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ABSTRACT

The influence of absorbed radiation dose and its distri-

bution on pulmonary carcinogenesis in rats were examined

238 238

following inhalation of Pu from crushed

o or 244CmO2 and following intratracheal in-

239

PuO2 micro-

" spheres, PuO

2
stillation or inhalation of
238

PuO A more uneven dose-

239

2 -
distribution (e.g. Pu0, or PuOZ) favors squamous carcinoma
induction at high doses, while adenocarcinoma induction is
greater at lower doses or at all doses fbllowing a more even

238Pu, 244CmOz). Squamous

dose-distribution in the lung (e.g.
metaplasia and adenomatosis appeared to precede the develop-
ment of squamous carcinoma and adenocarcinoma, respectively.

Pulmonary hemangiosarcomas were found only after high doses '
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STUDIES OF PULMONARY CARCINOGENESIS IN RODENTS

FOLLOWING INHALATION OFATRANSURANIC COMPOUNDS
C. L. Sanders and G. E. Dagle

INTRODUCTION

. Pulmonary deposited alpha emitting radionuclides have
been shown to be potent carcinogeﬁs in the lung of experi-
- mental animals. Among'thesekyadionuclides; the transuranic
238Pu02, 239Pu02, 24_‘*Cmoz, constitute a poténtial

health hazard to man associated with the nuclear industry.

oxides, and
Lisco (1959) was the first to ciearly describe the mor-
phogenesis of pulmonary tumors in rats following deposition
of_239Pu02. )He found three tybés'of tumors induced by Pu02:
-.adenocarcinoma, squamous carcinoma and hemangioénd%thelioma{
Latter studies by'Buldakov and Lyubéhanskii (1970) wifh in-

239 239

Pu citrate and Pu pentacarbonate in rats, demon-

strated that the predominant lung tumors were adenoéarcinomas
at lower radiation doses to the lung and squamous cafcinomas
‘at higher radiation doses; they also observed several pul-
' monafy hemangiogarComas‘at highe%Adoses. |

This paper describes the development of lung tumors in
rats>following inhalation or intratracheal instillation of
transuranic compounds. These compounds deliver a wide
range of radiation doses to the lung and different spatial-
temporal, dose-distribution patterns in the lung. It was

shown that both the tumor type and incidence are influenced



~2-
of inhaled 239Pqu. These results demonstrate the importance
of dose and dose-distribution on the development of pulmonary '

tumors from inhaled alpha emitters.
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by the amount of depositéd activity and by its diétribution
in the lung. |
| ~ METHODS
Wistar, SPF, female rats, about 70 days of age, were
expésed in groups of 70 rats each to 4-5 dose levels of
238 ) 239Pu02 or 244Cmoz. The 244

mixture of 244Cm02 and 244Cm203 but is designated as

PuO curium oxide was a

244 :
CmO2

since the'ratio of Cm/0 is not known. Exposures were by

nose-only inhalation for a period of 30 minutes. The 238PuO

239

2

and PuO2 aerosols exhibited count median diameters that

ranged from 0.1 um to 0.3 um, whereas the count median diameters

of,the 238Pu or 244CmO2 aerosols were only‘0.02 um to 0.04 pm. -

238 244

"Pu and

Both CmO2 exhibited greater in vitro solubility

than did Pu0, as tested by ultrafiltration through Visking

tubing; the ultrafilterability of Pu0, being <0.5%, ?44

238

CmOz‘
Pu 70%. Two additional groups of rats were given
239

.2-3% and
PuO2 in
238

either an intratracheal instillation of 29 nCi

saline or only saline. The studies with inhaled Pu,

derived from cx.;ushed.238

PuO2 microspheres in rats, have been
previously published (Sanders, 1973). The experimentgl
design and ‘initial deposition levels in the lung are shown
in Table 1. About half the lung of each of 5 rats per group
at.one day after exposure and the lungs of all rats. which

were autopsied'when moribund or dead were fixed in 10%

neutral buffered formalin, embedded in paraffin and sections



stained with eosin and hematoxylin, some after processing
for autoradiographic examination. The remaining half of

lung tissue was analyzed for transuranic contents by

238

scintillation counting. The data with inhaled PuO

2)
239PuO2 or 244CmO2 represents an interim report of a life-
span study, emphasizing pathological alterations occurring
in the lung for periods of up to two years postexposure.

RESULTS AND DISCUSSION
238

239

.Lung Clearance - Inhaled PquAor PuO2 particles

were cleared from the lung in a similar manner, with about
50% clearance of the initial alveolar deposition taken as
the one day lung burden in 30-50 days and a 225 day biolog-
/

ical half-life for either isotope in the lung, thereafter

(Figure 1). Only 10-15% of initial alveolar deposited 238Pu;

or 24'4(311102 remained in the lung at 50 days after inhalation

with a 75-150 day bioiogical half-life in the lung, there-
after (Figure 1). PuO2 particles were cleared mostly within

alveolar macrophages (Sanders and Adee, 1970; Sanders, 1969)

244 238

while Pu, because of their gfeater solubility,

CmO2 oY
were cleared from the alveoli mostly into the blood (Sanders,

1973).

Pulmonary Distribution - At.one- day aftérAinhalation,

both inhaled 238

Pu0O, and 239PuO2 particles were seen dispersed

2
throughout the lung parenchyma, with a large range in the

number of alpha tracks per star, indicative of a range of
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sizes of Pqu particles. These partiCles'weretusually seen

within macrophages or alveolar septae. The more'soluble

244 238

transuranics, 'CmOZ or. Pu, were initially distributed

in the lung as single tracks or as loose aggregates of tracks
mostly associated with the alveolar septae; stars, indicative

of particles, were rare on autoradiograms (Figure 2). The

little remaining 2é4Cm02‘or 238Pu activity seen on autoradiof

gfams at 1-10 months after exposure was eveﬁly spread over
the parenchyma as single tracks or as loose aggregates within
macrophages or associated with hemosiderin-like pigment. in

peribronchiolar, périvascular or subpleural regions;of the

lung. At 1-10 months after exposure, many of the 2_38Pu0

. 2
or 239PuO2 particles had found their way from macrophages

into -the alveolar septae, concentrateng in subpleural regions
' of.thé_lung (Figure 3), as well as in some pefibrbnchiolar
and perivascular regions of the lung. The pulmonary lymph

nodes contained several percent of initially deposited 238Pu02,

or 239Pﬁ02, but little~of.2440m02A0r-238Pu.
The majority of the total radiation-dose'was delivered
244¢m0, or #38py

than from 238PuO

"2
or 239PuO2 particles were seen concentrated in subpleural -

to the lung in a shorter period of time from
238 239

PuO2 or -Puozzparticles. However,

regions of the lung, causing higher radiation doses to this

2390

region of the iﬁng from 238PuO2 or 2,part:iclés than

were seen following 244Cm02'or 238Pu. 'Thus the amount of
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radiation dose per uCi of transuranic deposited in the lung
was significantly less but more éveﬁlyAdistributed in the
lung for inhaled 244Cm02.or 238?ﬁuthén’for 23SPuO2 or 239PuO2
particles. |

Development of Pulmqnary_Tumors - Plutonium dioxide

particles concentrated in subpleural regions of the lung in

the highest dose groups, produced a severe radiation pn;Lmonitis
with marked thickening and.consolidation of the alveolar septae
by conﬁectiyeVtissue’(Figure 3). Plutonium particles became
entrapped within fibrotic subpleurél areas within a few months
after inhalation. Within three months after inhalation iso-
lated islands of metaplastic squamous cells were fouhd'pro-
iiferating within these fibrotic areas, usually where the

4 Pu024particle concentration was the greatest (Figure 3).
'Sqﬁamous cells then began to proliferate and move towards

the zonésvof'lower Pqu concentration in the more central

parts of the lung lobes, showing evidence mdre df carcinoma
~ig.§igg, a histologic interim stage between squamous metaplasia
and Squamous‘carcinoma. Squamous carcinomas exhibited vary-
<ihg degrées of differentiation. Those squamous carcinomas

with abundant kefatin tended to také up a lérge part of the

lobe in which they originated, whereés less differentiated o
tumors with little or no keratin formation, tended to spread

to all lobes of the lung. These latter squamous carcinomas

were seen growing into the pleural cavity and in the pulmonary
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lymphatics. The development of squamous carcinoma from sub-
pleural concentrations of Pu02 particles was similar to that
seen in the rat following "hot spots" of PuO, particle con-

239P

‘centration after intrapulmonary injection of uO2 (Sanders

_vand.Pafk, 1972). ' .
- Rats exposed to high leQels-of 238Pu or 244Cm02~or to

the lower dose levels of-PuO2 did nd;_éxhibit marked.subpleural
fibrosis or squamoUs‘mefaplasia. Rats exposed to the‘higheSt

amount of 244

CmO2 eXhibited_a generglized.radiation pneumonitis
with mbdefate thickening.of the alveolar septae and aﬁ accumu-
lation of protein and fluids in the alveolar air spaces; rats
living longer than six months after inhalation of 2MCmQ2
exhibited only ﬁ&nimal'to‘moderate alveolar septal thicken-
ing due to radiation pneumonitis.

In contrast to Squaﬁoﬁs metaplasia, alveolar adenomatous
- metaplasia or adenomatosis was seen in all but control and
the lower deposition level groups of rats exposed toiall
trénéuranids (Figure 4). Areas of'adenomatosis wére more
likely to be found in spbpleural‘fegions of PuO2 particle
concentfation,.although,the association was mﬁ;h less apparent
than it was.with sduamous metaplasia formation. Pﬁlmonary |
adenocarcinomas varied_from Small, well-circumscribed, papiliary"
well—diffefentiatea tumors to.ﬁndifferentiated tumors that

were metastic throughout the lung, in the pleural cavity and

in pulmonary lymph'nodes (Figure 4).



Four hemangiosarcomas were seen in rats which had in-
haled 2-39Pu'02 and none in Ahy of the other groups. " These
tumors were characterized by irregular islands of sarcomatous
“tumor cells forming small to large cavities filled with red

blood cells (Figure 4).

Lung Tumors and Dose and Dose Distribution - There was

a fairly clear temporal relationship between the development
of squamou; metaplasia and subsequent appearancé of squamous'
carcinoma, and the‘development of adénbmatosis and the sub-
sequent. appearance of_adenocarcinoma; Thus, both .squamous
metaplasia and adenomatosis appeared to be préneoplastic
stages in developing squamous carcinoma or adenocérciﬁoma,
respectively, since their incidence preceded and paralleled
the incidences of frank carcinomas.

Squamous‘meﬁaplasia.énd squamous carcinoma, weré_seen
only in rats with the highest 1evels;bf 238Pu02-or 239PuO2
deposition with the exception of one sqﬁamous carcinoma in

238Pu (Table l).- The more uneven dose

239

a rat that had inhaled

distribution of 238_Pu02 or

concentration of particles in the subpleural lymphatics,
greatly favored the induction of squamous carcinoma at high
"initial lung depositions, while adenocarcinoma induction was
- greatly favored By a more even dose distribution as was seen.

238Pu or 244Cm02. For either 238PuO2 or 239Pu02,

with inhaled

more squamous carcinomas were seen at radiation doses to lung

PuO2 particles with physiological.

)b
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of approximately greater than about 1000 rads, cortespondiﬁg

to an initial alveolar deposition greater than‘SO nCi 238Pu02
239, |

of u02,-With adenocarcinomas being predominant at lower

238PuO2 or 239Pqu.' ‘Hemangiosarcomas were seen only

239

doses of

at the two highest dose levels of

238PuO2 or 239PuO2 are somewhat similar

Pqu. These interim
“results with inhaled
to 6bservations made . by Buldakov andiLyubchanskii-(1970) in

. rats foliowing inhalation of 23%pu citrate or 23?7

Pu penté-
carbonate. Both fotal dose délivered'to'lung and its distri-
bution in the lung influence.the induction of adenocarcinoma;

- squamous carcinoma and hemangiosarcoma in the iUng of rats
following inhalation of transuranic compounds, with adeno-
carcinomas occﬁrring'more frequently foliowing inﬁalatiqn df
"soluble" or more monomeric transuranic compounds and Sqﬁamous
Acarcinomas and hemangiosaféomas'occurring more frequently

following inhalation.of "insplublé” particulaté or more polymeric

transuranic compounds.
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Figure 1.

‘Figure 2.

Figure 3.

Figure 4.

FIGURE LEGEND

Alveolar retention of inhaled transuranic compounds.

Autoradiograms of lung at one day after inhalation

of transuranic-gompounds. Upper left: 238Pu02,
two week exposure. X220- Upper right: 239Pu02,
two week exposure. X220 Lower left: 238Pu,

three day exposure. X525 Lowér right: 244CmOZ,

three day exposure. X220

Autoradiograms of lung at 6-8 months after. inhala-

238y

tion of 02. Two week exposure of autoradio-

grams.b Upper left: Subpleural PuO2 concentration

‘and severe radiation pneumonitis. X220 Upper

right: Squamous metaplasia in subpleural area of

high Pu0O, concentration. X220 Lower left: Early

2
squamous carcinoma developing from subpleural area

of Pu02‘concentration. X54 Lower right:: Squamous

carcinoma surrounding a Pu0, particle. - X220

Adenomatosis, adenocarcinoma and hemangiosarcoma

239Pu

in thé lung after inhalation of 02. Upper

left: Adénomatosis at 293 days after inhalation.

X220 -Upper right: Papilléry adenocarcinoma at

567 days after inhalation. X560 Lower left:
Undifferentiated adenocarcinoma at 619 days after

inhalation. X220 Lower right: Hemangiosarcoma

at 560 days after inhalation. X560
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Table 1. Incidence of pulmonary tumors in the rat following inhalation of transuranic compounds.

Time After Amount Transuranic

Number Exposure ' st : I Ingidence'of Pulmdnary Tumors, %(f)
Dead Rats(c) Days (d) nanocuries(e) - Adenocarcinoma Squamous Carcinoma Hemangiosarcoma Total
146 600-980 - 0 0.7 0 0 0.7
27 655 0.15 + 0.07 0 0 0 C
23 571 0.16 + 0.04 0 0 0 0
27 624 0.200+ 0.05 0 0 0 0
34 619 L.t s+ 1.6 2.9 0 0 2.9
31 565 . 11 + 3.6 9.7 0 0 9.7
19 730 29 &+ 7.0 o211 10.5 0 31.6
29 620 56 s 13 241 17.2 6.9 48 .3
31 608 180 + 54 ' 9.7 22.6 6.5 3€.7
32 S44 690 s 160 3.1 21.9 0 25
30 930 - 1.6 + 1.3 6.6 0 0 €.6
30 , 1930 5.9 &+ 3.2 20.0 0 0 2C.0
32 790 69 A | 21.9 3.1 0 25.0
4 393 0.22 + 0.08 - - 0 0 0 C
5 . 389 2.8 &+ 0.42 0 0 0 c
4 387 15 4.1 (25) 0 0 (25)
34 421 790 £ 240 . 8.8 0 0" 8.8

(a) Includes 26 rats given an intratracheal .instillation of saline

(b)Given by intratracheal instillation , : :
(c)Treated groups consist of about 60 animals; 115 unexposed controls still alive
(d)Time of last recorded spontaneous death , o
(e)Mean + standard deviation (number of samples = 5), at one day after exposure

(f)Percentage of dead rats





