60 0.036 None 700 days

4 60 0.10 None 700 days

5 40 0.25 None 700 days

6 60 0. 036 Partial-hepatectomy 20 days pre-injection 700 days

7 60 0.05 Partial-hepatectomy 700 days

8 60 0. I0 20 days post-injection 700 days

9 60 0.04 Partial-hepatectomy 700 days

i0 60 0.12 200 days post-injection 700 days

II 40 0.25

The first block of 50 animals was sacrificed at 600 days.
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Figure 1. Cumulative survival of Chinese hamsters after injection with 144Ce-t44pr.

Table 2

The Effect of 144Ce-144pr and Partial-Hepatectomyon the Production of Liver Tumors

in the Chinese Hamster at 700 Days Post-Injection

Dose At
Hepa- Partial- Aberra-

tectomy Number Hepa- Dose At tions/ Liver Tumors
Activity Time Of tectomy Sacrifice Cell Hepato- Fibro-
Injected ( Days Animals ( fads ( rads Sac rific e cellular sarcoma

0.25 + Z00 Z0 8,400 I0, i00 3. I0 6

0.25 -- 23 -- 10,300 3.20 I g

0.05 + Z0 31 380 1,400 0.40 4

0.04 + 200 27 g,000 Z,600 0.80 8
0.036 -- 3Z 2,600 0.80 6

0. 036 - 20 29 2,200 0.68 1

0 + ZOO 13 0 0. 10 0

0 + 20 22 0 O. 10 0

0 -- 40 0 0. 10 0

Total Z37 2:6 2

Hemangio -
sarcoma

The doses recorded in Table 2 at hepatectomy and sacrifice were calculated by measuring the activity/

gm of liver and extrapolating this value back to the day of injection using a pre-determined retention

curve for 144Ce in the liver of the Chinese hamster. 2 This results in an integrated activity per gram.

Using this value and assuming that 60% of the energy released from the beta particle(s) was absorbed 

the liver and that the average energy of the 144Ce-144pr was 1.29 Mev, the dose to the liver of each animal

was calculated. The dose in the tabIe is the average of the individual calculated doses.

In animals injected with 0.25 HCi/gm, the dose calculated at sacrifice may be low since there were many

deaths in this group which may have acted as a selective force against animals with higher body burdens.

Survival was high in all other groups and dose calculations should represent the real dose except for cases

with nodular hyperplasia or tumors. Both hyperplastic and neoplastic conditions dilute the concentration

of 144Ce in the tissue and will make the dose estimated on a per gram basis lower than that received.

The aberration/cell values recorded on Table 2 were calculated using the previously derived slope

of 3.1 x 10-4aberrations/cell/rad 3 times the dose in fads. These data illustrate that at the time of sacrifice
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all of the 144Ce-freated animals had aberration frequencies greater than 0.40 aberrations/cell with the

animals injected with 0.25 ~tCi/gm having more than 3.0 aberrations/cell. In spite of this severe chromo-

some damage, the liver tumor incidence remained relatively low and does not seem to be directly related

to the aberration frequency. The highest tumor frequency occurred in animals which had an aberration

frequency of about 1.0 and an average dose of about 2,600 rads.

Irradiation from 144Ce appears to induce hepatocellular neoplasms as there were 26 tumors in 162

animals injected with 144Ce and there were no liver tumors in the 75 control animals observed to date.

This tumor incidence (16%) in the 144Ce injected animals is lower than observed in mice by Curtis 4 fol-

lowing treatment with CCl4 and 500 fads of x-rays or 250 rads of fission neutrons where he noted that

48% of the animals in either treatment had liver tumors. Those doses were much lower than the I, 400 to

i0,000 fads delivered in the present study. This dose difference may imply that protracted irradiation

is less effective in producing tumors than acute exposures. However a species difference, or a difference

in the method of scoring tumors may also be involved. Furthermore, CCI4 itself may, rather than simply

stimulating cell division, act as a cocarcinogen.

The incidence of hepatocellular neoplasia does not appear to increase as a function of radiation dose.

The animals with the four lower activity levels had tumors in 19 out of 119 animals or 16%. The 53 animals

injected with 0.25 ~tCi/gm had four times the radiation dose but had a tumor incidence of only 13%. In

the hamsters injected with 0.25 ~tCi 144Ce/gm there was a higher hepatocellular tumor incidence in the

partially-hepatectomized animals, 6 tumors in 20 animals, than in those with 144Ce only, 1 tumor in 23

animals. However, the injection of this activity level caused differences in survival time, and partially-

hepatectomized animals had a longer median survival time, 650 days, than those that were injected with

144Ce only, 510 days. Thus, the apparent increase in tumor incidence in the partially-hepateciomized

animals may be related to an interaction of many factors such as cell killing, necrosis, tumor latency peri-

od and survival time and not to partial-hepatectomy alone. The need for a substantial latent period for

tumor induction is supported by examination of the animals with lower levels of injected activity where

the median survival and tumor incidence was about equal for all groups.

In animals injected with 0.05, 0.04 and 0.036 ~tCi 144Ce/gm, there is no increase in tumor incidence

related to partial-hepatectomy. An interesting point in this study is to compare the 0.036 animals that

had a partial-hepatectomy 20 days prior to injection with those that received 144Ce only. The 32 animals

with 144Ce only had 6 hepatoeellular tumors while the 29 animals that combined partial-hepateetomy prior

to injection of 144Ce had only 1 hepatocellular tumor. The stress of the partial-hepatectomy prior to 144Ce

injection thus seems to decrease the tumor incidence produced by the radiation. Because of the small

number of animals scored, the significance of this observation remains to be demonstrated.

As the experiment is completed and evaluated, it will be possible to further define the relationships

which exist among the variables; chromosome aberrations, radiation dose, partlal-hepatectomy and tumor

incidence. To date, results indicate the protracted exposures to 144Ce that produce about 1.0 aberrations/

cell and deliver over 1,400 rads of dose cause an increase in liver tumor frequency over that observed

in the controls with little effect of partial-hepateetomy on the tumor incidence.
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EFFECT OF PULMONARY IRRADIATION FROM INTERNAL EMITTERS

ON THE TRANSFORMATION AND KINETICS OF CANINE LYMPHOCYTES IN VITRO

ABSTRACT
Beagle dogs exposed via inhalation to 144Ce in fused clay

exhibited a profound and persistent lymphopenia and developed

primary pulmonary neoplasms et 2 to 3 years post-exposure.

The functional characteristics of the residual lymphocyte popu-

lations in such dogs were evaluated. Lymphocyte transformation

and the kinetics of the lymphocyte response to plant mitogens
in vitro were studied in 144Ce exposed and control dogs. Normal

Beagle dog lymphocytes responded to both phytohemagglutinin

(PHA ) and pokeweed mitogen (PWM) although the responses

varied quantitatively. Lymphocytes from dogs with radiation-

induced lymphopenia had a reduced ability to respond to both

mitogens when compared with controls. Lymphocyte kinetic

studies indicated that the time prior to initial DNA synthesis

varied between individual cells. The kinetics of lymphocyte

response to PHA and PWM also differed although it varied be-

tween dogs. This was true of lymphocytes from both irradiated

and control animals. The data suggest that two different popu-

lations of canine lymphocytes may be stimulated by PHA and

PWM and that both are affected by chronic irradiation. The

combined effect of the lymphopenia and the functional lymphocyte

depression on the general immune response, coupled with the

direct carcinogenetic effect of chronic pulmonary irradiation,

could lead to early development of pulmonary neoplasms.

INTRODUCTION

PRINCIPAL INVESTIGA TORS

g. A. Benjamin
A. L. Brooks
R. K. Jones

The lymphocyte is extremely sensitive to cell killing from radiation and at high dose rates, radiation

has a definite suppressive effect on both humoral and cellular immunity. 1 Lymphocyte depression has

been observed in Beagle dogs receiving protracted low dose-rate pulmonary irradiation after inhalation

of alpha- and beta-emitting radionuclides.2’3 The chronic pulmonary irradiation in these animals also

resulted in the development of primary pulmonary neoplasms at a time when the lymphopenia was still

manifest. Clinical and experimental studies have shown that both naturally-occurring and induced im-

mune deficiencies are associated with an increased incidence of malignancy .4 The relationship between

the lymphopenia and the pulmonary neoplasms in Beagle dogs is not clear. It is also not known whether

there is a selective effect of irradiation on lymphocyte subpopulations.

Two major functional classes of lymphocytes have been described: those responsible for cell-mediated

immunity (T lymphocytes) and those responsible for humoral immunity (B lymphocytes).5 Functional

differences between T and B iymphocytes are reflected in their responses to stimulatory agents, including

plant mitogens, in vitro.6 Response to phytohemagglutinin (PHA) is a property of T lymphocytes and

the major cell type responding to pokeweed mitogen (PWM) appears to be the B lymphocyte.

The present experiments were designed to evaluate the relative effect of protracted low dose rate pul-

monary beta-radiation on lymphocyte subpopulations as measured by mitogen stimulation. These data

were obtained from studies on Beagle dogs exposed by inhalation to 144Ce in fused clay and which subse-

quently developed persistent lymphopenia.
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METHODS

Exposure, Dosimetry and Clinical Methods:

The 24 Beagle dogs used for this study were selected from a group of 50 which were being used to

study the pathogenesis of the toxic effects of inhalation of 144Ce in fused clay (1971-1972 Annual Report,

LF-45, pp. 209-215). Fourteen of these dogs had received a single, nose-only exposure to 144Ce and

l0 to stable cerium in fused clay, at 12-14 months of age. The breeding and management procedures have

been described 7 and detailed descriptions of the exposure methods and radioactive aerosol preparation

have been reported. 8,9

All dogs were housed individually in metabolism cages after exposure, then transferred to the kennel

where two of the same sex and comparable activity level were housed in each run. Each dog was ob-

served daily and detailed physical examination, EKG recordings and thoracic radiography were performed

every 6 months through one and one-half years post-exposure. Samples for hematology were obtained

weekly for the first 28 days, monthly to 180 days, every 90 days to one year and semi-annually thereafter.

In addition, samples for clinical chemistry were obtained every 6 months.

Lymphocyte Culture Methods:

Dogs were sampled at least twice between 52 and 66 weeks post-exposure. At each sampling, a mini-

mum of 25 ml of peripheral blood was drawn in sterile sodium heparin, and a smaller blood sample was

always drawn concurrently in sodium EDTA for hematological examination. Separation of lymphocytes

was accomplished as previously described (1971-1972 Annual Report, LF-45, pp. 222-225). Total, differ-

ential and viability counts were made on the separated cells. The final culture medium was adjusted with

the separated lymphocyte suspension to contain 0.5 x 106 viable lymphocytes per ml. Cultures were grown

in glass screw-cap culture tubes containing 2 ml of medium. The medium was Eagle’s Minimal Essential

Medium, Spinner Modification (GIBCO) supplemented with 10% inactivated fetal calf serum, 4 [/M L-gluta-

mine/ml, 100 units penicillin G/ml and 100 [/g streptomycin sulfate/ml. The pH was adjusted to 7.2 -+ 1

with sodium bicarbonate. Lymphocyte transformation was measured by uptake of trifiated thymidine (3H-

TdR) into DNA. Three groups of 5 replicate cultures were set up for each animal. These culture groups

were supplemented with 10 I/i/ml of either PHA-m (DIFCO), PWM (GIBCO) or Hank’s balanced salt solution

(HBSS). The stock mitogen waz reconstituted as directed by the manufacturer. These mitogen concentra-

tions had been previously found to give optimal 3H-TdR uptake. Cultures were mixed gently and incubated

horizontally at 37°C in a humidified atmosphere of 5% CO2 and air. After 72 hours of incubation, 2 ~tCi

3H-TdR (Amersham-Searle, 24-29 Ci/mM) was added to each tube. Two different batches of 3H-TdR were

used for the first and second sampling of the dogs. After 24 hours labeling time, a 100-fold excess of

cold thymidine was added to each tube. The tubes were incubated for 10 minutes, then centrifuged at

2000 rpm and the supernatant discarded. The cells were washed 3 times with HBSS and then precipitated

twice with 2 ml cold 2% perchloric acid in isotonic saline. Next, 2 ml of 10% aqueous perchloric acid was

added to the precipitate and this was incubated at 70°C for 30 minutes to hydrolyze the DNA. After centri-

fugatlon, a 1.0 ml aliquot of the supernatant was added to l0 ml of a toluene-based scintillation cocktail

and counted by liquid scintillation. Results were evaluated for quench and, since this was a negligible

factor, they are expressed as the gross counts per minute (CPM) per culture.

Lymphocyte kinetic studies were performed to elucidate the underlying cellular bases for difference

in total DNA synthesis between 144Ce exposed and control dogs. This was accomplished by following the

number of cells labeled with 3H-TdR; hence, in DNA synthesis, between initiation of the cultures and

96 hours. Counts of labeled mitoses were also performed to evaluate cell cycle times in the lymphocytes

from irradiated and control dogs. For these studies, 75 ml blood samples were drawn from 3 control and

2 144Ce exposed dogs. One of the latter dogs was sampled twice. Lymphocytes were separated and cultured

as described above. The cultures for each animal were split into 2 groups and stimulated with either PHA

or PWM. Equal numbers of cultures containing PHA or PWM were then further split into groups for harvest

at 12-hour intervals from 48 to 96 hours. Table 1 shows the harvest groups set up for each dog and Table

2, the experimental design for a representative group harvested at 96 hours. At each labeling time, dupli-
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Table 1

De sign of Lymphocyte Kinetic s Experiment
Groups of Cultures Harvested for Individual Dogs

Harvest Times, Hr.
Treatment 48 60 72 84 96

Dog 1 Control X X

Dog 2 Control X X X X

Dog 3 Control X X X

144Ce -exposed
Dog 4 (first sampling) X X

144Ce -exposed
Dog 4 (second sampling) X X X

Dog 5 144Ce-exposed X X X X

Table 2

Design of Lymphocyte Kinetics Experiment

Representative Example for Cultures Harvested at 96 Hours

Mitogen Hours of Culture
Treatment 24 30 36 42 48 54 60 66 72 78 84 90 92 96

PHA PL PL PL PL PL PL PL PL PL PL PL PL C H

PWM PL PL PL PL PL PL PL PL PL PL PL PL C H

PL =

C = Colchicine treatment}

H = Harvest

Pulse label with 3H-TdR ( 30 minute s 

Entire group of labeled cultures treated at these times

cate or triplicate cultures were pulse-labeled with 3H-TdR for 30 minutes. All the labeled cultures in

a group were treated with 0.4 ~/g/ml colchicine 4 hours before harvesting. Cells were harvested by treat-

ing with 1.1% sodium citrate, fixing with Carnoy’s fixative and preparing chromosome spreads by flaming.

Autoradiographs were prepared using NTB emulsion and exposed for either 2 or 14 days, depending on

the apparent specific activity of the 3H-TdR used. Labeled interphase cells and labeled mitoses were counted.

RESULTS

The range of ILBs in these dogs was from 24 to 41 pCi/kg. The beta dose rate to lung in the 14 144Ce

exposed dogs in this experiment ranged from 110-190 fads/day shortly after exposure, to 11-19 rads/day

at about 500 days post-exposure. Calculated cumulative doses to lung at the time the dogs were sampled

for lymphocyte studies ranged from 21,000 to 36,000 fads. If 6% of the total blood volume is assumed to

be in the lung at any one time, then the blood in these animals would have received a cumulative dose

of from 1260 to 2160 fads by this time.

The results of the hematological findings through 66 weeks post-inhalation exposure (Fig. 1) are based

on the absolute lymphocyte counts which were compared with pre-exposure counts for each dog to derive

a percent of the pre-exposure values. Although control dogs demonstrated some variability and fell some-

what overall, this group did not show a significant deviation from the pre-exposure values. The 144Ce

exposed dogs, however, showed a significant reduction in absolute lymphocyte counts. During the period

of sampling for lymphocyte function testing (52-66 weeks post-exposure), the peripheral lymphocyte counts

in the irradiated dogs were 40% of their pre-exposure values and the difference between the control and

irradiated groups was highly significant.

The responses of lymphocytes from individual dogs to plant mitogens at the first sampling time are

shown in Figure 2. Variation between replicate cultures was considerable in most dogs despite the great

care taken to keep conditions and numbers of cells constant. The use of 5 replicate cultures, however,

tended to minimize the effect of outlying results. There was also considerable variation between dogs

in the level of response to mitogen as well as overlap between the control and 144Ce exposed groups.
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The principal finding, however, was that the dogs exposed to 144Ce tended, as a group, to respond poor-

ly to both PHA and PWM when compared with the controls. At the second sampling time, a new batch of
3H-TdR with an apparently higher specific activity was used. The absolute response per culture was

higher but the same relationship held true. The 144Ce exposed dogs again tended to respond poorly

to both mitogens. Figure 3 graphically presents the data for the first sampling expressed as means for

each treatment in each group. The differences between irradiated and control dogs was significant and

repeatable. The unstimulated cultures which had HBSS added instead of mitogen showed little uptake

of 3H-TdR at 96 hours. There was no significant difference between the uptake in these cultures in control

and 144Ce exposed groups. Uptake in individual cultures ranged from 100 to 600 CPM. The means in

the control and irradiated groups were 300 and 320 CPM, respecfively, at the first sampling.

Studies of the kinetics of lymphocyte culture growth in response to plant mitogens suggested that

there were differences between response to the two mitogens as well as between control and irradiated

dogs. Culture growth in response to the two mitogens differed within individual dogs although this did

vary from dog to dog (Fig. 4). The kinetics of culture growth in control and 144Ce exposed dogs also

appeared to be different. The control dogs as a group tended to have a higher labeling index than the

irradiated animals. However, since there was considerable variation in absolute response (DNA synthesis)

at 96 hours between dogs as well as considerable overlap between the control and 144Ce exposed groups,

these data need further confirmation. Estimation of the number of cells remaining in the cultures from

both groups of dogs suggested that the irradiated dogs appeared to have fewer lymphocytes remaining

near harvest times (72-96 hours).

Despite differences in the kinetics of the lymphocyte culture growth, studies on the cell cycle of the

lymphocytes from these cultures revealed no variations in lymphocyte cell cycle between any of the groups.

A few cells (less than 0.1%) were in DNA synthesis (S phase) as early as 16 hours after culture initiation.

Significant numbers of cells synthesizing DNA were not found until after 24 hours of culture. Figure 5

illustrates several aspects of the early portion of the cell cycle of canine lymphocytes. The cell cycle

curve shown is based on the first major wave of mitoses occurring 48 hours after mitogen stimulation.

This is a generalized curve drawn from data on control and irradiated animals as well as from PHA and

PWM stimulated cultures. There was no apparent difference in the cell cycle due to either the radiation

exposure or the use ef different mitogens. A similar curve generated for the population of lymphocytes

in mitosis at 60 hours revealed no significant differences between the cell cycle times for 48 and 60-hour
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plant mito~s in vitro following inflation ex-
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Figure 4. Differential lymphocyte growth in
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Figure 5. Cell cycle of canine lymphocytes
after in vitro stimulation with plant mitogens.

harvests. The 48-hour cultures, however, had less than half the mitotic index seen in cells cultured for

60 hours, 0.22~ and 0.52% respectively.

DISCUSSION

All of the dogs exposed to the 144Ce fused clay showed some degree of lymphocyte depression and

as a group the absolute lymphocyte counts were reduced to 40% of the pre-exposure values. This lympho-

penia is probably due to the protracted low dose rate irradiation of lymphocytes as they circulate through

the lung. Similar results can be produced in humans by extracorporeal irradiation of blood and, although

there have been conflicting data reported concerning the ability of remaining lymphocytes to respond to

PHA in these patients, their immune responses do appear to be depressed. 10 Furthermore, prolonged

beta-irradiation of canine blood, accomplished by using intravascular implants of 90y or 90Sr, 11 also

produced persistent lymphopenia and the animals had decreased immune responses. The hypothesis that

PHA is a T cell stimulant and that the majority of the cells stimulated by PWM are B cells is based on studies

in other species. If this is true in the dog, it would appear that both cell types are equally affected by

chronic irradiation. The differential kinetic response of canine lymphocytes to PHA and PWM also suggests

that two distinct lymphocyte subpopulations were stimulated, although a less likely possibility is that

a single population responded differently to the two mitogens.
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Lymphocyte kinetic studies were performed in order to evaluate the cellular basis for the decreased

transformation in our dogs. There were no differences in the cell cycle curves between cultures from

control and irradiated dogs in our studies and mitotic indices were also similar. This suggests little change

in the early cell cycle parameters (G0, G1 and S) for the lymphocytes that were capable of responding

to the mitogens. The suggestion that there was a lower labeling index in the irradiated dog cultures,

as compared to controls, however, could indicate that some of the lymphocytes were not capable of entering

S. The reasons for the decrease in lymphocyte transformation remain unclear. The data presented here

suggest that two factors, decreased labeling index and decreased lymphocyte viability, may contribute

to the depression of in vitro DNA synthesis in 144Ce exposed dogs. Two major possibilities exist as to

the mechanisms responsible for the differences in lymphocyte function. First, it could be the result of

accumulation of extensive damage in circulating lymphocytes over a long period of time. Since most of

these lymphocytes are irradiated in GO they might not express the damage until they were stimulated to

undergo division either in vivo or in vitro. Second, there could be an overall change in the residual

lymphocyte population in these dogs from irradiation-induced cell killing over a long period of time.

Thus, such animals might be depleted of the lymphocyte subpopulations which can respond to mitogenic

stimulus.

In summary, the dogs in this study which were exposed by inhalation to 144Ce fused clay developed

a severe and persistent lymphopenia. The lymphocytes remaining in these animals at 1 year post-expo-

sure showed an impaired ability to respond Co plant mitogens in vitro. Comparable dogs exposed to 144Ce

fused clay at similar activity levels for other studies have developed primary pulmonary neoplasms, mainly

hemangiosarcomas, at 2 to 3 years post-exposure. The combined effect of the lymphopenia and the func-

tional depression of the remaining lymphocytes is likely to produce some level of immune suppression.

The combination of the direct carcinogenetic effect of radiation on the lung and immune suppression could

well be related to early development of pulmonary neoplasms.
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SECTION V

THERAPY FOR INHALED RADIONUCLIDES

BRONCHOPULMONARY LAVAGE AND DTPA TREATMENT FOR THE REMOVAL

OF INH.AT,Rr) 239pu AEROSOLS OF VARIED SOLUBILITY IN BEAGLE DOGS

ABSTRACT

This work was initiated to determine the efficacy of

bronchopulmonary lavage and chelation therapy for
removing 239pu following inhalation of 239pu aerosols

of differing in vivo solubility character in Beagle dogs.

The four aerosols used were nebulized from a solution

239puCI4 and heat treated at temperatures of 325,of

600, 900 and 1150°C. Six Beagle dogs were exposed

to each of the four temperature aerosols and subse-

quently 3 dogs in each group were treated by lavage

and intravenous DTPA and 3 dogs served as controls.

The treated animals received 10 unilateral bronchopul-

monary lavages during the period 2-49 days post-expo-

sure and 18 intravenous injections of the chelating

agent diethylenetriaminepentaacetic acid (DTPA ) over

the experimental period of 56 days. Complete results
are available for tissue distribution of 239pu on all

dogs in the study and complete excreta results are

available for one treated and one control dog exposed

to aerosols treated at 325 and 1150OC. Bronchopulmonary

lavage removed 37 and 54% of the initial lung burden
of 239pu for the 325 and 1150OC treated aerosols, respect

tively. Urinary excretion of 239pu was increased by

DTPA therapy at both aerosol treatment temperatures.

Deposition of 239pu in liver and bone following solubili-

zation in the lung was significantly depressed by DTPA

therapy in the dog exposed to the 32~ aerosol; at an

aerosol treatment of 7150° only minute quantities of

239pu were solubilized in the lung and hence the effect

of DTPA therapy on deposition in liver and bone was

difficult to assess.

PRINCIPAL INVESTIGATORS

B. A. Muggenburg
J. J. Miglio
J. A. Mewhinney
D. O. Slauson
R. O. McClellan

INTRODUCTION

The deposition, translocation and removal of radioactive material from the body is dependent upon

many complex factors among which are the route of entry and the chemical form of the material. Inhalation

is one of the major potential routes of entry. Translocation of radioactive material from the lung to other

organs is dependent upon the solubility characteristics of the inhaled particles. Relatively insoluble mate-

rials are very slowly translocated to other organs making chelation therapy difficult and removal by this

form of therapy is generally unsuccessful, i, 2 Relatively soluble material deposited in the lung is rapidly

translocated to other organs and can be effectively removed from the body by chelation therapy.
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Bronchopulmonary lavage has been shown to be an effective method to remove both relatively solu-
5ble 3’4 and insoluble radioactive material from the lung (this report, pp. 2 67 to274). In an accidental

inhalation exposure, the choice of treatment may depend on the knowledge of the chemical form of the aero-

sol as well as many other factors. At times, air sampling devices may provide aerosol samples on filters

which could be used to determine the in vitro solubility of the exposure aerosol.

This study was performed to evaluate: (I) the "in vitro" and "in vivo" solubility of 259pu aerosols

generated at several temperatures; (2) the effectiveness of bronchopulmonary lavage in the removal 

these particles from the deep lung; and (3) the effectiveness of intravenous chelation therapy in the re-

moval of 239pu in various solubility states from the body of Beagle dogs.

MATERIAL AND METHODS

The study was conducted using 24 Beagle dogs (12 males and 12 females) ranging from 29 to 34 months

in age at the time of inhalation exposure. The dogs were judged to be free of significant abnormalities

by physical examination as well as by thoracic radiographs, hematology, and clinical chemistry studies

of venous blood. The dogs were divided randomly into 4 groups of 6 dog each. Each group was sub-di-

vided into 2 equal groups; one sub-group was treated with bronchopulmonary lavage and intravenous

chelating therapy and the other was an untreated control group.

Food was withheld on the day of exposure until after exposure. Pro-exposure sedation consisted of

60 mg phenobarbital given orally 2.5 hours and O. 25 ml triflupromazine/kg body weight given 0.75 hours

before exposure. The exposure took place in an apparatus designed to permit "nose-only" inhalation ex-

posure and the dog’s respiratory pattern was measured by whole-body plethysmography during the expo-

sure period.6 Procedures for the preparation, generation and characterization of the exposure aerosol

reported previously. 7 The aerosol was nebulized from a solution of 239puCI 4 and then passedhave been

through 2 heat columns. The first heat column was maintained at 325°C for all exposures. The second

heat column was set at a different temperature for each group of dogs exposed; Group I, 3250; Group 2,

6000; Group 3, 900°; and Group 4, I150°C (Table i) . The resulting aerosols were log normally distributed

with a mean activity median aerodynamic diameter (AMAD) of 1.9 I/m with a o from 1.6. Particle density
g

was estimated from cascade impactor data with a mean of 4.8. There were no significant differences in

particle size, size distribution, or particle density among the four heat treatments. The duration of expo-

sure was determined by the respiratory pattern and aerosol concentration.

The dogs were housed individually in metabolism cages for 2 weeks before exposure for cage acclima-

tion and pro-exposure sampling. Each dog was returned to its cage after inhalation exposure and remained

there for 56 days at which time it was sacrificed. Daily urine and fecal collections were made on each

dog.

The bonchopulmonary lavage procedure used was described by Kylstra et al, 8 and modified for use

in the Beagle dog. This procedure was performed on the right lung on days 2, 7, 14, 28 and 42 post-expo-

sure and on the left lung on days 2, 10, 21, 35 and 49 post-exposure. An additional treatment of 18 intra-

venous injections of 100 mg of diethylenetriaminepentaacetic acid (DTPA) as the calcium salt were given

in a volume of 1.2 ml of isotonic saline on days I, 2, 3, 4, 7, 10, 14, 17, 21, 24, 28, 31, 35, 38, 42, 45,

49 and 51 post-exposure.

A 60 ml aliquot (10 ml/liter) of the recovered lavage fluid from each lavage was removed and cell

counts performed. A cytocentrifuge specimen was prepared, slides were stained with May-Grunwald

Giemsa and differential cell counts performed.

The clogs were sacrificed at 56 days post-exposure by intravenous injection of sodium pentobarbital

and exsanguination by cardiac puncture. After sacrifice, a complete necropsy was performed. Selected

tissue samples were taken for histologic examination.

All dog tissues, lavage fluids, urine and feces were analyzed for 239pu activity by standard radio-

chemical methods. Samples were counted by liquid scintillation.

The "back-up ’I filter from each dog exposure was placed in a single parallel flow filter holder to eval-

uate the in vitro solubility. A serum simulant solution was used as an eluent and flowed at a rate of l



ml/min (1971-1972 Annual Report, LF-45, pp. 29-35). The eluent was collected daily for 56 days and

analyzed for 239pu activity by liquid scintillation.

RESULTS

The aerosols resulting from the four different temperature treatments were approximately of the same

aerodynamic size. The initial lung burden (ILB) was calculated for 4 of the 24 dogs for which complete

excreta data are available. The excreta for the remaining 20 dogs have not yet been radioanalyzed. The

ILBs for these 4 dogs varied from 572 to 1847 nCi (Table 2). The variation is due to the differences 

breathing patterns during exposure and upper respiratory tract clearance among the dogs. The ILB was

calculated by summing the sacrifice body burden (SBB), urine activity, fecal activity (days 8-56 post-

exposure) and the recovered lavage fluid activity in the treated dogs. From the fecal excretion curves,

days 1-7 post-exposure were considered upper respiratory tract clearance through the gastrointestinal

tract and were omitted from the 1LB.

The sacrifice tissue activity for various tissues is listed in Table I. The greatest activity was re-

tained in the lung for all 4 aerosols. Significant translocafion to liver and skeleton had occurred by 56

days post-exposure only for the 325°C aerosol group of dogs. The greatest translocation occurred to skele-

ton, 10.9% (mean of 3 dogs) of the SBB. Transfer to liver was 8.4% of the SBB, which is not significantly

different from skeleton. Some transfer to the tracheobronchial lymph nodes (TBLN) occurred. Only traces

of activity were found in the gall bladder and bile. Translocations to liver and skeleton were signifi-

cantly less with the 600° aerosol, 1.7 and 2.9%, respectively. Less than 2~ of the 239pu SBB was trans-

located to tissues from the lung with the 900 and I150°C aerosols.

The tissue distribution of 239pu activity in the treated dogs that inhaled the 325° aerosol was different

from the control dogs. Only 0.7 and 3.6% of the SBB was found in liver and skeleton, respectively (Table

i). The dogs which inhaled the 600° aerosol had only a slight reduction in the amount of activity in the

liver and skeleton from the control dogs and no significant difference was apparent in the tissue distribu-

tion of 239pu activity between the treated and untreated dogs which inhaled the 900 and I150°C aerosols.

Complete analysis of the recovered lavage fluid has been completed for 2 treated dogs (Table 2).

One dog (515B) inhaled the 325° aerosol and 36.8% of the ILB was removed in 10 lavages. The other dog

(513A) inhaled the 1150° aerosol and 53.5~ of the ILB was removed in I0 lavages. Treatment with DTPA

resulted in a urinary excretion of 4.5% of the ILB for each of these treated dogs. These were increases

of 2.4 and 11.2 times for the 325 and I]50°C aerosols, respectively.

Fecal excretion was about 3 times greater for the untreated than for the treated dog for the 325aC

aerosol (Table 2). The treated dog excreted twice as much 239pu in the feces as did the untreated dog

for the I150°C aerosol.

There was a tenfold increase in the number of neutrophils recovered in the lavage fluid from the

second lavage performed on each lung at days 7 and I0 post-exposure. No significant alterations in the

total number of cells recovered per lavage or in the total number of macrophages recovered per lavage

were observed between the various plutonium aerosols.

Complete necropsy examinations were performed on all dogs and no gross pathologic changes were

detected. Histopathologic study revealed lesions of focal pneumonifis in many of the un~ceated dogs

(those not subjected to bronchopulmonary lavage therapy after exposure). These lesions consisted 

focal accumulations of alveolar macrophages and small lymphocytes, fibrous thickening of alveolar septa,

and moderate accumulations of fibrocellular debris in alveolar spaces. These focal lesions were associ-

ated with alpha particle deposition as revealed by autoradiography (Fig. 1), No histopathologic abnormal-

ities were detected in any of the treated dogs. Autoradiographlc studies of lung and tracheobronshial

lymph nodes revealed a definite qualitative decrease in detectable particles in the lungs of the treatment

group. Similar differences were detectable in the tracheobronchial lymph nodes. Autoradiographic study

of cytocentrifuge preparations made from bronchopulmonary lavage fluids indicated that large amounts

of radioactive material was removed by the lavage procedure (Fig. 2).
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Table 1

Sacrifice Body Burden (SBB) of 239pu in Treated and Untreated

Beagle Dogs 56 Days Post-Exposure

Dog Aerosol SBB % SBB
Number Group Temp. Treated nci Lung Liver Skeleton TBLN Other

515B la 325 Yes 784 97.8 0.53 1.27 -- 0.39

506U la 325 Yes 230 93.3 0.34 3.59 1.93 0.79

508A la 325 Yes 374 91.8 1.24 6.10 -- 0.82

X 94.3 0.70 3.65 0.64 0.66

498S lb 325 No 789 74.1 12.49 12.10 0.35 0.93

517B lb 325 No 926 85.6 4.89 7.67 1.36 0.43

506V lb 325 No 761 77.9 7.73 13.09 0.31 0.92

79.2 8.37 10.95 1.0 0.76

511A 2a 600 Yes 265 98.4 0.02 0.38 1.0 0.13

517A 2a 600 Yes 73 91.0 0.08 6.85 1.36 0.70

506T 2a 600 Yes 487 95.3 0.44 1.22 0.31 0.28

94.9 0.18 2.81 1.68 0.37

503U 2b 600 No 382 97.0 0.06 1.91 0.89 0.15

523A 2b 600 No 1281 93.7 2.07 2.94 0.97 0.33

508S 2b 600 No 663 91.7 3.04 3.80 0.90 0.50

X 94.1 1.72 2.88 0.92 0.32

516A 3a 900 Yes 199 96.3 0.03 1.22 1.66 0.78

506S 3a 900 Yes 467 99.0 0.01 0.07 0.62 0.23

504T 3a 900 Yes 157 99.0 0.02 0.37 0. 15 0.44

X 98.1 0.02 0.55 0.81 0.48

506A 3b 900 No 945 98.9 0. ii 0.34 0.44 0.23

524A 3b 900 No 446 99.3 0.07 0.31 0.13 0.14

511S 3b 900 No 658 98.7 0.05 0.15 1.00 0.04

99.0 0.07 0.26 0.52 0.13

513A 4a 1150 Yes 185 97.0 -- 1.25 0.89 0.23

494A 4a 1150 Yes 108 98.5 0.02 0.52 0.56 0.36

504S 4a 1150 Yes 301 98.2 0.03 0.22 1.32 0.20

98.1 0.02 0.66 0.92 0.26

516C 4b 1150 No 987 98.8 -- 0.59 0.48 0.10

518A 4b 1150 No 1787 98.2 0.03 0.08 1.31 0.32

5 12S 4b 1150 No 1227 99. 1 0.02 0. iI -- 0.80

98.7 O. 02 O. 26 O. 59 O. 40

2Table

Plufonlum-239 in Lavage Fluid, Excreta and Tissues of Beagle Dogs After Inhalation

and Treated by Bronchopulrnonary Lavage and Intravenous DTPA

% ILB

of 239puCI4

Aerosol ILB
Do~ No. Temp. nCi Lung Liver Skeleton TBLN Other Urine Feces Lava~e

517B** 325 1080 73 4.2 6.6 1.2 0.4 1.9 24.9 ....

515B 325 1496 51 0.3 0.7 --- 0.2 4.5 7.4 36.8

518A** 1150 i850 95 0.03 0. i 1.3 0.3 0.4 4.6 ....

513A 1150 572 32 .... 0.4 0.3 0. I 4.5 10.4 53.5

** Untreated control dogs* Diethylenetriaminepentaacetic acid
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Figure i. Section of lung from exposed Figure 2. Autoradiograph of lavage cells
untreated dog showing focal pneumonitis showing abundant alpha particles removed
associated with alpha particle deposition, from the lung by lavage therapy.
(Autoradiograph H&E stain, X 140.) (Giernsa stain, X 320)

DISCUSSION

The aerosols of 239pu were generated at 4 different temperatures in an attempt to produce particles

with a continium of solubilities. From the aerosol sampling data, the particles in all of the aerosols ap-

peared to have similar aerodynamic characteristics. An attempt was made to expose each dog to an equal

ILB of about 1.0 [/Gi of 239pu. From the sacrifice body burden data, it appears that, with some variability,

this goal was approximately achieved. Although the in vitro solubility studies are not yet complete, some

general conclusions concerning the in vivo solubility of the aerosol can be obtained from the tissue distri-

bution of plutonium at sacrifice. Using the data from the 3 control dogs in each group (Table 1), signifi-

cant translocation of 239pu to liver and bone occurred with the 3Z5° aerosol, a slight translocation occurred

with the 600° aerosol and very little occurred with the 2 higher temperature aerosols, suggesting that

aerosols at these temperatures are relatively insoluble. These data also indicate that none of the aerosols

used were highly soluble in the lung. Transloeation to the TBLNs was about 1% of the SBB with all the

aerosols, indicating that this process was not highly dependent on solubility.

Fecal excretion of 239pu was a major route of clearance of 239pu from the body and probably repre-

sented clearance of the lung via the mucocilliary system of the airways followed by swallowing of the

cleared material. Urinary excretion was a less important clearance route representing less than 5% of

the ILB. Treatment with DTPA did increase the urinary excretion of 239pu activity but only doubled the

output in the 325° aerosol dog. The excretion of 239pu was increased 11 times for 1150° aerosol dog

which cannot be explained on the basis of the data available.

Treatment with 10 bronchopulmonary lavages, 5 of each lung, removed a significant percentage of

the ILB in the 2 dogs for which data are available. A larger amount of 239pu activity was removed from

the lungs of the high temperature aerosol dog; however, based on previous studies, the variability of

the amount of radioactivity removed by multiple lavages could account for the difference in the 2 dogs.

The largest amount of the activity removed by the lavage procedure was in the 2 lavages performed on

day 2 post-exposure.
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The l0 brenchopulmonary lavages of the lungs did not alter the distribution of 239pu activity in any

of the lung lobes (Table 3) as compared to the untreated animals. This is an important consideration 

it indicates all lobes were washed in the procedures and that material in one lobe was not transferred to

another lobe.

Table 3

Distribution of 239pu in Various Lung Lobes of Beagle Dogs as a Percentage

of the Sacrifice Lung Burden

Right Lung Left Lung
Apical Cardiac Diaph. Into rrned. Ap. Card. Diaph.

Treated" 19.0 9.0 Z5.0 8.5 17.7 20.8

Controls" 20.7 10.4 21.3 8.0 18.6 21.0

~:-"Mean of iZ dogs

In conclusion, there appears to be an increasing relative insolubility of the 239pu particles with the

increase in the production temperature of the aerosols from 325°C to ll50°C. Translocation of 239pu for

the lower temperature aerosols was from the lung to skeleton and liver and to the tracheobronchial lymph

nodes. Treatment with DTPA significantly reduced the amount of material that was translocated to other

organs, presumably by removal through urinary excretions. A significant portion of the activity in the

lung was removed by I0 bronchopulmonary lavages.
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THE REMOVAL OF INHALED 144Ce IN FUSED CLAY FROM BEAGLE DOGS

BY BRONCHOPULMONARY LAVAGE INITIATED AT VARIOUS

TIME INTERVALS POST-EXPOSURE

ABSTRACT

This study was performed to determine the effect of time

after a single inhalation exposure to radiocerium on the

efficacy of bronchopulmonary lavage to remove relatively

insoluble radioactive particles from the lung. Twenty-

seven Beagle dogs were exposed to aerosols of 144Ce

fused clay and obtained initial lung burdens ranging

from 45 to 72 liCi/kg. One dog had a lung burden of

22 pCi/kg. The dogs were divided into eight groups

of three dogs per group and each group was given e single

bronchopulmonary lavage of the right lung at one of the

following times post-exposure; 2 hours, 2, 4, 7, 14,
PRINCIPAL INVESTIGATORS

28, 56 and 128 days post-exposure, respectively. Median
Sharon A. Felicetti

percentages of the initial lung burden recovered in the S. A. Silbaugh
fluid of the last 7 lavages were; 12.9, 10. 9, 10. 1, 12. O, B. A. Muggenburg

5.6, 8.0 and 5.5%, respectively. Lavage was followed

by sacrifice and complete dissection. The remaining

3 dogs will be lavaged et 196 days post-exposure. In

dogs sacrificed at 56 and 128 days and scheduled for
sacrifice et 196 days post-exposure, 144Ce was eliminated

with e mean effective half-life of 161 days. The results

indicate that a sizeable percentage of the insoluble particles

in the lung remain accessible to removal by bronchoput-

monary lavage at periods exceeding 128 days post-expo-

sure. However, increasing trenslocation from the lungs

to other tissues occurs with time. Also, the total radiation

dose delivered to lung prior to lavage becomes so large

at longer times post-exposure that removal of material

from the lung has little effect in reducing total cumulative

dose to tissues.

INTRODUCTION

Previous studies have concerned the use of hronchopulrnonary lavage to removed inhaled 144Ce

clay particles from the lungs of Beagle dogsI (and this report, pp.267-274) . In these studies, each dog

received a series of lavages and the fraction of the lung burden removed by lavage decreased with in-

creasing time post-exposure. The reduced recovery with time and number of lavages performed may have

been due to the reduction in the lung burden by previous Iavages or to biological processes which fixed

the radioactive particles in lung tissue with time. In the event of an accidental inhalation exposure, the

time interval between the accident and the initiation of treatment may vary depending on the conditions of

the accident. It is therefore critical to determine the effectiveness of treatment initiated at various times

post-exposure.

This study was performed to determine the efficacy of bronchopulmonary lavage for the removal

of a relatively insoluble radionuclide at different times following inhalation exposure.
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MATERIALS AND METHODS

Twenty-seven Beagle dogs of both sexes, from 2.8 to 4.2 years old, were selected for this study.

The dogs were determined to be free of apparent abnormalities by complete physical examinations, thora-

cic radiographs, and hematology and serum chemistry studies of the venous blood. Two weeks prior

to exposure, the dogs were moved from kennel runs to metabolism cages for a period of acclimation.

Following exposure, they were returned to these cages until sacrifice. After 60 days post-exposure,

surviving dogs were returned to the kennel facilities.

Dogs were fasted for 24 hours prior to exposure. At 2.5 hours prior to exposure they were given

60 mg phenobarbital orally, and at 0.75 hours before exposure, 0.55 mg triflupromazine/ kg body weight

was administered intravenously. They were exposed in specially designed exposure chambers which

allowed monitoring of respiration by whole-body plethysmography. 3 When activity levels in the thorax

reached approximately 45 ~Ci/kg as determined with a collimated NaI (T1) scintination detector, expo-

sure was terminated. Exposure times ranged from 16.9 to 88 minutes.

Immediately following exposure, all dogs were whole-body counted, on a 10 x 10 cm NaI (T1) detec-

tor, and scanned on a longitudinal whole-body scanner incorporating two 7.6 x 20 cm NaI (T1) crystals.

Whole-body counting and scanning was done periodically, including a final count and scan immediately

prior to lavage.

Lavage was performed as described by Kylstra et al. 2 and modified for use on the Beagle dog.1 The

volume of isotonic saline used was 6 liters. No lavage fluid was analyzed for radioactive content on a

system which rotated the l-liter bottles in front of a 7.6 x 20 cm NaI (T1) counter for gamma counting.

Immediately after lavage, dogs were sacrificed by exsanguination via heart puncture under sodium pento-

barbital anesthesia. Sacrifice was followed by complete dissection. All tissues were gamma counted

on deep-well liquid scintillation counters.

RESULTS

Previous studies in this laboratory, in which dogs were exposed to 144Ce clay aerosols and sacrificed

at various times post-exposure, have established that the initial lung burden of inhaled 144Ce clay is

related to the integrated counts of the lung area of the day 2 longitudinal scan by a constant of 1.01 x

104 DBM count. These dogs received ILBs of 237 to 780 ~Ci~ as calculated from the day 2 longitudinal

scan (Table 1). The initial lung burdens were determined by a second method for the dogs which sur-

vived long enough to establish long-term component to the semi-log plot of whole-body activity versus

time post-exposure. The long-term component was extrapolated back to 0 time to give the initial lung

burden. Values yielded by the two methods were in close agreement.

The percentage of total initial lung burden removed by lavage of the right lung is listed for all dogs

in Table 2. Lavase fluid counts were corrected for physical decay. Values for 2 hours post-exposure

lavage were not included because initial lung burdens were unattainabIe for these dogs. The mean re-

covery of the initial lung burden was highest with lavages performed at 2 days post-exposure. However,

no real decrease in recovery was observed until the lavage at day 28 post-exposure. Three dogs remain

to be lavaged before January 1, 1974 at 196 days post-exposure.

Table 3 lists the percent of the rightlung burden at the time of lavage whic~ was recovered in the

lavage fluid for all dogs. Values for the right lung burdens prior to lavage were obtained by adding

the right lung burden at sacrifice and the activity recovered in the lavage fluid. The greatest recovery

occurred at 2 hours post-exposure when a mean of 46% of the right lung burden was recovered in the

lavage fluid.

Table 4 gives distribution of the total lung burden prior to lavage between lungs and other tissues

at the different sacrifice times. GI tract, pelt and nares activity was not included. The material which

was removed by lavage was added to the sacrifice lung burden. From 2 hours to 56 days post-exposure,

at least 95% of the total body burden was located in the lung. By 128 days post-exposure, lung burdens

had decreased to a mean of 87~0 of the total body burden as a result of translocation to other tissues,

primarily liver, skeleton and tracheobronchial lymph nodes.
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Table i

Experimental Design
Lavage and

Dog Sacrifice Time

Number Sex Wt. (kg) ILB (~Gi) ILB/k~ (days/

477C M 9.95 ’:’ $ 0

479V F i0.0 ~-" ~:’ 0

508C M I0. 1 -’~ ;:~ 0

459S F 8.75 45Z 5 1.6 Z

501A M 13.Z 780 59.1 Z

498T F 8.45 455 53.8 2

493T F 9.65 691 71.6 4

503T F 7.75 418 53.9 4

504,% M i0.65 Z37 ZE. 2 4

501S F 9.35 590 63. 1 7

511C M 11.25 639 56.8 7

515D M i0.75 639 59.4 7

513D M 12. i0 545 45.0 14

495T F 8.6 515 60.0 14

499S F 8.25 651 78.9 14

505D M I0.0 550 55.0 28

499T F 8. i0 4Z9 53.0 Z8

493A M li. 75 679 57.8 28

499T F 9. 15 503 55.0 56

493A M 9.04 390 43. 1 56

462T F 1 i. 90 720 60.5 56

496S F 9.5 622 65.5 Ig8

360B IV£ 8.5 43Z 50.8 128

500U F 8.45 437 5 i. 7 128

498U F 8.35 287 34.4 196

494C M 9. I0 565 62.0 196

50ZB M 8.70 46Z 53. 1 196

~ Not obtained

Table Z
Percentage Total Initial Lung Burden Recovered in the Lavage

Fluid with a Single Lavage of the Right Lung at Various Times After

Inhalation of 144Ce-Clay in Beagle Dogs

Dog .,. Time Post-Exposure (Days 

Number" 2 4 7 14 28 56 128

1 17.5 8.6 7.4 18.6 6.1 8.7 5.4

g 10.4 ig.2 12.6 9.8 3.6 5.4 6.6

3 10.8 IZ.0 10.4 7.7 7.0 9.9 4.5

IZ.9 10.9 I0. I IZ.0 5.6 8.0 5.5

Three dogs were lavaged at each time period.

Table 3

Percentage of Activity Removed by a Single Lavage of the Right Lung

at Various Times After Inhalation of 144Ce-Clay in Beagle Dogs

Time Post-Exposure
Dog .,. Days

Number" g hrs. Z 4 7 14 28 56 128

1 49. Z 38. Z 20. 1 17.7 39.8 13. Z 18.0 14.4

2 51.8 21. i 24.9 23.9 20.3 7.6 14.1 17.6

3 37.0 Z0.4 24.7 19.4 14.3 15.9 2Z. 5 12.0

46.0 Z6.6 23.Z Z0.3 24.8 ig.g 18.g 14.4

,~,~Three dogs were lavaged at each time period.

263



Table 4

Distribution of Activity Between Lungs and Other Tissues at Various Times

Following In_halation of 144Ce-Clay in Beagle Dogs.

Means of Three Dogs for Each Sacrifice Time are Given.

% Of Total Bod~/ Burden;~

Trachea
Time and T r ache obr onchial

Post-Exposure Lun~ Larynx Turbinates Liver L.N. Others~;’"

2 hr. 95.00 0.77 0.24 .... 3.56

2 days 96. I0 0.47 0.41 0.08 0.08 2.85

4 days 96.20 0.38 0.52 0. 17 0.08 2.69

7 days 98.20 0.31 0. i0 0.26 0.10 1.00

14 days 97.00 0. 18 0.24 i. 50 0.20 i. 56

Z8 days 95.80 0.28 0.29 i. 12 0.28 2.29

56 days 93.60 0.51 0.70 2. 19 0.51 1.90

128 days 87.20 i. 42 0.24 5.30 I. 42 3.41

* All dogs were lavaged before sacrifice. Activity recovered in the lavage fluid was added
to lung activity, so data represent o.ctivity distribution prior to lavage.

-:=%"Activity in GI tract, pelt and nares were not included.

DISCUSSION

In previous studies I and this report (see pp .267 -274). dogs were given a series of lavages begin-

ning with a lavage at 2 days post-exposure and continuing for i0 or 20 lavages. The percentage of

the initial lung burden of 144Ce removed by lavage was much higher in the first lavage than in succes-

sive lavages. In dogs that received a single lavage at various times post-exposure, some decrease occur-

red in the fraction of the initial lung burden of 144Ce removed by lavage with increasing time intervals

between exposure and lavage. This decrease was much smaller than in dogs which received more than

one lavage. Thus, with multiple lavages, a smaller fraction of the initial lung burden was removed

by lavages at later times post-exposure because part of the material was removed by previous lavages.

In this study, in which dogs received a single lavage at various times post-exposure, there was some

decrease after two weeks following exposure in the percentage of the lung burden removed by lavage.

About 25% of the right lung burden was removed by lavages within the first two weeks compared to 12

to 15% removed by the lavages at 28, 56 or 128 days post-exposure. This decrease could reflect a de-

veloping "sequestering" in the lungs of the 144Ce, rendering it inaccessible to removal by lavage.

Figure 1 graphically compares the recovery of the ILB with lavage at various times post-exposure
1

in these dogs, each of which received a single lavage, to dogs which received multiple lavages (and

this report, pp.2 67-274). The dogs from the other studies received the first lavage of the right lung

at 2 days post-exposure. Mean recoveries of the total initial lung burdens were 16 and 7.4%, respectively,

as compared with 12.9% reported here. In dogs which received multiple lavages, the percentage recovery

of the initial lung burden decreased quite rapidly with time. By 56 days post-exposure, only 1 to 3%

of the total initial lung burden was recovered by lavage from dogs in either of the previous studies.

This may be compared to a mean of 8.0% of the total initial lung burden recovered at 56 days post-exposure

from dogs which received no previous lavage.

Some decrease in the initial lung burden of deposited radioactivity occurs with time as a result

of gradual elimination by physiological processes, Thus, a smaller fraction of the initial lung burden

would be removed by lavage even if the percentage of the existing lung burden which was recovered

in the lavage fluid remained the same. However, percentage recovery of daily lung burden decreased

more rapidly with time for dogs that had received previous lavages than for dogs which had not. By

56 days post-exposure, means of 4.4 and 1.9% of the total daily lung burden were recovered from dogs

264



I I I I I
i I
[ Z~-Means for 8 dogs lavaged I0 times in 56days J

I o- Means for 4 dogs lavaged 20 times in 84 days I
J D-Means for 24 groups of 3 dogs per group given ]
1 a single lavoge at one of the indicaled times I
L posl-exposure J

0

0

o o
Z~O O

O0
00

0 00
0

~0 0
0 0

0 I i i Blo I I
0 40 120 140

DAYS POST-EXPOSURE

Figure 1. Comparison of percentage total initial lung burden removed by unilateral
lavage in three studies in which dogs inhaled aerosols of 144Ce clay.

which had received 9 and 16 (this report, pp. Z67-274) previous lavages, respectively. From dogs

which had received no previous lavages, a mean of I0.9% was recovered at 56 days post-exposure.

The effect of delaying bronchopulmonary lavage on its effectiveness in removing inhaled relatively

insoluble radionuclides from the lungs is very important from a therapeutic standpoint. It is conceivable

that the question of whether or not to perform a lavage could arise at considerable times after the exposure

of the individual. Relatively insoluble materials such as the 144Ce clay aerosol used in this study are

retained in the lung with a long biological half-life. Accordingly, in this study at least 95% of the total

body burden, GI tract and pelt excluded, was found in the lungs until after the 56-day sacrifice. However,

by 128 days post-exposure, a mean of 11% of the total body burden had been translocated to extra-lung

tissues. The translocated material would, of course, no longer be accessible for removal by lavage.

Significant portions of the lung burden can be removed by lavage even at periods up to 4 months

after exposure. A mean of about 15% of the right lung burden at the time of lavage was removed from

dogs receiving a single lavage of the right lung at 128 days post-exposure. However, even though a

sizeable fraction of the lung burden continues to be available for removal by lavage, the lavage therapy

becomes less and less effective in reducing the total dose to the lungs when performed at later times

post-exposure. Table 5 illustrates the effect of lavage performed at different times post-exposure in

reducing dose to lung. A I0 kg dog with an initial lung burden of 500 ~Ci is proposed. An effective

half-life in the lung of 170 days is assumed. A single lavage of the right lung at 2 days post-exposure

would reduce the cumulative dose to infinity to right lung by 26% if 27% of the lung burden was removed.

A lavage of the right lung at 128 days post-exposure would only reduce the cumulative infinite dose

by 8%, assuming 14~ of the right lung burden was removed. The arguments for performing bronchopul-

monary lavage at early times following exposure of an individual to aerosols of relatively insoluble radio-

nuclides include the fact that, as time passes, more material is translocated to extra-lung tissue and

cannot be removed by lavage. Also, the longer the material exists in the lung, the greater the dose

delivered to lung tissue and the greater the potential for damage to lung.
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Table 5

Hypothetical Reduction in Dose to Right Lung as Result of a Single

Lavage at Various Times Following Inhalation of 144Ce-Clay.

Doses are Based on Mean Effective Half-Life of

144Ce-Clay Inhaled in Beagle Dogs, TI/2 = 170 Days, and on

Mean Recoveries of the Lung Burden from Beagle Dogs Lavaged

at Various Times Post-Exposure.

Treatment*

Reduction Of
Existing Lung

Burden

Dose to Infinity to Right
Lung of a 10 kg Beagle Dog

With an ILB of 500 ~Ci~=>:’~

1,7one 72000

Lavage at 2 days 26.6% 53000

Lavage at 4 days 23.2% 56000

Lavage at 7 days 20.3% 58000

Lavage at 14 days 24.8% 59000

Lavage at 2g days 12.2% 64000

Lavage at 56 days 18.2% 62000

Lavage at 128 days 14.2% 66000

~".~The animal is assumed to receive a single lavage at one of the
indicated times post-exposure.

;~<* The right lung is assumed to be 0.638% of body weight.

REFERENCES

I. Boecker, B. B., B. A. Muggenburg, R. O. McClellan, S. P. Clarkson, F. J. Mares and S. A.
Benjamin, "Removal of 144Ce in Fused Clay Particles from the Beagle Dog Lung by Bronchopulmonary

Lavage," Health Phys¯ (in press).

2. Kylstra, J. A., D. C. Rausch, K. D. Hall and A. Spock, "Volume-Controlled Lung Lavagein the
Treatment of Asthma, Bronchiectasis, and Mucoviscidesis," Amer. Rev. Resp. 103:651-665, 1971.

3. Cuddihy, R. G, and B. B. Boecker, "Controlled Administration of Respiratory Tract Burdens of
Inhaled Radioactive Aerosols in Beagle Dogs, " Toxic. Appl. Pharmacol. 25: 597-605, 1973.

266



MULTIPLE BRONCHOPULMONARY LAVAGES FOR THE REMOVAL

OF 144Ce FUSED CLAY PARTICLES FROM BEAGLE DOG LUNGS

ABSTRACT

This is a continuation of studies in which repeated broncho-

pulmonary lavage is being investigated as a method of

removing inhaled relatively insoluble radioactive particles
from the lung. Eight Beagle clogs were exposed to a 144Ce

fused clay aerosol resulting in initial lung burdens ranging

from 47 to 71 t~Ci/kg body weight. Three of these dogs

received 20 saline lavage treatments, 10 per lung over

an 84-day period. Another dog, which was scheduled

for 20 lavage treatments, received only 11 lavages before
PRINCIPAL INVESTIGATORS

its accidental death. Four of the dogs that inhaled the S. A. Silbaugh
radioactive aerosol were not Iovaged. Two dogs were Sharon A. Felicetti
exposed to an aerosol of fused clay containing only stable B. A. Muggenburg

B. B. Boecker
cerium and received 20 lung lavages; 10 per lung over

an 84-day period. A mean of 52% of the initial lung burden

was removed as e result of the 20 lavage treatments of

3 dogs exposed to the radioactive aerosol. The removal

of 144Ce by /avage resulted in the reduction of the cumula-

tive radiation close to tung to 90 days by 46% and potential

cumulative dose by 53%. At 300 days post-exposure,

all lavoged dogs are alive and are being observed. Three

of the 4 dogs that were exposed to the radioactive aerosol

but not lavaged died et 209, 227 and 240 days post-exposure.

The remaining 144Ce exposed, unlovoged dog is olive

at 400 days post-exposure.

INTRODUCTION

A potential hazard associated with the use of nuclear energy is the accidental release of radioactive

aerosols. In spite of strict safety precautions, the possibility exists that at least a few individuals will

inhale a radioactive aerosol. Therefore, there is a need for knowledge concerning the biological conse-

quences of inhaling radionuclide particles and means of minimizing harmful consequences.

Cerium-144, a common isotope found in nuclear reactors, may be inhaled in a relatively insoluble

form, deposit in the lung, and remain there for a long period of time with only small amounts being trans-
located to other tissues. 144Ce within fused clay particles was the relatively insoluble radioactive aero-

sol used in this experiment. A chronic irradiation exposure to the lung and associated lymphatics is

produced by the energetic beta particles emitted hy 144Ce and its short-lived daughter, 144pr.

This study is an extension of an earlier study1 in which 10 saline lavage treatments over a 56-day

period, resulted in an average removal of 44% of the initial lung burden in 8 dogs exposed to a 144Ce

fused clay aerosol. In the previous study, the right lung of each of 8 animals was lavaged on days 2,

9 or 10, 21, 35 and 49 days post-inhalatlon exposure and the left lung lavaged on days 7, 14, 28, 42

and 56 days post-exposure. Intravenous injection of calcium DTPA (diethylenetriaminepentaacetic acid)

after each lavage procedure resulted in an increased urinary excretion of 144Ce, but during the interval

from 2 to 70 days post-exposure, this increase amounted to only 1.6% of the initial lung burden. Because

use of DTPA as a chelating agent proved to be of small benefit, DTPA was not used in this study. The
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specific objectives of this study were to determine (1) the effectiveness of an accelerated bronchopulmo-

nary lavage schedule (10 lavages per animal ever a 24-day period) in removing 144Ce fused clay particles

from the Beagle dogPs lung and to compare this accelerated schedule with a schedule of 10 lavages per

animal in 56 days, (2) the effectiveness of an extended bronchopulmonary lavage schedule (20 lavages

per animal over an 84-day period in removing 144Ce fused clay particles from Beagle dogs’ lungs, (3)

the effectiveness of multiple bronchopulmonary lavage in preventing radiation-induced disease, and

(4) the risks associated with the multiple lavage procedure used in this experiment.

MATERIALS AND METHODS

Five male and five female adult Beagle dogs (13 to 15 months of age) were selected from the laboratory

colony for use in this experiment. These dogs were judged to be free of apparent abnormalities following

pre-exposure tests that included: complete physical examination, thoracic radiographs, hematology

and serum chemistry evaluation of the venous blood, pulmonary function testing, EKG-Lead If, urinalysis

and fecal flotation. The experimental design is shown in Table 1. Group II dogs are equivalent to the

dogs listed in Group II of a previous experiment. 1

Food was withheld on the day of exposure until after the exposure. Pre-exposure sedation consisted

of 60 mg phenobarbital given orally at 2.B hours and . 55 mg triflupromazine/kg body weight given . 75

hours before exposure. The exposure techniques have been previously described.l

Ac~vity median aerodynamic diameters ranged from I. 7 to 2.2 bun for individual exposures with

geometric standard deviations (Og) of 1.4 to i. 9, The dogs were housed individually and general clinical

observations were made daily. Pulmonary function tests were performed pre-exposure (one baseline)

and at 30, 60, 90, 120 and 150 days post-exposure and quarterly thereafter. 2 Whole-body counting

and scanning procedures were used to assess the initial body burden and the initial lung burden. Whole-

body counting and scanning procedures were also used to determine changes in retained burden of 144Ce.

Each liter of radioactive lavage fluid was assayed for 144Ce content by rotating each sample in front

of a ?.6 X 20 cm Nal (TI) crystal for gamma counting.

Table i

Experin]ental Group Assignments and Specifics for Individual Animals

Initial Lung
Burden

Weight Type Fused Clay No. of

Dog No. Sex Kg. Inhalation Exposure Lavages bGi ~Ci/kg

Group I

Group II

Group III

575B M I0. Z Stable Ce 20 0 0

576U F 8. 5 Stable Ge g0 0 0

575A M 12.4 144Ce ’:~ II 880 71

581S F i0.2 144Ce 20 530 52

577A M 8. 0 144Ce 20 450 56

577S F 8. 1 144Ce 20 500 62

559B M 10.2 144Ce~::~: 0 610 6O

562S F 7.7 144Ce~o:’ 0 400 52

561T F 6.4 144Ce 0 3Z0 50

559A M Ii.0 144Ce ..... 0 5Z0 47

Dog 575A died accidentally following its i Ith lavage (see text}.

Dogs 559D, 56ZS and 559A died at 209, 227 and Z40 days post-exposure,
respectively. All other dogs are alive at the time of this writing.
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Whole-body counts were performed using several systems. A vertically oriented system in which

the dog was supported above two 10 x 10 cm NaI (T1) crystals, an N 4~ whole counter with a liquid

scintillator, and a longitudinal whole-body scanner with two 7.6 x Z0 cm NaI (T1) crystals. Urine and

feces were not sampled in this experiment.

The Iavage procedure was the same as that previously described by Boecker. 1 The right lung of

Groups l and II dogs was lavaged on days 2, 7, 11, 16, 2Z, 31, 3B, 49. 63 and 77 clays post-exposure

and the left lung of Groups I and H dogs was lavaged on days 4, 9, 14, 18, 24, 35, 42, 56, 70 and 84

days post-exposure.

Following agitation of each of the six 1-liter bottles of recovered lavage fluid, a 10 ml aliquot was

removed from each bottle and pooled into a 60 ml sample. Total cell count was obtained from a Coulter

Counter and slides were prepared for differential cell counts. The slides were stained with May-GrSnwald

Giemsa and differential cell counts performed on 500 cells.

In an effort to determine if the several anesthetic experiences resulted in any form of liver damage,

bromsulfonphthalein (BSP) liver function tests were performed at 86 days post-exposure on all dogs

that received 20 lavages and on 2 dogs that had never been anesthetized. Liver function was also evaluated

on the basis of serum levels of total bilirubin, alkaline phosphatase, albumin and total protein.

RESULTS

The initial lung burdens (ILB) of the dogs exposed to the 144Ce fused clay aerosol were estimated

based on longitadinal scanning data and whole-body counting data. In earlier experiments at this labora-

tory, dogs were exposed by inhalation to 144Ce in fused clay (similar to the activity levels used in this

experiment) and a relationship was established between the integral of the counts under the lung peak

(from scanning data) and the initial lung burden as determined from the wi~ole-body counting data. Using

this relationship with the integral of the lung peak’on day 2 post-exposure, we determined each dog’s

initial lung burden. The activity resulting from fused clay particles initially deposited in the tracheo-

bronchial region is not included in this method of calculating the ILB. This activity is quickly cleared

from the upper respiratory tract during the early post-exposure period.

The percent of the ILB (corrected for the physical decay of 144Ce) removed with each lavage procedure

is presented in Table 2. In Figure 1, the mean values of the percent initial lung burden removed with

each procedure are given. Ten lavages over a 24-day period resulted in an average removal of 41.4%

J2-" [ I i

o>

~
4- Meon of Mean of ¯ Righl

~, 41 13 I
B4

DAYS POST-JNHALAT$ON EXPOSURE

Figure 1. Percent of the initial lung burden removed with lavage at various times
post-inhalation exposure. Dogs were exposed to a 144Ce fused clay aerosol and
lavaged 20 times over an 84-day period post-lavage.
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Table 2

Removal of 144Ge in Fused Clay Particles from the Lungs of Beagle Dogs by

Bronchopulmonary Lavage

Percent of Initial Lun@ Burden Removed~I=
Lung Lavaged
and Days P.E. 575A ~81S 577A 577S

2 R 4.3 12.1 5.6 6.4 7.1

4 L 5.7 8.5 8.8 7.6 7.6

7 R 5.9 4.1 3.2 6.8 5.0

9 L 3.4 4.9 4.5 8.3 5.3

II R 4.9 2.9 2.2 4.0 3.5

14L 5.0 2.7 2.5 3.7 3.7

16 R 2.8 Z.0 1.9 2.8 2.4

18 L 4.6 2.5 1.6 1.9 Z.7

22 R g.1 2..0 .98 1.6 1.7

Z4 L 1.4 1.5 2.7 3.9 2.4

10-Lavage Total 40. i 44. I 33.8 46.9 41.4
go. oR, (z3.0R, (13.8R, (ZI. 6R,
20. IL)~’:~’~ Zl. IL)::-’ ~-~ 20.0L}-’:o:-~ 25.3L) ~,~

31R Z.6 5. i I.Z 1.4 Z.I

35 L Dead .9Z 1.9 .74 l.Z

38 R .95 I.I Z.5 1.5

4Z L l.O .97 1.5 I.Z

49 R 1.3 1.6 I.Z 1.4

56 L ,65 I. I ,49 ,8

63 R ,88 .80 .98 .9

70 L .68 I. 1 .33 .7

77 R .54 . 53 .73 .6

84 L .59 i.I .22 .6

20-Lavage Total 54.7 45. I 56.9 52. Z

(29. 8R, (19.0R, {28.3R,
Z4.9L);,~;~ Z6. i L)~:-" Z8.6L)’-’,,~

Corrected for Tp = 285 days

Numbers in parentheses indicate the total percent of the initial lung burden

removed from the right and left lung,

’of the ILB. The following 10 lavages, which were performed hetween 31 and 84 days post-exposure

resulted in the removal of an additional 10.8% (mean of 3 dogs) of the ILB. Thus, a mean total of 52.2%

of the ILB was removed.

In Figure 2, activity removed in the lavage fluid is expressed as a percent of the dog’s body burden

at the time of lavage. In order to obtain the body burden on the day of lavage, th e dogs were counted im-

mediately before lavage. The percent of existing body burden removed with lavage decreases with the

first I0 lavages and a more constant percent of existing lung burden is removed with the last 10 lavages.

Removal, through lavage, of 144Ce deposited in the lung resulted in a reduction in radiation dose

to the lung. In Table 3, doses to 90 days and calculated cumulative infinite doses to the lungs of both

treated and untreated dogs are given. Cumulative absorbed beta doses to lung were calculated as pre-
1viously described.

270



l

Figure Z. Activity removed in the lavage fluid, expressed as a percent of the

body burden on the day of lavage. This figure closely approximates the percent
of daily lung burden removed with each lavage, since 90% or more of the whole-

body activity is present as lung activity.

Group II

Group Ill

Table 3

Cumulative Absorbed Beta Doses to Lun~

0-90 Days Potential~Dose

Cumulative Cumulative ;:~ Cumulative C un%ulative

Do~ No. rads ~ds~Ci/k~) fads rads&-(~Ci/k~)

581S 9,800 190 Z5,700 490

577A II,Z00 g00 30,600 550

577S 8,900 140 23,200 370

10,000 X180 X26,500 X470

559B 19, 000 310 59,000 i, 000

562S 16, 000 310 52,000 i, 000

561T 16,000 320 51, 000 I, 000

559A 18,000 380 53,000 I, i00

5]7,300 X330 X531 800 ~l,000

The cumulative radiation dose (in rads) to the lung is divided by the initial

lung burden in ~Ci/kg of dog weight in order to equalize the radiation doses

in terms of the dogs initial lung burden and body weight.
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A comparison of the dose rates to the lungs of unlavaged Group III dogs and lavaged dogs 581S.

577A and 577S is provided in Figure 3. Each vertical step seen in the plots of dogs 581S, 577A and 577S

represents a decrease in dose rate to the lung as a result of lavage removal.

300 L
I " I I I

200 GROUP .~.

I00

P
60-

3O Io 3’0 ’ G~l ’
DAYS POST- INHALATION EXPOSURE

0

9O

500~lL " I I I

~ ~~ I00 DOG 577A

60-

30 i I Io 3{> e’o 90
DAYS POST-INHALATION EXPOSURE

I I I I I

DOG 577S

Io ~o ~ ’ ,o
DAYS POST’INHALATION EXPOSURE

Figure 3. Reduction, with time, in the beta dose rate to the lungs of unlavaged
Group Ill dogs and lavaged dogs (a) 581S, (b) 577A. and (c) 
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In Figure 4, the dose rate to the lung as a percent of the initial dose rate to the lung is plotted versus

days post-exposure. This figure provides a comparison between dose rate reductions as a result of

a schedule of l0 lavages in 56 days and the lavage schedule used in this experiment. Dogs 581S, 577A

and 577S are from this experiment, while dogs 560S and 561S are from a previous experiment, i which

were lavaged i0 times (5 lavages right lung, 5 lavages left lung) over a 56-day period. These Z dogs

represent the range of values seen in that experiment, i.e., the smallest reduction in radiation dose

to lung was observed for dog 561S, the largest reduction for dog 560S.

tOO i i

’~
DOG 377A

2c ~

I0 o ~o ~ I ~
DAYS POST-INHALATION EXPOSURE B4

Figure 4. Reduction, with time, in the beta dose rate to the lungs of dogs exposed
to a 144Ce fused clay aerosol and lavaged. Dogs 561S and 560S, from an experiment
previously performed, 1 were lavaged 10 times over a 56-day period after being
exposed to a 144Ce fused clay aerosol. Dogs 561S and 560S represent the range of
values seen in that experiment; that is, the smallest reduction in radiation dose to
lung was observed for Dog 561S and the largest for Dog 560S.

More total cells were recovered in the lavage fluid from dogs in Group II than from dogs in Group

I. There appeared to be a neutrophil response, both to radiation and lavage, in the early post-exposure

period. More neutrophils were observed in the lavage fluid of Group II dogs than Group I dogs and

for both Group I and Group II, approximately 90% of the total neotrophils recovered were recovered in

the first 10 lavage procedures.

Dog 575A died in a counting box a few minutes after its eleventh lavage. Dog 575A had not completely

recovered from anesthesia when it was placed in a counting box. The dog was cramped within the small

box and apparently suffocated.

Unlavaged dogs 559B, 562S and 559A developed signs of respiratory distress at approximately 6

months post-exposure and died at 209, 227 and 240 days post-exposure, respectively. The cause of

death for each of these 3 animals was diagnosed as radiation pneumonitis and pulmonary fibrosis. Dog

561T, the remaining unlavaged Group III dog, has developed no signs of impaired pulmonary function

and appears healthy at 400 days post-exposure. With the exception of dog 575A, all dogs in Groups

I and II are alive at 300 days post-exposure. No clinical abnormalities are apparent in the living dogs

in Groups I and II.

DISCUSSION

The effectiveness of removal of 144Ce from the lungs was not increased through the use of an acceler-

ated bronchopulmonary lavage schedule. When dogs were exposed to a 144Ce fused clay aerosol and

lavaged l0 times over a 56-day period, most of the activity removed by lavage was removed in the lavages
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performed early in the post-exposure period. 1 The accelerated lavage schedule of l0 lavages within

a 24-day period was designed to investigate the possibility that more lavages performed early in the

post-exposure period may result in an increased removal of radioactivity. Such an increase was not

observed. Compared with I0 lavages over a 56-day period, the accelerated lavage treatment schedule

of this experiment was not effective in producing a significantly greater reduction in beta dose rate to

the lungs.

The value of the extended lavage treatment schedule is questionable. Although significant amounts

of 144Ce were removed in the last I0 lavages, one must consider how much material might have been

removed by the dog~s normal clearance mechanisms had the animals not been lavaged. A comparison

between the dose rates to the lungs of lavaged and unlavaged dogs (Fig. 3) reveals that in the last several

lavages, the dose rate to the lungs of lavaged dogs is not being reduced at a rate greater than that of

unlavaged Group IlI dogs.

It is probable that through the lavage removal of 144Ce, the lifespan of dogs 581S, 577A and 577S

will be significantly lengthened, when compared to unlavaged dogs with initial lung burdens of equal

magnitude. Without lavage, these dogs would be expected to die of pulmonary fibrosis and radiation

pneumonitis within 6 to 14 months post-exposure. 3 The death of 3 Group III dogs at 7 to 8 months post-

exposure supports this premise.

At 300 days post-exposure, no abnormalities were noted in pulmonary function tests for either Group

I or Group II dogs. The safety of the lavage procedure is supported by the fact that these dogs received

20 lavages and yet respiratory parameters remain within normal ranges. As indicated previously, the
4death of dog 575A was not a direct result of the Iavage procedure. Muggenburg et al. studying the

pathophysiological sequelae of bronchopulmonary lavage in Beagles, reported that although there were

short-term pathologic and histologic changes associated with a single lavage, there was no evidence

of chronic sequelae. In liver function tests performed on Groups I and II dogs, there was no evidence

of impaired liver function after 20 gas anesthetic events.

An accelerated schedule of 10 lavages over a 24-day period and a schedule of 10 lavages over a

56-day period were very similar both in the amount of activity removed from the Beagle lung and in

reduction in radiation dose to the lung. The final 10 lavage procedures were of questionable value since

the small amounts of 144Ce removed by lavage would probably otherwise be removed by biological means.

It appears that, as a result of lavage removal and the resultant decrease in radiation dose to the lung,

the lifespan of lavaged dogs exposed to the 144Ce aerosol will be significantly lengthened. The safety

of multiple bronchopulmonary lavages as used in this experiment is supported by the absence of mortality

and the normal values we obtained by repeated pulmonary function tests.
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EFFECT OF FLOWRATE OF LAVAGE FLUID ON THE EFFICACY

OF BRONCHOPULMONARY LAVAGE

ABSTRACT

The effect of the rate at which fluid is introduced into

the lung on the effectiveness for bronchopulmonary lavage

for removal of radioactive particles from the lung was

investigated. The study was performed in six adult

Beagle dogs which were exposed by inhalation to an aero-

sol of f44Ce in fused clay particles. Four of the dogs

were treated with bronchopulmonary lavage of the right

and left lungs on day 2 post-exposure. Two of the dogs

were untreated and used to determine the distribution PRINCIPAL INVES TIGA TORS

of the inhaled aerosol between the right and left lung. Sharon A. Felicetti
S. A. Silbaugh

Two flow rates of the lavage fluid were used, O. 67 L/min B. A. Muggenburg
and I. 7 L/min. The right lung was /avaged at the foster S. A. Benjamin

rate in 2 dogs resulting in the removal of 15 and 16% of

the initial lung burden (ILB), respectively. The right

lung was lavaged at the slow rate in the other 2 clogs

resulting in the removal of 21 and 22% of the [LB, respec-

tively, Bronchopulmonary lavoge of the left lung of all

4 dogs, 2 at the fast rate and 2 at the slow rate resulted

in the removal of 9%, 10%, 9%, and 12%, respectively.

The use of the slower rate of introduction of lavage fluid

increased the removal of radiocerium from the right lung

but not the left lung. The order in which the lungs were

lavoged did not influence the amount of radiocerium re-

moved. Total recovery of the initial lung burden from

each dog ranged from 24-39%.

INTRODUCTION
1

A method of bronchopulmonary lavage has been reported by Kylstra et al. and modified for use

in the Beagle dog in studies on the removal of radioactive particles from the lung. 2 (this report, pp,

267-274). Considerable variation has been found in these studies on the amount of radioactive material

removed from the lung on any given lavage procedure. Factors which may influence the removal of

radioactive particles could include the flow rate at which the lavage fluid is introduced into the lung

and the order in which the lungs are lavaged.

This study was performed to determine the effect of flow rate of lavage fluid into the lung during

the performance of the lavage procedure on the amount of radioactive materlal removed. The sequence

in which the right and left lungs were lavaged was varied to determine if this was an additional factor.

MATERIALS AND METHODS

Six Beagle dogs (3 males and 3 females) from 2.8 to 4.2 years old, were selected for this study.

The dogs were determined to be free of apparent abnormalities by complete physical examinations, tho-

racic radiographs, pulmonary function tests, hematology and serum chemistry studies of the venous

blood. The dogs were divided into two exposure groups of three dogs each, and both groups were exposed

by inhalation of a 144Ce-fused clay aerosol. One dog from each exposure group served as an unlavaged



control. Four dogs underwent bronchopulmonary lavage at approximately 48 hours post-exposure.

In Group I, the flow rate of lavage fluid was 1.7 L/min into the right lung and .67 L/min into the left

lung. In Group II this was reversed, the flow rate of lavage fluid into the right lung was . 67 L/min

and into the left lung was 1.7 L/min (Table I) . The lung lavaged first was alternated within each group.

Dogs were sacrificed at approximately 50 hours post-exposure.

The dogs were housed individually in metabolism cages for 2 weeks prior to exposure for cage accli-

mation and pre-exposure sampling. They remained in these cages following exposure until sacrificed.
3Procedures for preparation and generation of the exposure aerosols have been described previously.

A Mercer-type, 7-stage cascade impactor was employed to evaluate particle size for each aerosol,4 which

were log normally distributed with AMAD which ranged from 1.6 to Z. 1 with geometric standard devia-

tion, o = 1.6. The chambers in which the dogs were exposed permitted "nose only" exposure during
g

5which respiration was monitored by whole-body plethysmography. Exposures lasted 15 to 32 minutes

and were terminated when activity in the chest reached desired levels of approximately 8 ~/Ci/kg as

determined by a collimated NaI (T1) scintillation detector (Table 1) 

Experimental Design and Initial

Exposed

Group
Number

Dog Weight
Num be r kg Sex

l 11.75 M

Z 8.45 F

3 i0.50 M

Table 1

Lung Burdens (ILB) of 144Ce in Dogs

to Aerosols of 144Gc Clay

Lava~e Flow P,~tte
l:tight Lung Left Lung

1.7 L/min .67 L/min

i. 7 L/min . 67 L/1~in

II 4 11.75 F

5 i0.45 F

6 I0. 15 M

.67 L/min 1.7 L/min

¯ 67 L/min 1.7 L/min

ILB ~ ILB

~Ci ~Ci/kg

I14 9.7

66 7.8

97 9.2

119 10. 1

88 8.5

90 8.9

The retained 144Ce burdens of each dog on days 0, 1 and 2 post-exposure were determined by whole-

body counting and scanning procedures. On day 2 all dogs were counted and scanned twice. Lavaged

dogs were counted immediately before and after lavage. Whole-body counting was performed on a ~ 4~

liquid scintillation counter, and scanning on a longitudinal scanner which employed a NaI (T1) crystal.

The procedure used for bronchopulmonary lavage 2 was a modification of the unilateral lavage tech-

nique described by Kylstra et al. 1 for humans. Briefly, a double lumen Carlens’ tube was passed into

the trachea to separate the right and left lung. One lung was ventilated with a mixture of N20, 02 and

halothane gas while the other lung was lavaged. After one side was lavaged, it was ventilated while

the other was lavaged. Normal saline, warmed to 38°C was introduced by gravity into the lung and drain-

ed from the lung by gravity. The flow rate of the Iavage fluid was altered by altering the size of tubing

connectors which led from the saline bottle to the dog.

To perform the lavage, a volume equal to the functional residual capacity (predetermined by the

nitrogen wash-out method) was introduced into the lung at 50 ml/min. When this volume was reached,

200 ml of saline was alternately introduced and drained by gravity from the lung until a total volume

of 6 liters was used. The lung was then completely drained by gravity. The lavage fluid was collected

in 1000 cc aliquots in 6 one liter bottles, i.e. the first bottle contained the first 1000 cc removed and

the sixth bottle the last 1000 cc. The lavaged lung was then given positive pressure ventilation for 3

to 5 minutes after which the balloons of the Carlens’ double lumen tube were deflated and the tube rotated

so that the long tip was now in the main bronchus of the lung to be ventilated for the second lavage.

The second lung was then lavaged as just described.
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A 10 ml aliquot of fluid was removed from each of the 6 one-liter bottles in which lavage fluid was

collected. A total cell count was performed on these samples using a Coulter Counter and an aliquot

from each sample was used to prepare slides for differential cell counts. The slides were stained with

May-Gr(inwald Giemsa stain and differential cell counts performed on 500 cels. The remaining lavage

fluid was assayed for 144Ce content by gamma counting on a simulated annular detector,

Dogs were sacrificed immediately after the bilateral lavage procedure by exsanguination via heart

puncture while the dogs were anesthetized. A complete dissection was performed and all tissues were

analyzed for radiocerium by gamma counting in well detectors incorporating a liquid scintillator.

RESULTS

Initial lung burdens (ILB) were calculated by adding the activity recovered in the lavage fluid 

the activity found in the lung at sacrifice at 2 days post-exposure. These estimates do not include the

small percentage that may have been deposited in the tracheobronchial region but cleared rapidly during

the first 2 days. These values ranged from 65 to 119 ~tCi (Table 1). The percentage of the initial lung

burdens removed by lavage are given in Table 2. There was 21 to 22% of the ILB removed in lavages

of the right lung with the slow flow rate whereas the fast flow rate resulted in the removal of 15 to 16%

of the ILB. The amount of 144Ce removed from the left iung was 9 to 19% of the ILB with no patterns

attributable to flow rate. Overall removal of 144Ce from the right lung was higher than from the left

lung,

Bronchopulmonary lavage of the right lung prior to lavage of the left lung resulted in the removal

of a mean of 18% of ILB from the right lung and a mean of 14% from the left lung. When the left lung was

lavaged first, the removal of 144Ce was a mean of 11% of the ILB from the left lung and 18% from the right

lung.

The total amount of 144Ce removed from the lungs of each dog by the bilateral lavagel procedure

ranged from 24 to40% of the initial lung burden (Table 2). The highest recoveries, 32 and 40% of the

initial lung burden, were from dogs in which the right lung was lavaged at the slower and the left at

the faster flow rate.

Table Z

Percent of Initial 144Ge Lung Burden Removed

From Each Lung by Bilateral Lavage

of Beagle Dogs 48 Hours After Inhalation

of an Aerosol of 144Ce Fused Clay

Flow Rate
Of Lava~e Fluid

Right Lung

I. 7 L/min

¯ 67 L/min

Left Lung

i. 7 L/min

¯ 67 L/min

% ILB
Dog Total Lavaged

Number Lung Lung

Z 15 Z4

3 16 Z7

5 ZZ 36

6 Zl 35

5 I0 26

6 19 49

z 9 z3

3 iz 30

Indicates the lung which was lavaged first
in the bilateral procedure¯
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The mean distribution of 144Ce activity in the right lungs of the 2 control dogs was 58% and in the

left lungs 42% of the sacrifice lung burdens (Table 3) . For the 4 treated dogs, the 144Ce distribution

at sacrifice was 61% in the right lung and 39% in the left lung,

The distribution of lavage fluid activity between the six collection bottles was similar for lavages

using fast and slow flow rates (Table 4). In both cases, recovery was greatest in the first two bottles,

which contained means of 64% and 60% of the total activity with the slow and fast flow rates, respectively.

Activity in the last bottle increased over that in the 4th and 5th bottles with the fast but not with the

slow flow rates.

Alveolar macrophages constituted 80 to 90% of the total cells recovered in the lavage fluid. Absolute

numbers of macrophages recovered per lavage were widely variable and ranged from 450 to 800 x 106

ceils. There was no correlation between macrophages or epithellal cell recovery and flow rate. Other

cell types observed in the fluid were neutrophils and eosinophils.

Table 3

Distribution of 144Ce in the R/ght and Left Lungs of Beagle

Dogs at Sacrifice 50 Hours Post-Exposure to an Aerosol of

144Ce in Fused Clay Particles

Dog Lavage* Right Lung Left Lung
Number Treatment j~Ci % SLB** i~Ci % SLB

1 No 68.6 60.4 44.9 39.5

4 No 65.4 54.9 53.9 45.3

Z Yes 30.7 6 1.5 19. Z 38.5

3 Yes 4Z.7 61. 1 Z7.g 38.9

5 Yes 34.5 57.6 25.4 4Z. 4

6 Yes 35.1 65.4 18.6 34.6

~< Bilateral bronchopulmon~ry lavage performed at 48 hours
post-exposure.

** SLB - Sacrifice Lung Burden.

Table 4

Percent of the Total Activity of 144Ce Recovered in Each of Six Collecting Bottles From

Bilateral Lavage of the Lungs of Beagle Dogs Exposed to Aerosols of 144Ce-Clay

Percentage of Total B.emoved Per Bottle
Flow Kate: . 67 L/min Flow Kate: 1.7 I~/min

Dog Number
.u

Bottle No. Z( L)’" 3{L) 5(R) 6{R) ~ Z{R} 3(K) 5(L) 6(L)

1 20.4 57.0 34.4 46.5 39.6 44.7 11.9 46.2 38.2 35.2

Z Z7.6 Z1.7 Z3.4 Z4. Z Z4.Z 36.4 Z1.4 17.8 Z4.1 Z4.9

3 z4.5 7.z 4.3 I .6 IZ.9 9.0 zg.0 15.5 11.6 16.3
4 10.8 5.3 5.4 6.Z 6.9 3.6 10.0 6.9 6.3 6.7

5 11.1 3.4 Z1.5 4.6 11.8 3.5 4.7 g.6 4.1 3.7

6 5.5 5.3 ii.0 2.9 6.2 2.8 23.0 ll.0 15.6 13.0

* L = Left Lung; P~ = Right Lung

DISCUSSION

The factors which limit the removal of material from the lungs by bronchopulmonary lavage are

not understood. The flow rate of the lavage fluid into the lung could be important because it affects

the amount of turbulence in the larger airways and the length of time required to fill the lung. Removal

of 144Ce in the lavages of the right lung of the four dogs in this study at 2 days after inhalation of
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144Ce-clay indicate that the slower flow rate was superior; a faster flow rate was only two-thirds as

effective. Lavages of the left lungs of the same four dogs, however, resulted in approximately equal

removal of 144Ce with no correlation between flow rate and recovery of activity. These data suggest

that a rapid flow rate into the lung does not increase removal of material from the lung.

In three of four ]avages performed at the fast flow rate the distribution of activity among the six

one-liter bottles in which the lavage fluid was collected, was similar to that reported in previous

studies I (and this report, pp. 2 67-Z74). That is, the activity removed decreased progressively with

each succeeding bottle until the last bottle, in which contained more activity than the 4th or 5th bottle.

Apparently, the fluid successively introduced and drained during the procedure did not mix completely

with the fluid introduced as the FRC volume at the beginning of lavage. The last bottle into which the

fluid was drained would receive some fluid which had remained in the deep lung throughout the proce-

dure. With the slower rate of fluid introduction, more complete mixing may have occurred since no

rise in the activity concentration of the 6th collecting bottle was seen.

The order in which the lungs were lavaged, that is, the right lung followed by the left lung and

vice versa, did not affect the amount of 144Ce activity removed.

The distribution of 144Ce in the right lung and left lung at sacrifice of the 2 control dogs agrees

with other data collected in this laboratory for Beagle dogs exposed to fused clay aerosols. The relative

distribution of the 144Ce activity in the 2 lungs of the 4 treated dogs was approximately the same as

for the 2 control dogs, indicating that no redistribution of 144Ce occurred as a result of the lavage pro-

cedure. This is significant not only in regard to treatment of an accidental inhalation exposure patient,

but also in the interpretation of experimental studies in which only one lung is treated.

The total reductions of the initial lung burdens were greater than have been reported in other lavage

studies in which dogs inhaled essentially the same 144Ce-clay aerosol and received unilateral lavage.

In two such studies 2 (this report, pp. Z67-Z74) the dogs underwent unilateral lavage of the right lung

at 2 days post-exposure and of the left lung at 7 or 4 days post-exposure. Mean recoveries for one

lavage each of the right and left sides of the lung were 22% and 15%, respectively. This may be compared

to recoveries of 24 to 40% of initial lung burden recovered from these dogs given bilateral lavage at 2

days post-exposure. Recovery percentages may have been affected by the fact that the lung burdens

of the dogs discussed in this paper were only one-fifth as large as those in the other studies, and that

the left lung was lavaged at a later date. Nonetheless, the use of bilateral in preference to unilateral

bronchopulmonary lavage for removal of inhaled radioisotopes from the" lung warrants further study.
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SECTION VI

RESPIRATORY TRACT DEPOSITION MODELS

A CONCEPTUAL MODEL OF THE AIRWAY BRANCH FOR USE IN

MORPHOMETRY OF THE MAMMALIAN LUNG

ABSTRACT

A conceptual model of the basic unit of the mammalian trachea-

bronchial tree which consists of three segments forming an

airway branch is described. Salient features of the model include

unique identification numbers for each branch segment, branch- PRINCIPAL INVESTIGATORS
ing angles, airway segment lengths and diameters, inctinations R. F. Phalen
of segments to gravity and radii of curvature at bifurcations. H. C. Yeh

O. G. Raabe
The model, designed to be realistic, unambiguous, compatible

with computer applications and flexible in that anomalous ana-

tomical structures can be classified and noted, has proven useful

in morphometric studies of human, Beagle dog, rat and Syrian

hamster lung airways.

INTRODUCTION

Recent interest in the mammalian lung as both the site of initial deposition of inhaled materials and

as the primary target organ for several environmentally induced disease processes has established a

need for improved information on the anatomy of the airways 1-3. Of interest in particle deposition

considerations are lengths, diameters, inclinations to gravity and branch angles for all respiratory

tubes (assuming right circular cylindrical shape) as well as the radii of curvature of the flow dividers

and of bronchial segment tubes at branch regions. Anatomical quantitation of these parameters by detailed

measurements (morphometry) necessitates the use of an unambiguous conceptual model of the basic struct-

ural unit of the tracheobronchial tree. The basic unit of this model is the airway branch. This structure,

by definition, consists of a parent tubular segment and its bifurcation (trifurcation or higher-order

division can be reduced to two or more bifurcations) into two daughter segments. The airway branch

may be described mathematically by three sets of ordered numbers (segment vectors) corresponding

to the three segments comprising this structure. Each segment vector contains several components in

an ordered sequence. These component numbers identify the segment and quantitate particular structural

parameters. They may be few or many depending on the application for the data. The model proposed

herein uses eight segment-vector components: an identification number, a length, a diameter, a branch-

lng angle, an inclination angle to the gray/t/anal force, a radius of curvature of the flow divider, a

radius of curvature of the segment and a number indicating the fraction of the surface area of the segment

that is respiratory in character.

This conceptual model has a number of important characteristics that differ from previous models 4,5.

(a) it is continuous in that the first component of the segment vector identifies the segment uniquely

and contains the identity of its parent, thus permitting one to join the segment vectors into a complete

structure that preserves the pattern of sequential connections in the lungs; lb) it is realistic in that

it is geometrically similar to actual bifurcations occurring in mammalian lungs; (c) it attempts to define

all parameters in an unambiguous manner, which is not strictly realizable; and (d) it allows for record-

/ng anomalous situations in which the real lung segment geometry is not definable in terms of the con-

ceptual model.
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THE MODEL

The segment vector (vector as used here implies an ordered sequence of numbers that correspond

to a point in an appropriate n-dimensional space) is expressed as (I.D., L, D, 8,@, d, r s, R), p lus

an anomaly description. The first component of the segment vector (I.D.) is a binary identification

number that describes the location of the segment within the branching system. It is obtained by desig-

nating the trachea I.D. number as 1 (Fig. 1) and then by adding either a 1 or a 2 onto this number 

obtain the I.D. numbers for the trachea’s two daughters. Thus 11 is the I .D. number for the major

daughter (larger diameter) and 12 the I.D. for the minor daughter (smaller diameter). Likewise, 

other daughter I.D. numbers are derived by adding a 1 or a 2 to the right of the I.D. number of their

pa~ent as the daughter is the larger or the smaller diameter branch segment respectively (ff both daugh-

ters have equal diameters the segment length, branch angle or another parameter may be used to distin-

guish major from minor) . The I.D. number for any segment thus contains the I.D. numbers for all

segments between it and the larynx. Given an I.D. number, its corresponding segment may be easily

located on a lung cast by tracing a path to it starting at the trachea and progressing to the major or minor

daughter branches depending on whether the next number in the I,D, is a 1 or a 2, Also, given any

branch one can construct its I.D. number by tracing the path from it back to the trachea.

The second vector component, segment length (L) may be defined in several ways. The definition

selected depends upon the specific application for the data. One definition useful in particle deposition

calculations is shown on Figure 2. The length of a segment is defined by points a and b which fall midway

between the intersections of the axes of the two daughter segments and the central axis of the parent

segment. This definition, or any other, does not lend itself to all real branches and may be quite awk-

ward in some specific cases. In this event, an anomaly code, described later, can be used.

The diameter (D) of a segment, the third component of the segment vector, may be taken as the

mean diameter of the segment along its entire length. For segments with non-circular cross section,

an estimate of the hydraulic diameter (length x [I x (hyd. diam)2
4

= segment volume) may be useful.

TRACHEA

12122

"
1211~IIII

1211112

Figure 1. A binary identification number
system for the mammalian tracheobronchial
tree. The I.D. Number for any segment is
the I.D. of its parent plus a 1 or 2 for seg-
ments having the larger or the smaller diam-
eter, respectively.

Figure 2. The airway branch, the basic unit
of structure in the conceptual model of the
tracheobronchial tree. Diameters, lengths,
angles and radii of curvature are defined with
the aid of this diagram.
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The branch angle (0) of the daughter segment may be defined as the change in direction of the bulk

air flow moving from the parent segment into the daughter segment (Fig. 2).

The inclination of the segment to gravity (¢) is the angle between the bulk air flow direction 

inspiration and the force of gravity when the lung cast is positioned as a lung in a standing animal.

The next component of the segment vector is the radius of curvature of the flow divider (r d) at
the distal end of the segment. This may be measured with a circle template when the branch is oriented

to the template to give the maximum value of rd. The radius of curvature of the segment (r s) is measured
at the proximal end of the segment where it branches off of its parent. It can be measured in the same

way as rd.
The final component (R) in the segment vector describes the percentage of surface area of the segment

that is covered with respiratory (alveolar) structures. In our laboratory, this parameter is coded 

1, 2, 3 or 4 depending on whether 0-25% 25%-50% 50%-75% or 75% to 100%, respectively, of the segment

surface is respiratory. For some purposes, this classification Df R into quartiles may not be precise

enough.

The above components of the segment vector are useful in particle deposition and air flow calcu-

lations; others may be devised as desired. Situations arise when it is difficult to relate a particular

real segment to the conceptual model. In these cases, the component(s) affected may be replaced 

an "X" or a blank field (for computer applications) and a description of the anomaly appended to the

segment vector. We have found it convenient to devise an anomaly code so that anomalies commonly

seen on our casts can be described by a single symbol. For example, anomaly code A is used in cases

where the segment is not straight and hence the length is not easily measured.

The segment vector then might appear as follows:

(1221121, X, 0.6mm, 30° , 45% 0.2mm, 0.8mm, 2), 

DISCUSSION

The major purpose of this conceptual model is to allow the recording of anatomical data in forms

that can be used in computational models for predicting particle deposition and air flow within the lung.

To effectively use the conceptual model, one must be able to relate the idealized model to real lung seg-

ments and then make measurements on the real segments corresponding to parameters defined by the

conceptual model. In practice, this usually can be done provided care is taken and proper measuring

instruments are used. We have used a conceptual model approach for morphometry for about one year

and five individuals have generated over 20,000 segment vectors using lung casts from the rat, hamster,

dog and human. Agreement among morphometrists has been better than 10% (standard deviation) for

lengths and diameters and within _+ 10° (s.d.) for angles. Segment vectors have been used to form com-

puter models of the lung anatomy.

This research supported by the National Institute of Environmental Sciences via AEC Contract AT(29-

2)-1013 under an interagency agreement.
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EVALUATION OF LUNG CASTS BY A STEREO X-RAY METHOD

ABSTRACT

A technique for visualizing changes in airway dimensions

during the preparation of an airway cast and for evaluating

the fidelity of the cast is described. The lung of the animal

to be cast was insufflated with powdered tantalum to provide

contrast during airway radiography. The lungs were cast

either by a saline replacement technique using an excised

lung or a saline replacement in situ technique. Stereoscopic

and monoscopic bronchograms were taken before, during

and after the casting. By examination of the monobroncho-

gram series, changes in airway dimensions during the lung

casting were evaluated and analyzed. A computer program

was developed from geometrical considerations to analyze

the stereo bronchogram and to evaluate the lung cast. Re-

sults of the airway changes of rat lungs during the two

lung casting techniques are given. Changes in airway

lengths and bifurcation angles were less than 5% when using

the in situ technique and considerably greater when using

the excised lung; the diameters of mafor bronchi increased

about 15% for both casting techniques.

INTRODUCTION

PRINCIPAL INVESTIGA TOR5

H. C. Yeh
A. J. Hulbert
R. F. Phalen
D. J. Velasquez
T. D. Harris

An accurate description of the anatomical details of the respiratory air,~ays of man and experimental

animals is essential to understanding the deposition and ultimate toxicity of inhaled particles. One ap-

proach to obtaining this information is to obtain casts of the airways and make detailed measurements of

such parameters as diameters, lengths and branching angles, all of which are needed to predict particle

deposition. 1 During casting of the lung, however, the effects of either the density of the casting material

or lack of restraint of the thorax and other organs imposed on the lung may change airway dimensions.

This paper presents a stereoscopic, radiographic bronchogram technique for evaluating the fidelity of

a finished cast and visualizing airway changes during casting.

PRINCIPLE

The basic element of stereoscopic data reduction is a single point located in three-dimensional space.

Two or more points can be connected by line segments to form lines, angles and branches. Such geomet-

ric forms have anaiogues in the tracheobronehial tree. If the coordinates of the points are known in three-

dimensional space in an arbitrary coordinate system, the length of a line connecting two points Pl(Xl,

YI’ Zl) and P2(x2, Y2’ z2) 

PIP2 = ~Xl - x2)2 + (Yl - )2 + (Zl- z2 )2   (1)

Other formulae can be derived to compute other parameters of interest such as branching angles and in-

clination angles relative to gravity.

The three-dimensional coordinates of points of interest are calculated from coordinates of the radio-

graphic film images of a point and from the coordinates of each x-ray source in a common coordinate sys-

tem. Figure 1 shows an object PQ in a three-dimensional space with its two images P’Q’ and p.Q,r
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Figure 1. An object in B-dimensional space
with two x-ray sources forming two corres-
ponding images in an xy plane.

corresponding to the two x-ray sources S’ and S". For an arbitrary point P(x, y, z) lying on the line
.... . i i i i

connecting an x-ray source Sl(x:, y:, z:), the corresponding point’s image p (xp, yp, zp) is defined by

the following equations:

i i i
x-xp y-yp z-z

i i i i i iYs-Yp

Equation (2) can be rearranged to give

z: x;_ xizi ii- -XZX( Z1)P + Z( X~) = P s s p (3)

y(z~ - p) + z(yp - y~) = i i - ys¥ (4)

Two equations with the three unknown coordinates of the point of interest P (x, y, z) result from each

x-ray source used. Therefore, two or more x-ray sources are required to obtain a sufficient number

of equations to solve for the position of P. Any three of the resulting equations can be used to compute

exact values for the coordinates at point P. Because small errors in hand measurements at the point

images and coordinates at the x-ray sources can be expected, a method which uses all equations is pref-

erable. The method selected for solving the overdetermined (more equations than unknowns) system 

the least-squares method.2 This method also produces a means for estimating the error associated with

each point’s coordinates.

In practice, the x-ray source coordinates were found indirectly by using at least two locater points

above the film plane with known coordinates relative to a reference origin in the film plane. From their

images on the film and their true coordinates, equations (3) and (4) are solved to find the x-ray source

location. Four locater points are used, resulting in eight equations for three unknown coordinates, (x,

y, z), of source. The eight equations form an overdetermined linear system which is solved by the least-

squares method.

METHOD

A schematic diagram of a stereoscopic radiographic animal positioning and film-holding device for

rodents is shown in Figure 2. The animal is positioned on the top of plate A or C. The bottom side of

the plate A contains a rectangular metal wire grid pattern so that the film, when placed on plate B in con-
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Figure 2. Schematic diagram of a stereographic
radiographic animal positioning and filmholding
device for rodents.

tact with plate A, is directly beneath the grid, which forms a coordinate system on the film. The movable

plate C is used for positioning the animal at variable heights from the film to give higher magnification

of the images. Two x-ray source locator plates D, each with two embedded metal locator polnts, E, are

fixed to the two side walls. The locations of these four locator points are known precisely relative to the

origin in the grid (xy) plane. A portable x-ray source is placed above the film at a distance of about

80 cm. An energy of 60 kVp at 15 mA current and an exposure time of 3 seconds is used with fine-grain

industrial radiographic film. In taking a stereo x-ray, the x-ray source is moved horizontally about 10

to 25 cm and the exposure time decreased to 2 seconds.

Based on the geometric principles previously outlined, a computer program for stereoscopic radio-

graphic bronchogram cast evaluation was tested using stereo radiographs of a metal object with a known

configuration. Computer output compared with the known dimensions of the object, (Table 1) showed

good agreement.

EXPERIMEN~ AND RESULTS

The experiment was performed to visualize the changes in airway dimensions during lung casting,

using first an in situ lung casting technique 3 and then an excised lung. This experiment also provided

stereoscopic radiographic bronchograms for cast evaluation. A powdered tantalum technique was used
4to obtain a good outline of the airways.

The animal subject (rat) was anesthetized with sodium pentobarbital and a tracheostomy was performed.

A 14-gage syringe needle with a blunt tip was tied into the trachea. A measured amount of tantalum powder
Table i

Comparison of Physically Measured Values on Test Specimen with Computer Values
Based on Stereoscopic Radiograph

4

Line Segment Length {cm}
I~Z 2-3 3-4 4-5 5-b

Metal Wire: (Two dimension
representation of actual three
dimensional shape)

Inclination To Gravit~ An~les Bet~veen Segments
g-3 3-4 4-5 5-6 LI~3 /-R34 /345 /.456

Hand
Measurement 3.35 i. 78 5.13 4.52 5.38 90" 90" 33" 25° 85" 56" 123" 56°

117"

Stereo
X-ray 3.35 1.80 5.08 4.42 5.38 89.57" 89.74 ° 32.70 ° 22.5 ° 83,35 ° 54.2 ° 122.30 ° 55.1 ° 117.10°



(about 2.5 pm mean particle diameter) was introduced through the trachea using a pulse of air to disperse

the Ta powder into fhe lung. This insufflation was repeated until a good bronchogram was obtained on a

chest x-ray. About 1 g of Ta powder was required for each experiment. The animal was prepared for

lung casting by either a saline replacement in situ 3 or an excised lung replacement technique 5 with some

modifications for bronchography. The tracheal tube in the anesthetized animal (or the excised lung) was

connected to a CO2 reservoir to replace 02 and N2 in the lung with CO2. The inside of the thorax was

then opened to the atmosphere by making several ventral-lateral incisions between the ribs and through

the thoracic wall allowing the lung to collapse. The space between the lung and parietal pleura was filled

with saline to support the lung. Degassed saline was slowly introduced into the lung through the tracheal

tube with 5 to i0 cm of water pressure to dissolve the CO2 gas within and to inflate the lung. Next, the

animal (or lung) was placed in the stereoscopic radiographic positioning and film-holding device, and

the tracheal needle was connected to a syringe filled with casting material. A direct drive metering pump

was used to inject casting material. From this point, the exper£mental setup was not touched or moved.

Two stereo x-ray pairs were taken, one before starting and the other upon completion of injecting the

casting material. During the filling process, one mono-bronchogram was taken for each ce of casting ma-

terial introduced into the lung until the predetermined maximum amount (7 cc) had been injected. The

x-ray source location remained fixed while taking this series of mono-bronchograms during the casting

process. These bronchograms were compared, and changes in angles and dimensions of the bronchial

tree during casting were studied.

Three stages in the series of mono-bronchograms for in situ casting: (a) before injection, (b) after

injection of 2 cc, and (c) after injection of 7 cc of silicone rubber are shown in Figure 3. With in situ

casting, the airway lengths and bifurcation angles do not change appreciably (less than 5% overall), but

the diameters of major bronchi increase about 15% during the injection of 2 cc of casting material. Further

tilling did not cause any additional increase in airway diameters. In the excised lung experiment, the

lung was immersed in saline. The remainder of the casting procedure was identical to that followed pre-

viously. During the injection of the casting material, the lung had a tendency to rotate, due to the density

of silicone rubber injected (p = 1.12), which produced some difficulties in interpreting the bronchograms.

Nevertheless, qualitative changes in airways were observed. In addition to an increase in the diameters

of major bronchi of about 15% for the first 2 cc, the angles and lobe to lobe positions, such as the branch-

ing angles, also changed.

A tracing of a stereo bronchogram of the in situ experiment before the injection of the casting material

indicating the segments and angles measured on both the radiographic film and the finished cast are shown

in Figure 4. The data from these measurements were used to compute true dimensions of these segements.

Meanwhile, these segments were identified in the lung cast and direct hand measurements were made.

Considering the uncertainty involved in identifying the corresponding points between the finished cast

and the stereo x-ray pairs, results of the dimensions of the airways before casting (from stereo broncho-

gram) and after casting (from the cast) agree favorably (Table 2) with those seen in the mono-broncho-

gram series.

Table Z
Airway Changes Before and After Casting of the Rat Lung

Segment Diameter Line Segment Length Angle Between Segments

dg-3 d4-5 d8-13 LI-6 LIO-Ig LIO-II L8-7 L7-14 L8-7-9 /_11-10-12 L14-7-8

Stereo X-ray
Before Casting 0.23 0.g5 0.30 3.43 0.46 0.51 0.74 0.69 46.9 55.1 54.6

Hand Measurement
From Cast, Mean* 0.26 0.29 0.34 3.10 0.53 0.53 0.75 0.58 29.6 50.4 61.5

* Mean of five individual measurements
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Figure 3. (Left) Series of bronchograms
during casting; from top to bottom, (a)
before injection; (b) after injection of 
cc and (c) after injection of 7 cc of silicone
rubber.

Figure 4. (Below) Trace of a stero
bronchogram with indications of the
segments and angles measured.
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SECTION VII

REPEATED INHALATION EXPOSURE STUDIES

RETENTION

TO AEROSOLS OF 137Cs-LABELED FUSED CLAY

ABSTRACT

To provide on experimental evaluation of the adequacy of single

acute inhalation data for predicting the retention kinetics associ-

ated with repeated exposures, 12 Beagle dogs were given weekly,

lO-min inhalations of an aerosol of 137Cs-lebeled fused cloy

particles. Whole-body counting end scanning to determine

kinetics of buildup in the animal were performed before end

after each exposure and periodically between exposures to provide

date for comparison with single acute inhalation exposure studies.

Average initial pulmonary deposition was ~ 19% of the total in-

haled radioactivity. The AMAD of the aerosol was ~ I. 7 with

a og of ~ I. 7. Average air concentration during each exposure

was maintained et ~ I. 2 pCi/liter of air. Accumulation in the

pulmonary compartment as a function of the air concentration

breathed during each weekly exposure has been et a linear

rate. Retention patterns will be followed in selected dogs after

I0, 20 or 40 weekly exposures, out to 3 years from the initlai

inhalation. Tissues from dogs sacrificed after I0 and 20 expo -

sures indicated most of the 137Cs to be associated with lung.

INTRODUCTION

PATTERNS IN BEAGLE DOGS REPEATEDLY EXPOSED

PARTICLES

PRINCIPAL INVESTIGATORS

R. G. Thomas
B. B. Boecker
R, O, McClellan

Current maximum permissible air concentrations of radionuclides for workers in nuclear-related oper-

ations were founded upon the premise that inhalation exposures would occur on a chronic or repeated basis.

Data from single (acute) inhalation exposures, essentially all from experimental animals, have been used

to predict the kinetics of biological retention times that may be encountered on a repeated exposure basis,

A primary radiation standard, such as 0.3 rein per week to a critical organ, has been used to establish

the maximum organ burden that would be either reached or maintained under repeated exposure conditions.

The maximum allowable air concentration to attain this burden has been back-calculated using that crlte -

rion. The assumption was made that workers inhaled such concentrations over a five-day work week for

a period of 50 years. Levels for the population at large have been based upon the air levels established

in this manner, usually by dividing by some arbitrarily chosen factor.

The assumption that kinetics of buildup in an organ during repeated exposure may be predicted from

experience following sing]e exposure is probably valid at low or tracer-levels of inhaled air. If levels

in the air (and lung, for example) were to get quite large, then a "carrier" effect might influence the re 

tention pattern and the assumption would break down. The prediction of biological effects during repeated

exposure is not perhaps as straightforward as from single exposure data. In repeated exposures, the

dose rate to an organ increases with time until a steady state is attained, but after a single exposure this

is generally not the case. In the latter, either the dose rate is highest at first, as with the lung, or it

builds to a maximum and then decreases. In either of these instances, the dose-rate pattern differs from
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that of repeated exposures. The question arises as to the influence of dose rate pattern on overall biolog-

ical effect. If the total dose over 50 years results in the same radiobiological insult, regardless of mode

of accumulation, then the pattern by which this dose was accumulated is unimportant. Conversely, if

dose rate pattern is a (or the) governing factor, then the pattern is vitally important. This information

is not available.

The study to be reported is of a preliminary nature and the results will be used to formulate future

longer-term studies involving repeated exposure to radionuclide-containing aerosol particles.

METHODS

Six Beagle dogs of each sex, approximately 3 years old, were placed into this experiment in May 1973.

Four dogs were exposed by inhalation on each of three consecutive days each week. Whole-body counting

and scanning were performed before and after each exposure and at intervals between exposures. After

10 exposures, 4 dogs were removed from the schedule, 2 were sacrificed at seven days after the last expo-

sure (70th day of the study) and 2 have been maintained for whole-body counting. A similar protocol

was followed after 20 exposures and the remaining 4 dogs will b~ subjected to the same procedure after

a total of 40 exposures. It is expected that whole-body counting on the 6 dogs set aside will continue until

May 1976, three years from the first exposure.

The aerosols are nebulized from suspensions of montomorillonite clay into which 137Cs has been ex-

changed. The droplets are passed through a heating column maintained at ll00°C to insure fusing of the

cation into the clay. The solid spherical particles are subsequently passed onto the dog for nose-only

exposure. These aerosols typically have an AMAD of ~ 1.7 pm and a a of ~ 1.7. Cascade impactor and
g

electrostatic precipitator samples are taken at various points during the runs, for particle size and air

concentration analyses. Exposure times have been 10 min and the air concentrations have been maintained

as constant as possible at ~ 1.2 pCi/liter. Exposure conditions are the same for each exposure and the

same as those used on all other experiments of a single exposure nature in this laboratory. The dogs

are being maintained in metabolism cages throughout the exposure regime, but will be moved to the ken-

nels at a reasonable time following the 4Oth exposures. No excreta collections have been made.

RESULTS AND DISCUSSION

Initial pulmonary deposition was calculated in a conventional manner using air concentration of 137Cs

and breathing parameters. Data were analyzed for the first 10 or 20 exposures (Table 1). The mean was

18.6% with a range from 10.6% to 28.2%. The standard deviations about these means indicate a wide range

in individuai values, with no differerLces in scatter indicated between analysis of l0 or 20 individual val -

ues. A linear regression analysis was run on the percent pulmonary deposition in each dog as a function

of both tidal volume and breathing rate during each exposure. These latter parameters, obtained from

averaging the individual values over each 10-min exposure period, were determined to see if there was

any obvious trend between initial deposition and these respiratory measurements. In each case, there

were 5 positive and 7 negative slopes, indicating no real trend, and most of the slopes were quite small.

Data from the whole-body counting of one dog are plotted in Figure 1, in pCi of 137Cs as a function

of time from the first exposure. This dog was removed from the exposure regime after 20 exposures and

is being periodically whole-body counted. Loss of radioactivity from the animal is rapid following expo -

sure and is essentially complete by the second day. The remaining radioactivity is presumed to be in

the pulmonary compartment, as would be expected with fused clay particles. Scanning data show this

to be the case. There were week-to-week variations in the aerosol concentration and also in the amount

deposited in the animal (Table 1). These variations are reflected in the whole-body radioactivity men-

surements shown in Figure 1.

The whole-body burden prior to exposure each week has been assumed to be pulmonary 137Cs.

The mean values from all dogs on exposure day (Fig. 2), are representative of buildup in the pulmonary

compartment as a result of the weekly exposures. The data were normalized to the average amount of

137Cs per liter of air breathed over the 10 min exposure time, to smooth out th e week-to-week variations

in air concentration. The data are fairly linear with time and represent an increase in lung burden of

4 p.Ci/exposure/pCi/liter of air breathed.



WEEKS POST-INITIAL INHALATION EXPOSURE

Figure I. Whole-body burden of 137Cs with repeated weekly
exposures to ~ I. 15 ~Ci per liter inhaled air ( Dog 1148-03) 

Dog
I.D.

48-01

-0Z

-03

-04

50-01

-0Z

-03

-04

51-01

-0Z

-03

-04

Table i

Pulmonary Deposition as a Function of Tidal

Volume (cc)and Breathing Rate (Min-1)

Pulmonary Slope
Deposition

Exposures Mean S.D. cc TVI,

i0 17.6 6. 1 - 0. 306

Z0 88. Z IZ. 1 - 0. 029

Z0 19.5 5.4 + 0.03Z

i0 i0.6 5.6 - 0. 097

Z0 ZZ.7 8.4 - 0.0Zl

i0 19.9 5,0 + 0. 032

20 16.7 6. I + 0.030

Z0 18.9 6.3 - 0.019

20 Z0. Z 7.5 - 0. 034

Z0 11.7 5.Z + 0.075

i0 24.4 6.9 - 0.075

Z0 13.3 6. 1 + 0.038

Mean = 18.6

Slope
(% Per

Breath/Min~

+0.70

-0.60

+0.91

-0.50

.0.01

-0.7Z

- 0.37

+0.32

+ 0.82

-0.39

+ 1.87

-0.20
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NUMBER OF EXPOSURES (weekly)

Figure 2. Cumulative 137Cs content in lung versus number

of repeated exposures.

The results to date in this repeated exposure study are quite encouraging with regard to their week-

to-week uniformity. These early data suggest that the retention pattern following repeated exposure

should be predictable from single exposure kinetics particularly when radiation exposure to the lung is

relatively low as in this study. Tissue data from sacrifices after i0 and 20 exposures have not been com-

pletely analyzed, but indications are that most of the 13?Cs is associated with the lung, as would be ex-

pected. Unless biological effects alter the retention patterns, there would be no reason to think otherwise.

The dogs remaining in this experiment for long-term retention after cessation of exposure are also being

observed for radiobiological abnormalities. The dog illustrated in Figure l, for example, is presently

receiving approximately 7 rads per day to the lung from the ~-particle emission, plus an additional con-

tribution from the %’-rays emitted. The six dogs that will remain in the experiment for an additional 2-3

years should provide interesting and useful data for assessing the validity of the current approach to

establishing maximum permissible air concentrations for airborne radioactivity.
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PRELIMINARY REPORT ON THE EFFECTS OF REPEATED INHALATION EXPOSURE

OF MICE TO 144CEO2

ABSTRACT

To provide information on the effects of repeated inhalation

exposure to radioactive aerosols for comparison with avail-

able data on the effects of single acute inhalation exposure,

were repeatedly exposed to 144Ce02 to maintain lungmice
burdens (LB) near 4.5, I. 0 and O. 2 pCi of 144Ce and ore

being maintained for lifespan observation. Results are

being compared with those from three groups of mice having

similar initial LB (ILB7 after G single exposure. Mortality

increased slightly among the mice in the highest FCi level of

the repeatedly exposed group compared with single exposed

mice having similar ILB. Repeated inhalation exposure

to 144Ce02 reduced clearance of inhaled 144Ce during the
first seven days post-repeated exposures and increased

retention of 144Ce after 7 days. These effects were most

evident in the mice with the highest LBs.

INTRODUCTION

PRINCIPAL INVESTIGATORS

D. L. Lundgren
R, O, McClellan
F. F. Hahn
A. Sanchez
G. J. Newton

Several studies on the deposition, retention metabolism, distribution in tissue and toxicity of 144Ce*

in relatively insoluble forms after a single inhalation exposure or by intratracheal injection in various

laboratory animals have been reported. I-7 Since 144Ce is one of the radionuclides present in nuclear

reactors after a period of sustained operation and is present in the nuclear fuel when it is reprocessed

and since the potential exists for repeated accidental exposures, it is pertinent not only to study the effects

of a single inhalation exposure to 144Ce but also to determine the effects of repeated exposure to this radio-

nuclide. In a previous study in this laboratory, 8 the toxic effects of inhaled 144CEO2 after a single inhala-

tion exposure in mice (strain C57BL/6J) were compared with the toxic effects of inhaled 144Ce in fused

clay particles in Beagle dogs. Both 144CEO2 and 144Ce in fused clay particles are relatively insoluble

compounds and when deposited in the lung result in 50% effective retention times of approximately 70 days

in mice and 2{)0 days in Beagle dogs. When the toxic effects of inhaled 144Ce in relatively insoluble forms

in these two species were compared to a [iCi per kilogram body weight basis, no tumors developed in mice

during their lifespan, whereas Beagle dogs developed pulmonary tumors within similar post-inhalation

exposure times. This difference in response may have been due to a species variation in response to the

beta radiation or the longer effective retention of the inhaled 144Ce in insoluble forms in the Beagle dog

than in the mouse.

The present study was initiated to (a) determine the effect of repeated inhalation exposure of mice

to 144CEO2 on the retention and distribution of 144Ce, (b) simulate in mice the longer effective retention

of 144Ce which occurs in Beagle dogs that had inhaled 144Ce in fused clay, (c) determine if this artifically

produced increase in effective retention will result in pulmonary histological responses in the mouse lung

similar to those observed in the Beagle dog, and (d) determine the effect of age of mice on the response

to a single inhalation exposure to 144CEO2 for comparison with responses of mice repeatedly exposed by

inhalation to 144CEO2.

*144Ce as used in this text refers to 144Ce in equilibrium with its daughter, 144pr.
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METHODS

Conventionally reared C56BL/6J (Jackson Laboratories; Bar Harbor, Maine) female mice 6 to 8 weeks

old were used. The mice were housed 3 15et cage on arrival at the laboratory and held in quarantine for

2 weeks before being entered into this study. The mice were housed in 5" x 7u x 12" plastic cages with

wood shavings for bedding and were given food (Wayne Lab-Blox, Allied Mills, Inc.; Chicago, III.) and

water ad libitum. All mice were observed daily for deaths and the cumulative percent survival deter-

9
mined.

The 144CEO2 aerosol to which the mice were exposed was produced by a two-stage heat treatment

at 38B°C followed by 850°C of droplets generated from a suspension of 144CEC13 in 0.6 M HCI (4 mg/ml

Ce+3), After passing through the heating column, the aerosol was mixed with dry cool diluting air and

directed into an essentially nose-only exposure chamber in which a plenum was used to direct the air

flow to 6 to 74 mice per group. 10 The 144CEO2 particle size distribution was determined with a Mercer
ii

cascade irnpactor.

The experimental design being followed in these studies is summarized in Table i. One group of

mice are being exposed to 144CEO2 to obtain initial lung burdens (ILB) of 0.2, 1.0 and 4.5 ~Ci of 144Ce.

At approximately 60-day intervals, these mice are again exposed to an aerosol containing sufficient 144Ce

to replace the 144Ca cleared from their lungs so that the lung burdens (LB) can be maintmned near the

ILB of 0.2, 1.0 and 4.5 ~Ci for the three study groups. These exposures will be repeated seven times.

Other mice have been exposed only once by inhalation to 144CEO2 when 70 days old to achieve ILBs of

0.2, 1.0 and 4.5 ~Ci of 144Ce. Older mice will be exposed by inhalation to 144CEO2 when 250 or 430 days

old to achieve ILB of I. 0 and 4.5 ~Ci of 144Ce. The control mice being used are also outlined in Table I.

Table 1

Experimental Design for Studies of the Effects of Single or Repeated Exposure
of Mice to Aerosols of 144CeO2

Stud]/ I. i<epeated inhalation exposure at 70, 130, 190, 250, 310, 370 and
430 days of age to maintain desired lung burdens.

Group I. Sham exposed controls. 160 mice

Group 2. Stable CeO2 exposed controls. 160 mice

Group 3. 144CEO2 exposed; desired ILB 0.2 (0.25) ~ ~Ci. 165 mice

Group 4. 144CEO2 exposed; desired ILB 1.0 (1.32)":: ~Ci. 169 mice
Group 5. 144CeOz exposed; desired ILB 4.5 (5. 16) ;:= ~Ci. 166 mice

Study 11. Single inhalation exposure at 70 days of age.

Group i. Non-exposed controls. 270 mice

Group 2. Sham exposed controls. 120 mice

Group 3. Stable CeO2 exposed controls. 120 mice

Group 4. 144CEO- exposed; desired ILB 0.2 (0.22)* ~Ci. 76 mice
Group 5. 144CeO~ exposed; desired ILB I. 0 ( I. 03)* ~Ci. 366 mice

Group 6. 144CEO2 exposed; desired ILB 4.5 (4.83)* ~Ci. 412 mice

Study III. Single inhalation exposure at 250 days of age.

Group I. Stable CeO2 exposed controls. 80 mice
Group 2. 144CEOZ exposed; desired ILB 1.0 ~Ci. 80 mice

Group 3. 144CEOZ exposed; desired ILB 4.5 ~Ci. 80 mice

Study IV. Single inhalation exposure at 430 days of age.

Group I. Stable CeO2 exposed controls. 80 mice
Group Z. 144CEO2 exposed; desired ILB i. 0 ~Ci. 80 mice
Group 3. 144CeOz exposed; desired ILB 4.5 ~Ci. 80 mice

Actual mean estimated ILl3 achieved.
Some of these mice are also being used for other studies.
To be exposed.

( ) 
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Random samples of 20 mice from each group were whole-body counted in either a well-type scintilla-

tion counter or a sodium iodide crystal (Y’ x 8") turntable counter immediately post-exposure. Thereafter
144

all mice that were exposed only once to the inhalation of CeO2 were whole-body counted at 1, 2 and

and monthly. Mice repeatedly exposed to 144CEO2 were whole-body counted at 1, 2, 4,4 weeks 6 and

8 weeks post-inhalation exposu~’e.

Thirty-eight mice were sacrificed immediately post-inhalation exposure and 9 were sacrificed at 7

days later. They were necropsied and the concentration of 144Ce in the lungs and remaining carcass

determined by the use of a well-type scintillation counter. All mice that died post-inhalation exposure

were necropsied and their spleen, kidneys, liver and lungs were removed and fixed in 10% formalin for

histological examination by standard procedures. These tissues and the remaining carcasses were also

analyzed for 144Ce.

The average cumulative doses in fads to the lungs of the mice in the various study groups were esti-

animals surviving through 160 days after the initial inhalation exposure to 144CEO2.mated for A T~best-

fit" curve of the body burden in ~/Ci was drawn on linear graph paper, and the area beneath was inte-

grated by weighing. This, with an average lung weight of 0.15 grams for all mice; 1.29 MeV, the average

beta energy for 144Ce decay; 0.35 for the estimated fractional beta energy absorption and the llCi retained

in the lung were used to calculate the tad dose to the lungs.

RESULTS AND DISCUSSION

The cumulative percent survival for all groups of mice have been determined through approximately

170 days post-inltial inhalation exposure. Significant mortalities have only occurred among the mice in

the two groups with the highest estimated ILB (Fig. i). Approximately 10% of the mice in these two groups

died between days 10 and 30 post-initial inhalation exposure. These deaths were due primarily to compli-

cations arising from infection, presumably from an endogenous source, with Pseudomonas sp. of bacteria.

This bacterium was isolated from the inner ears and lungs of several mice that were in a morbid condition

at the time they were killed, to obtain material for culture. Mortality after the 2nd and 3rd inhalation expo-

sures occurred increasingly more frequennt]y among the repeatedly exposed mice as compared with those

that were exposed only once. The cumulative percentages of survival among the other groups of mice

was not significantly different through approximately 170 clays after inhalation exposure. Survival among

mice with an estimated mean ILB of 0.22 tlCi following a single inhalation exposure was 1@0%; among those

repeatedly exposed to maintain this level, survival was 97%. Mice with an estimated mean ILB of 1.03

~ICi after a single inhalation exposure had a 97% survival rate and those mice repeatedly exposed to main-

rain this level had 96% survival, Among the various control mice, those that were sham exposed once,

100 I I I I

Figure i, Cumulative survival in
z~ 60-

e+~"k ¯ ~0
mice having an average initial lung

uJ burden (ILB) of 4.8 ~Ci 144Ce fol-
lowing a single inhalation exposure

aL to 144CEO2 and mice being repeat-
40- edly exposed to maintain their

~_ average lung burden of 144Ce near
"~j ’~ 4.5 IICi.

0 20- IZ9

o
0 ,’o 4 ,;o ,,0

DAYS POST-INITIAL INHALATION EXPOSURE
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survival was 94% and those sham exposed three times had 97% survival. Among the mice that were ex-

posed once by inhalation to stable CeO2, there was 99% survival and among those so exposed three rimes,

survival was 94%. Survival among the non-exposed control mice was 98%.

In the mice killed immediately post-inhalation
IOO l L i

exposure, 7.2% of the body burden (BB) was 

the lungs and in those mice killed 7 days post-

inhalation exposure, 87.3% of the BB was present

in the lungs. Based on the concentration of 144Ce ~_ i+

in the lungs at these two sacrifice times, the 7- =

day BB was considered to be a good estimate of
z

the initial lung burden (ILB) in the mice studied, m=

Repeated inhalation exposure to 144CEO2 to
~ 1.0-

maintain the lung burden near one of three differ-

ent levels has affected the whole-body clearance

and retention of 144Ce compared to that following
al

the initial inhalation exposure and after a single

exposure. Clearance of inhaled 144Co follow-ing

the 2nd and 3rd exposure was similar to that following 100-)

]the initial exposure among the mice that had an

average estimated ILB of 0.2 ~Ci. Approximately

94% of the BB was cleared during the first seven

days after the initial exposure, 93% during the ~" 10-

first seven days after the second exposure and

93% after the third exposure. Among the mice with

an estimated ILB of 1.3 ~ICi of 144Ce, 95% was cleared
>- Lo-

in seven days after the first inhalation exposure,

94% after the second exposure and 73% after the

third exposure. Among the mice with an estimated

ILB of 5.2 ~tCi of 144Ce, 94% was cleared in seven al
O

days after the first inhalation exposure, 86% after

the second exposure and 82% after the third exposure. I0

It is evident that among the mice in the group being

maintained with the highest LB (~ 4.5 ~tCi), the

retention of 144Ce at seven days post-inhalation

exposure was increased after each subsequent ~,_ Lo-

inhalation exposure (Fig. 2a). In the intermediate

level of mice receiving repeated inhalation exposures "~

to 144COO2 (~ 1.0 ~Ci), there were only subtle, ~= 0,J-

if any real, changes in the retention of 144Ce after

seven days post-inhalation exposures (Fig. 2b) 

There were no apparent changes in the retention

of 144Ce in the mice in the lowest level group o.ol o

(~ 0.2 ~Ci) at seven days post-inhalation exposure

(Fig. 2c). Increased retention of naturaiUO 2 dust

in rats, dogs and monkeys chronically-exposed

for prolonged periods has been observed during
12

the first year of exposure. No other observations

of the effects of chronic or repeated inhalation

Is?
Exposure
66 mir~]

2nd 3rd

~$~e~ll E~l~$u m ~41~ ~k~e J

40 80 120 i~ 180
DAYS POST’INITIAL INHALATION EXPOSURE

~, [3.
Exposure
IIG9 ruleD)

2rid 3rd

~ ~0Exposare

Exposu~o

40 80 120 160
DAYS POST-INITIAL iNHALATION EXPOSURE

ISO

[ I I I

80 120 I~)
DAMS POST’INITIAL ;NHAKATtON EXPOSURE

180

Figure 2. Retention of 144Ce in mice exposed
once or repeatedly to inhalation of 144CEO2
having estimated average initial lung burdens
of (a) 4.8 and 5.2 ~Ci, respectively; (b) 
and 1.3 ~Ci, respectively; and (c) 0.22 and
0.25 ~tCi, respectively.
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exposure to radionuclides in relatively insoluble forms have been reported. From the preliminary obser-

144CEO2
vations reported here, it is evident that repeated inhalation exposure of mice to will result in

an increased retention of 144Ce which will significantly increase beta radiation doses to the lungs of the

mice presently under study.

The average cumulative beta radiation dose to the lungs of the mice exposed singly or repeatedly by

inhalation to aersols of 144CEO2 and surviving through 160 days after the initial exposure are summarized

in Table 2. During the 160 days after the initial exposure, the dose absorbed by the hags of the mice

that were exposed three times were approximately twice that absorbed by the lungs of the mice that were

exposed only once in all three of the study groups. It is evident that with increasing time after the initial

inhalation exposure, the cumulative beta dose to the lungs of the mice being repeatedly exposed to 144CEO2

will continue to increase relative to the doses to the lungs of the mice exposed only once. It will be of

interest to compare the histological changes in the lungs of the mice reoeatedly exposed to those exposed

only once. Such data will be obtained during the next year.

Study I.

Group 3

Group 4

Group 5

Study If.

Table 2

Cumulative Beta Radiation Dose to the Lungs of Mice

Following Either Single or Repeated Inhalation

Exposures to Aerosols of 144CeOz

Estimated Rad Dose Through 160 Days
ILB After The Initial Exposure

Repeated inhalation exposure s at approxi-

Group 4

Group 5

Group 6

mately 70, 130 and 190 days of age.

0. Z5 ~Ci Z,800

1.3Z ~Ci 16,400

5.16 ~Ci 81,100

Single inhaladon exposure at appro~-
mately 70 days of age.

0. ZZ ~Ci 1,300

1.03 bCi 7,000

4.83 bCi 43,400

i.

2.
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APPENDIX A

Status of Longevity and Sacrifice Experiments in Beagle Dogs

On the following pages detailed data are presented on selected parameters relative to (a) total body

and lung content of radionuclides, and (b) the resultant radiation dose received by individual dogs that

have been assigned to longevity or sacrifice studies. In addition, information is provided on the current

interpretation of the most prominent clinico-pathological features associated with death of animals.

The data are presented recognizing that they are not only valuable reference for scientists in this labora-

tory but also for scientists in other laboratories who desire to follow in detail the progress of these im-

portant studies. The data represent the best information presently available and it must be noted that,

with time, certain values and diagnoses will be modified and updated as new and better information

becomes available.

The methods used in establishing the radiation dose parameters presented have been described in

the text of the report or referenced to previous reports. A key consideration in these dose calculations

is the tissue weight used since the absorbed dose is inversely proportional to tissue weight. Tissue

weights used for the dose values reported in Appendix A have changed over the years; it is important

that the reader be aware of these changes and the rationale behind them.

Lung Weight

The earliest reported dose calculations (LF-38 and LF-39) were based on a lung weight/ body weight

ratio of 0. 0075 determined from tissue weights from exsanguinated dogs, This ratio was changed to

0.014 in the 1968-1969 Annual Report (LF-41, pp 27-28) based on calculations of the estimated weight 

lung with its normal complement of blood in the living dog. Subsequent experimental evidence reported

in last year’s Annual Report (LF-45, pp 119-128) has indicated that this value is too high. Based 

these results, our best estimate of the lung weight (with blood)/body weight ratio is 0,011, This value

has been used for all dose calculations for dog lung in this report and will continue to be used unless

additional information is obtained that indicates a change is necessary,

Liver Weight

The liver weight/body weight ratio used originally, 0. 027, was based on tissue weights from exsan-

guinated dogs. It was used for dose calculations in all reports before this one. Based on the experimental

data presented in LF-45, the best estimate for liver weight (with blood)/ body weight is 0.050. This

value has been used for all dose calculations for dog liver in this report and will continue to be used

unless additional information is obtained that indicates a change is necessary.

Skeleton Weight

The skeleton welght/body weight ratio has always been taken as 0,10. This value will continue

to be used unless additional information is obtained that indicates a change is necessary.
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