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ABSTRACT 

The histopathologic features of pulmonary fibrosis 'and brcnchiolo- 

alveolar carcinoma in beagles exposed to aerosols of plutonium oxide were 

reviewed. A hypothesis of the pathogenesis of radiation pneumonitis in- 

duced by inhalation of plutonium oxide was presented; this hypothesis 

included pkagocytosis of plutonium particles,, fibrosis responding to the 

necrosis, and alveolar cell hyperplasia compensating for a1 veolar cell s 

killed'by alpha radiation. Histopathologic f~atures of the epithelial 

changes suggest a progression from hyperplasia to metaplasia and, finally, 

to bronchiolo-alveolar carcinoma. The possi bi 1 i ty of concurrent"radiation- 

induced lymphopenia contributing to the tevel opment of bronchi01 o-a1 veol ar 

carcinoma through a loss of immunologic surueillanc,e was discussed. , 

. . 
' INTRODUCTION 

The inhalation of plutonium is the most common roiute of contamination 

in man (Norwood, 1972) .' The inhalation of plutonium in rodents and dogs 
has been and is now' being studied to predict the deposition, translocation, 

and bio'logical effects o'f inhaled plutonium in man. This paper will review 

t h e  published work and current data from studies at Battelle-liorthwest 

'Laboratories describing the pulmonary lesions induced by inhaled pl utoni um 

in beagle dogs and discuss the major stages of the pathogenesis of the 

lesions. 



PNEUMUNITIS 

The f i r s t  repor t  of radia t ion pneumonitis induced by plutonium i n  

beagles described les ions  i n  31 beagles t h a t  died 55 t o  412 days a f t e r  

deposit ion of 0.1 t o  0.9 vCi of 23-g~u02 per gram of lung (Park e t  a1 . , 
1962). The lungs had i r r egu l a r l y  shaped, tan-gray, patchy, f irm, 

f i b r o t i c  areas interspersed between small ,  pink, subpleural emphysematous 

a reas .  The c u t  surface was ' f i rm  and dark red t o  brown; serosanguineous 

f l u i d  was present. The bronchi contained a c!e3r t c  serosanguineous 

f l u i d  o r  white f ro th .  The pale f i b r o t i c  areas  were most prominent i m -  

mediately brmeath the  surface of the  lung and extended i r r egu l a r l y  i n to  

the  lung. The weights of exposed dog lungs were two t o  three  times 

g rea te r  than the lung weights of the  con t ro l s .  The ea r ly  h i s to log ic  

fea ture  was p a r t i a l l y  organized deposi ts  of fLibrin i n  the  a lveo l i .  

Fibrous thickening of a lveolar  septa was a proainent change in some 

animals. Large macrophages were present in the  a lveo l i  and were a prin- 

c ipa l  s i t e  of deposition of plutonium pa r t i c l e s .  Small areas  of a lveo l i  

were l ined by simple columnar epithelium dis t inct ly . resembling the 

bronchioles, and squamous metaplasia of brnnchiolar epi the1 iuln frequently 

occurred. Bronchial epithelium had abnormalities of ep i t he l i a l  c e l l  s i z e  

and shape o r  was denuded foca l ly  i n  advanced cases. 

The sequence of developing histopathologic changes was fu r the r  de- 

scribed i n  dogs sacr i f i ced  1 t o  30 days a f t e r  exposure o r  those dying 55 

days t o  855 days w i t h  up  t o  27 pCi of 2 3 9 ~ u 0 2  i n  the  lung (Clarke and 

Bair ,  1964) .  These s tudies  described the  f i r s t  changes as  s l i g h t  septa l  

c e l l  pro1 i f e r a t i on  a t  7 'days postexposure with the  addi t ional  appearance 

of  a few sca t te red  a lveolar  macrophages a t  14 days. By 30 days there  

were multiple small areas  of f i b r o s i s  in  s ep t a l ,  peribronchiolar ,  and 



peri  vascul a r  areas  ; accumulations of macrophages i n  a l veol i ; and acute 

inflammation. Changes observed u p  t o  855 days generally consisted of 

increasing amounts of septa1 and peribronchjolar  f i b r o s i s  and metaplasia 

of a lveo la r  and. bronchiolar epi thel  i a l  c e l l s .  

Radiation-induced lung changes were graded i n  a study involving ex- 

posure of beagles t o  varying lung burdens of e i t h e r  239Pu02 o r  2 3 8 ~ ~ 0 2  

(Yuile e t  a l . ,  1970). The degree of radia t ion pneumonitis increased with 

increasing accumulated alpha doses above 1,500 t o  2,000 rads and up t o  

about 15,000 rads.  The gross and microscopic descr ipt ions  were s imi l a r  

t o  those described by Park e t  'a1 . (1972); .Clarke and Bair (1964), and 

Park e t  al. (1964). The microscopic changes emphasized were (1) increased 

numbers of a lveo la r  macrophages; ( 2 )  swell ing,  a typical  prol i f e r a t i o n s ,  

and metaplasia of a lveo la r  and/or bronchiolar epi thel  ia1 c e l l  s ;  ( 3 )  hyal ine  

thickening of . a lveo la r  walls and small blood vessels;. and ( 4 )  i n t e r s t i t i a l  

f i b r o s i s .  

The 1 ung histopathology fol  1 owing .exposure t o  2 3 9 ~ ~ 0 2 ,  2 3 8 ~ ~ 0 2 ,  c nd 

2 3 9 P ~ ( ~ 0 3 ) k  appeared s imi la r  f o r  a comparable rad ia t ion  exposure of these  

various chemical and physical forms of Pu ( ~ o w a r d ,  1971). The l i f e -  . , 

. , 
'1. 

shortening e f f e c t s  f o r  239P~0,  were s~mmarized according t o  the dose-effect  

re la t ionsh ip .  Alveolar deposition of 2 3 9 ~ ~ 0 2  in  amounts of 0.1 pCi/g of - 

lung t i s sue  o r  more was associated w i t h  r esp i ra to ry  fa ' i lure  i n  l e s s  than 

1 mon th  and up t o  10 months, characterized a s  pulmonary edema, severe vas- 

c u l a r  damage, f ibr inous  accumul a t i  ons i n  bronchi01 e s  and a1 veol i  , and 

pulmonary f i b r o s i s .  Alveolar deposit ion i n  the  range of 0.05 pCi/g of 1 ung 

induced pulmonary f i b r o s i s ,  bronchiolo-alveolar c e l l  hyperplasia and meta- 

p l a s i a ,  a lveo la r  hi s t i ocy t e  prol i f e r a t i o n ,  pleural  f i b r o s i s  and ea r ly  



"alveolar  tumor formation" in  1 t o  5 years.. Lung neoplasia was 

associated w i t h  death 3 t o  10 years postexposure a t  doses of about 
' .  

0.01 pCi/g of lung. 

Additional changes accornpanyi ng the  radia t ion pneumoni t i s  a r e  a 

dose-related lymphopenia (Park e t  a l . ;  1972) and sclerosed tracheo- 

bronchia'l lymph nodes (Clarke and Bai r ,  1964). ' The tracheobronchi a1 

lymph nodes accumulate much of the plutonium deposited in the  lung and 

undergo a .progression of changes resu l t ing  i n  the  parenchyma f ina l  l y  

being completely replaced by scar  t i s sue  a t  the  higher dosage l eve l s .  

NEOPLHS IA 

Bronc h i  01 o-a1 veol a r  tumors were f i r s t  described i n  4 dogs survi  vi ng 

more than 855 days a f t e r  inhalat ion of 239Pu02 w i t h  1 ung burdens a t  

' dea th  of 0.6 t o  1.4 pCi (Clarke e t  a l . ,  1964). The lungs of these animals 

had marked amounts of radia t ion pneumonitis characterized a s  d i f fu se  f i -  

b ros i s ,  s c l ? ro s i s ,  and in  some instances hyalinized a reas  i n  subpleural ,  

s ep t a l ,  and pkripheral regions. The authors described a gradual t r a n s i t i o n  

from a lveo la r  metaplasia t o  more anap las t i c  and f i n a l l y  neoplas t ic  forms. 

The tumors were described as  follows: " I n f i l t r a t i n g  pleomorphic c e l l s  i n  

these  regions assumed ep i the l io id  o r  squamuus c h a r a c t e r i s t i c s ,  formed 

frond1 i ke' papil l a ry  project ions ,  o r  took the  "appearance of bronchiolar o r  

ac inar  s t ruc tures . "  The ffnding of these tumors prompted the  authors t o  

re-examine lungs of dogs from previous s t ud i e s ,  and they i den t i f i ed  simi- 

l a r  ep i t he l i a l  changes t h a t  could be considered neoplas t ic  i n  a dog t h a t  

died 150 days a f t e r  exposure with a lung burden a t  death of 19 pCi . I t  

should be noted t h a t  the  authors used the  conservative diagnosis of 

''tumor'' and "neoplasm" instead of "carcinoma" s ince ,  although 1 ocal in-  

vasion was apparent, metastasis  was n o t  demonstrated. 



Fol lowing the i n i t i a l  repor t  of "bronchiol o-a1 veol a r  tumors, " more 

pulmonary neoplasms were observed i n  ongoing s tud ies  of beagles exposed 

t o  2 3 9 ~ ~ 0 2  (Clarke e t  a I . ,  1966; Clarke, Park, ,and Bair ,  1966). These 

were described as  bronchiolo-alveolar carcinomas. The morphology of 

239Pu02-induced tumors i n  22 dogs was described l a t e r  (Howard, 1971 ) as  

mostly bronchiol o-a1 veolar carcinomas of peripheral o r i g in ,  w i t h  two 

'peripheral squamous ce l l  carcinomas and th ree  epidermoid carcinomas. 

Metastases were often demonstrated in the  tracheobronchial and mediasti nal 

lymph nodes and were found l e s s  of ten in the  mesenteric lymph nodes, 

l i v e r ,  kidriey, spleen,  adrenal glands, bra in ,  and bone marrow. The high 

incidence of primary lung tumors was emphasized i n  a l a t e r  paper (Park 

e t  a1 :, 1972) when 20 of the  21 dogs t h a t  survived a t  l e a s t  4.5 years 

a f t e r  2 3 9 P ~ 0 2  exposure developed pulmonary neopl a s i a .  The estimated 

accumulated average radia t ion dose t o  the  lungs was 2,000 t o  12,UOO rads 

i n  these  dogs. Bronchiolo-alveolar carc.:noma, iden t ica l  t o  t h a t  seen i n  

2 3 9 ~ ~ 0 2  dogs, has occurred irr a 238P~02-e~posed  dog (Park e t  al ' .  , 1974). 

These repor ts  a r e  a l l  from ongoing life-:~p"an s tud ies .  The morphology 

will  be described in more depth i n  fu tu re  publications.  

PATHOGENESIS 

Although the les ions  of radia t ion in ju ry  due t o  plutonium have been 

described,  the  c r i t i c a l  .steps i n  the  development of these  les ions  i n  dogs 

remain unknown. The most i n t e r e s t i ng  fea ture  i n  t h e i r  development i s  the  

' apparent progression of ep i t he l i a l  changes t o  neoplasia. A t  t he  dosage 

l eve l s  s tudied,  the  dog; e i t h e r  died from severe rad ia t ion  pneumonitis o r ,  

a t  lower doses, l e s s  severe pneumonitis and pulmonary neoplasia. 



The phagocytosis of plutoni.um p a r t i c l e s  occurs i n  a1 veolar  macro- 

phages (Adee e t  a1 . , 1968; Sanders and Adee, 1970; Lutz e t  a1 , , 1970; 

Noli be, 1973), and a lveo la r  type I  c e l l s  of r a t s  (Sanders and Adee, 19701, 

Although not as  well documented, s i ,milar  phagocytosi's presumably occurs i n  

a lveo la r  macrophages and type I a lveo la r  ep i the l  i a l  c e l l s  of dogs, Mit0si.s- 

l inked c e l l  death i s  a  general phenomenon of rad ia t ion  in ju ry  (Barenson 

e t  a1 . , 1960) and i s  possi bi ly the  major response of c e l l s  t o  the  5 , l  MEV 

alpha p a r t i c l e s .  This would r e s u l t  i n  c e l l  death o r  small areas  of necro- 

s i s ,  depending on the  concentrat ion of p a r t i c l e s  and 1  ocal d ts t r i .but ion,  

I f  the  p a r t i c l e s  a r e  sequestered,  e i  t-lie!. i n t r a -  o r  ex t ra -ce l l  u l a r l y ,  

continued local  in ju ry  would r e s u l t ,  w i t h  cventual r epa i r  by f i b r o s i s .  

Ep i the l i a l  c e l l  p ro l i f e r a t i on  could r e s u l t  from continued radiation-.induced 

c e l l  death,  o r  more l i k e l y ,  secondary t o . t h e  focal  f i b r o s i s  and ch.roni.c 

inflammation. Epi thel ia l  c e l l  metaplasia i n  a s soc ia t ion  w i t h .  focal  i n t e r -  

s t i  t i a l  f i b r o s i s  a . t t r i  buted t o  1  ungworm in fec t ion  has been reported i n  

beagle dogs (Hirth and Hottendorf, 19731. Similar  a typical  o r  dysplast i .2 

epi the1 i a l  c e l l  s  have been observed secondary t o  ' f i b ro t i c  1  esions resc.iX-. 

t i n g  from a  var ie ty  of known and unknown causes i n  man. In some cases ,  

t r a n s i t i o n  t o  carcinoma has been reported ( J r a i r e  and Greenberg, 19731.. 

I t  i s  i n t e r e s t i ng  and perhaps of s ign i f i cance  t h a t  one.-third of the  lung 

carcinomas i n  man reported t o  be associa ted w i t h  f i b r o s i s  have been c l a s -  

s i f i e d  a s  bronchiolo-al jeolar  c e l l  types ,  whereas t h i s  type accounts f o r  

only 3 - 6% of t o t a l  lung tumors in man (F ra i r e  and Greenberg, 1973),. 

This i s  the  predominant tumor observed in  the  Pu-exposed dogs. The 

st imulus f o r  e p i t h e l i a l  c e l l  p ro l i f e r a t i on  and transformation i n  .associ-  

a t i on  with f i b r o s i s  is  not known and, a t  present ,  the  exis tence  of such a 



s t imu lus  i s  o n l y  specu la t i ve .  The p o s s i b i l i t y  t h a t  f i b r o s i s  may render  

t h e  p r o l i f e r a t i n g  e p i t h e l i a l  c e l l s  more s u s c e p t i b l e  t o  chemical o r  

phys i ca l  carc inogenesis  cannot be excluded. 

I n  summary, we have attempted i n  t h i s  workshop' sess ion t o  rev iew t h e  

c u r r e n t  s t a t u s  o f  Pu-induced pulmonary neop las ia  and o f f e r  some thoughts 

as t o  i t s  pathogenesis.  There are  many gaps i n  t h e  knowledge o f  t h e  s teps  

which occur  i n  t h e  carc inogen ic  process. S tud ies  on t h e  immunologic com- 

petence o f  t he  dogs i n  r e l a t i o n  t o  t h e  iymphopenia observed a f t e r  Pu ex- 

posure and p r i o r  t o  t h e  appearance o f  necp i i i s ia  have been i n i t i a t e d .  

E l e c t r o n  mic roscop ic  s t u d i e s  w i l l  a i d  i n  t-he i d e n t i f i c a t i o n  o f  t h e  c e l l s  

o f  o r i g i n  o f  t h e  neoplasms and'more d e t a i l e d  s t u d i e s  concern ing t h e  - 

s p a t i a l  d i s t r i b u t i o n  o f  the  Pu p a r t i c l e s  w i l l  a s s i s t  i n  e v a l u a t i n g  dose- 

e f f e c t  r e l a t i o n s h i p s .  A s tudy  comparing t h e  l ow- leve l  e f f e c t s  o f  s o l u b l e  

vs. i n s o l u b l e  forms o f  p lu ton ium has r e c e n t l y  been i n i t i a t e d .  
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