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Abstract

Pulmonary aggregation of inhaled 239Pu02 par-
ticles leads to a cellular evolution of focal inflam-
mation, fibrosis, epithelial dysplasia and lung tumor
formation. Female Wistar rats were exposed to an
aerosol of high-fired 9Pu02 (initial lung burden,
3.9 kBq) and the lungs examined at intervals from 1
day to 700 days after exposure by light and scanning
electron microscopy and autoradiography. Peribron-
chiolar Pu particle aggregation increased with time,
resulting in well-defined focal inflammatory lesions
after 120 days and fibrotic lesions after 180 days. A
generalized hypertrophy and hyperplasia of noncilia-
ted bronchiolar cells was seen at 15 days and type II
cell hyperplasia by 30 days after exposure. Focal
dysplastic changes in type II alveolar epithelium and
terminal nonciliated bronchiolar epithelium preceded
carcinoma formation. Alveolar bronchiolarization was
first noted at 120 days, squamous metaplasia at 210
days, squamous carcinoma at 270 days and adenocar-
cinoma at 600 days after exposure.
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Introduction

Lung cancer in the rat is a common long-term
effect of moderate to high levels of inhaled 239Pu0,
(Sanders, et al., 1988a). A significant incidence of
lung tumors is seen only at Iifetime, total lung doses
greater than 1 Gy; a maximal lung tumor incidence
of about 80% is seen at a lung dose of 8 Gy. Lung
tumors most frequently seen in rats following inhala-
tion of transuranics include squamous cell carcinoma
and adenocarcinoma, which probably are derived from
terminal bronchiolar epithelium and/or type II alveo-
lar epithelium (Sanders et al., 1986, 1988a, 1988b;
Masse, 1980; Lisco, 1959). The formation of large
peribronchiolar Pu particle aggregates result in aver-
age of about 1 ¢Gy/day to small focal areas of con-
tiguous alveolar and bronchiolar epithelium at periods
greater than 6 months after inhalation. These over-
lapping alpha particle radiation zones appear to be
required for subsequent development of lung tumors
(Sanders et al., 1988b). Pu particle aggregation leads
to a cellular evolution of focal inflammation, fibrosis,
epithelial hyperplasia and metaplasia, and lung tumor
formation at total lung doses greater than 1 Gy.

Morphological evidence for multiple steps in the
progression to malignant tumors of the lung from in-
haled Pu is well established. This histopathological
progression has been examined in studies of Pu dis-
tribution (Rhoads et al., 1982), cell proliferation
(Rhoads et al., 1983), morphometry (Rhoads et al.,
1981), and ultrastructure (Sanders et al., 1971).
Pathological changes in irradiated lung have been de-
scribed using transmission and scanning electron mi-
croscopy (SEM) (Woodruff et al., 1977; Maisin et al.,
1982; Nicholls et al., 1986; Sanders et al., 1971).
Scanning electron microscopic autoradiography has
been used to visualize and quantitate the distribution
of inhaled 239Pu0y particles in alveolar and bronchi-
olar regions of lung (Lauhala et al., 1988; Sanders et
al., 1989). This paper reports on the histopathologi-
cal lesions leading to lung tumor formation from the
perspective of the scanning electron microscope.

Materials and Methods

Ninety-nine young adult, SPF, female Wistar
rats were gliven a single, nose-only exposure to an
aerosol of 169Yb, 239Pu0y in groups of 33 rats; 40
rats were sham-exposed. The aerodynamic median
activity diameter of the aerosol was 2.1 micrometers,
with a geometrical standard deviation of 2.0. Initial
lung burden (ILB) of 239Pu in individual rats was
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Table 1. Incidence of pulmonary proliferative lesions following inhalation of 239Pqu; values are percentages
of 5 rats per group, except for 4 rats at 700 days, with specified lesions. Only one sham-exposed rat devel-
oped a lesion, alveolar bronchiolarization at 500 days after exposure.

Incidence of Pulmonary Lesions (percent)

Time after Alveolar Squamous Adeno- Squamous
Inhalation (days) bronchiolarization Metaplasia carcinoma Carcinoma
1 0 0 0 0
15 0 0 0 0
28 0 0 0 0
60 0 0 0 0
90 0 0 0 0
120 20 0 0 0
150 0 0 0 0
180 40 0 0 0
210 80 20 0 0
240 40 0 0 0
270 60 0 0 20
300 100 0 0 0
350 100 0 0
400 60 40 0
450 100 20 0 20
500 80 20 0 20
550 60 0 0 40
600 60 20 20 20
650 80 20 20 20
700* 50 0 25 0

*four rats in the final group.

determined at 14 days post-exposure by whole body
counting of 169Yb activity. The activity ratio of
169yb/239Ppu was 0.40. The contribution of 169yb
gamma-irradiation to the total lung dose was less
than 0.05%. ILB for 239Pu was 3.9 + 1.2 kBq. Radi-
ation dose to the entire lung was calculated based on
ILB and time to sacrifice after exposure using a two-
exponent lung clearance function and a lung weight
of 1.6 grams (Sanders et al., 1986, 1988b). About
80% of 239Pu was cleared from the lung with a half-
life of 20 days and 20% was cleared with a half-life
of 200 days. Groups of five exposed rats and two
sham-exposed rats were examined with light and
scanning electron microscopes at 20 time periods
ranging from 1 day to 700 days post-exposure (Table
1).

Rats were anesthetized with intraperitoneally
injected sodium barbitol. At the time of sacrifice,
the trachea was exposed and cannulated with a 14-
gauge needle and perfused with McDowell-Trump's
fixative (McDowell and Trump, 1976) in situ for 20
minutes at 25 cm of water pressure. The trachea
was then tied off and the lung immersed in fixative
at 4°C. The lung lobes were removed from the main
stem bronchi and prepared for examination by light
microscopy (LM) and SEM. Random portions of the
left lobe were dehydrated and embedded in Lx-112
resin. One micrometer thick Lx-112 resin sections
were cut on an LKB ultramicrotome with a diamond

knife and stained with Richardson's stain and basic
fuchsin or covered with Ilford K-5 liquid photo-
graphic emulsion (Ilford Limited Mobberley Cheshire,
England) and exposed for 4 weeks. Slides
Richardson's and basic fuchsin. The cardiac lobe was
prepared for SEM and SEM autoradiographic exami-
nation (Lauhala et al., 1988; Sanders et al., 1988c).

Results

Plutonium particles were widely dispersed
throughout the pulmonary region at 1 and 15 days
after exposure (Figure 1 A). Early evidence of
39Pu02 particle aggregation was seen by 28 days.
These "hot-spot" regions in alveoli on SEM autora-
diograms contained a concentration of alpha tracks
and alpha stars along with numerous single reduced
silver grains, perhaps arising from secondary delta
rays. Regions of particle concentration became more
evident from 60-180 days after exposure, due to both
a clearance of particles from other alveolar regions
and an apparent concentration effect in a few focal
regions. By 120 days, the density of reduced silver
grains in this high-dose area of particle concentra-
tion was so great in some cases that they covered
most of the underlying tissue. Focal plutonium par-
ticle aggregates were more frequent and extensive by
200-300 days (Figures 1 B and 1 C). Aggregates
were seen most often in

more peripheral and




























Lung and Alpha Irradiation

proliferation of initiated bronchiolar and alveolar
epithelial cells.
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Discussion With Reviewers

D.P. Penney: What was the fate of the macrophage
population throughout the study?

Authors: There is a general decline in pulmonary
macrophage numbers following inhalation of 239Pu02
(Sanders. 1969, text reference). However, macro-
phage numbers associated with Pu particle aggregates
and focal inflammatory lesions are greatly increased.

E.L. Travis: Do you have further evidence that pul-
monary adenocarcinomas appear later than squamous
carcinomas?

Authors: Lung tumor type and latency period are
functions of radiation dose from inhaled 239Pu0j.
At doses less than 1 Gy adenocarcinoma appears be-
fore squamous carcinoma, while at doses greater than
1 Gy adeno carcinoma appears after squamous carci-
noma (C.L. Sanders, R.R. Adee, and K. Rhoads. 1977.
Life history of plutonium dioxide in the lung: From
macrophage to carcinoma. In, Pulmonary Macrophage
and Epithelial Cells, CONF-760297, NTIS, Springfield,
VA, pp. 451-462). The relationship between lung
tumor type, latency and radiation dose is apparently
due to the formation of large Pu aggregates at high
ILB values (Sanders et al., 1988b, text reference).

D.E. Schraufnagel: Squamous metaplasia may be a
response of the epithelium that results from stimuli
that also cause carcinoma. How do you know that
squamous metaplasia eventually will develop into
squamous carcinoma?

Authors: Squamous metaplasia from areas of focal
inflammation and fibrosis typically precedes the
development of squamous carcinoma in the rat, not
only for inhaled radionuclides but for non-radioactive
irritative particles in the lung, such as silica.
Temporally, qualitatively and quantitatively, it has
been shown the squamous metaplasia is a precursor
of squamous carcinoma.

J.B. Reitan: What is the relative biological effec-
tiveness (RBE) for inhaled radionuclides emitting high
LET alpha-radiation compared to low LET beta,
gamma radiations?

Authors: In rats, the RBE for mortality from radia-
tion pneumonitis/fibrosis is about 10 for inhaled
alpha-emitters, while for lung tumors the RBE ranges
from 20 to 50.

918

J.B. Reitan: How much of the pulmonary toxicity is
due to radiation and how much is due to chemical
toxicity and mechanical irritation of the dust
particles?

Authors: 9Pu has a specific activity of 16 mg/mCi,
while 239PuOgy has a density of about 11 g/ems,
High-fired (calcined at 750°C for 2 hours) 239Pu0y is
very insoluble in biological tissues. Low solubility
and mass of deposited PuOy particles (1.6 micro-
grams) rules out a role for mechanical or chemical
toxicity.

J.B. Reitan: The 239Pu02 aggregates in your experi-
ments represent very active hot-spots. Your data
are of relevance regarding the fate of inhaled alpha-
emitting radon daughters and following inhalation of
hot particles from Chernobyl with a mixture of
alpha, beta, and gamma-emitting radionuclides. These
later particles were rather large. Do you think your
data on the aggregation of 239pu have any relevance
for the discussion of the biological effects of
Chernobyl particles?

Authors: Our results with inhaled transuranics are
relevant to the issue of 'hot particles.' The more
homogeneous alpha irradiation pattern from inhaled
'soluble' 241Am0y and 244CmOy resulted in a maxi-
mum lung tumor incidence of about 30% at a dose of
2-3 Gy. The more nonhomogeneous lung dose pat-
tern from inhaled 'insoluble’ 238PuOs and 239pu0,
produced a maximum lung tumor incidence of about
80% at 8-10 Gy. The difference in dose-tumor re-
sponse between these two dose distribution patterns
is seen in the formation of particle aggregates with
PuOy and associated greater incidence of squamous
carcinoma and hemangiosarcoma. Adenocarcinomas
predominate with a uniform alpha irradiation pattern
in the lung, whose risk may be estimated by a quad-
ratic function or a threshold. On the other hand,
squamous carcinoma and hemangiosarcoma formation
exhibit a threshold at 1 Gy and 5 Gy, respectively
(C.L. Sanders and J.A. Mahaffey. 1979. Inhalation
toxicology of transuranics in rodents. In, Biological
Implications of Radionuclides Released from Nuclear
Industries, IAEA Symposium, Vol. I, Vienna, Austria,
pp. 89-104; and Sanders et al., 1988a, text reference).
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