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INTRODUCTION 

Ini t ia l  studies i n  our laboratory w i t h  hamsters exposed for  thei r  

lifespan to 30 Working Levels (WL)** radon daughters produced only s l igh t  

pulmonary response. Similar levels have been found i n  some areas of 

operating uranium mines. Lifespan exp,osures of hamsters to 600 WL radon 

daughters w i t h  uranium ore dust caused pulmonary 1 esions, incl udi ng ves- 

icul a r  emphysema, fibrosis , metaplasia, and adenomatous lesions w i t h  

anaplasia. A subsequent experiment Involved 1 i fespcin i.*posures of 

hamsters t o  1200 WL radon daughters, diesel engine exhaust, and uranium 

ore dust. These hamsters showed more extensive and severe pulmonary 

lesions, w i t h  accelerated development of cuboidal and squamous metapl asi a 

of the .bronchial epi the1 i um and the appearance of squamous tumors. 

Earlier studies (Morken and Scott, 1966) w i t h  mice exposed to 1750 WL 

radon daughters on room a i r  dust .(I 50 hrs/wk) , showed significant reduction 

of 1 i fespan. Workers i n  France (Perraud e t  a1 . , 1972) have reported peri- 

pheral tumors i n  the lungs of SPF ra ts  a f te r  500 hours of exposures to 

*This paper is based on research performed under U.S. Atomic Energy 
Comnission Contract AT(45-1)-7830. 

**A Working Level ( W L )  i s  defined as any combination of short-lived 
radon daughters i n  one l i t e r  of a i r  that  will result  i n  the ultimate 
emission of 1.3 x loq5 Mev of alpha energy from radioactive decay. 
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approximately' 1 pCi per l i t e r  of radon, b u t  interpretat ion of these 

resu l t s  i s  extremely d i f f i c u l t  because the levels of radon daughters 

were not described, and no correlation to  human exposure h is tor ies  

based on Working Levels (radon daughter levels)  was possible. 

T h i s  paper presents resu l t s  of a p i l o t  study . that  we conducted 

to  correlate  these resul ts  obtained i n  three d i f fe rent  laboratories,  

t o  provide d i rec t  interspecies comparison of the e f fec ts  of exposure 

to  identical aerosols, and to  determine i f  there ex is t s  an increased 

sens i t iv i ty  or  resistance of one o f  more of these species of rodents. 

We prepared sys tems fo r  simul taneous exposures of mice, hamsters and 

SPF r a t s  i n  the same chambers to  high levels of radon daughters, with 

and w i  thout concomitant exposure to  urani urn ore dust (carnot i te)  . 
. -.... 

Exposure of the three specips.-'iii these i n i t i a l  studies were made a t  

leve ls  of radon daughters calculated to  induce tumor production o r  

acute death. 

METHODS 

The animals used in th i s  study were SPF Wistar r a t s ,  Syrian-Golden 

hamsters and C57 B1/6J mice. They were a1 1 males and approximately 100 . . 

.days old a t  the s t a r t  of exposures. The animals were individually 

housed in two types of compartmented, s ta in less  s tee l  mesh cages. There 

were 16 compartments fo r  mice or hamsters i n  one type of cage, and 8 
-.. . . 

compartments fo r  r a t s  in the other type. Two cages of r a t s ,  one of 

hamsters, and one of mice were in each of the two exposure chambers. 

Ten control animals of each species were individually housed i n  the 
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exposure room, but not i n  a chamber. Food and water were ava i lab le  t o  

the  animals a t  a l l  times. The experimental design i s  shown i n  Table 1.  

The two exposure chambers were nearly cubical w i t h  volumes of 1700 

l i t e r s .  As seen i n  Figure 1 ,  the  animal cages were supported on racks 

t h a t  positioned the bottoms of the cages 81 centimeters below the  

chamber i n l e t s  f o r  radon o r  radon and uranium ore  dust .  Unfil tered 

room a i r  entered a t  the  top of each chamber, passed through the  

chambers, and l e . f t  via ou t l e t s  centered 20 cm above the  chamber 

bottoms. These o u t l e t  a i r  streams p.assed through valved flow meters 

and absolute f i l l t e r s ,  and were then discharged i n to  a h i g h  flow, low 

vacuum system whose o u t l e t  was d i lu ted  i n  the building exhaust stack 

p r io r  t o  discharge t o  the  atmosphere. 
e.,.. -37. 

- . ~ ., . ,- 
A separate radon generator was used f o r  each chamber. Saturated 

a i r  bubbling through acid solut ions  of radium chlor ide  a t  a r a t e  of 

150 ml/min swept radon from the generators through t raps  t o  remove 

acid vapor t h a t  may have been ca r r ied  out  of the generators.  This 

radon laden a i r  was f i l t e r e d  j u s t  pri0.r t o  introduction i n to  the  

chambers; The radon entered the center  top of the  chambers where i t  

mixed w i  t h  incoming room ai  r i n  the case of Chamber .l , and w i t h  i n -  

coming room a i r  and uranium ore d u s t  i n  Chamber 2. The uranium ore  

dust  was introduced i n to  Chamber 2 by means of a Wright Dust Feed 

Mechanism mounted on top of the chamber. Ore dust  w i t h  a count 

median diameter of 0.24 pm was maintained a t  a concentration of 

18 - + 4 pg per l i t e r  in  the  chamber during exposure periods. This 



level was se lected t o  coincide w i t h  those used i n  our previous s t ud i e s ,  

serving t o  lower the unattached radon daughters t o  .only a few percent. 

I n i t i a l  measurements i n  the  empty chambers ind ica ted '  t h a t  nearly 

ti.rice as much radon would be required i n  Chamber 1 without ore  dust  

i n  or'der t o  a t t a i n  approximately equal Working Levels of radon daughters 

i n  ' the two chambers. This was f e l t  t o  be due t o  g rea te r  losses  of radon 

daughters t o  the walls of Chamber 1 than t o  those of Chamber 2 which 

contained the ore  dust. As a consequence, one radon generator was 

,oaded w i t h  approximately 1.3 C i  of radi  um and the  other  w i t h  approxi- 

rna<tely 0.7 C i .  With a to ta l  a i r  fl.ow of 35 1 i t e r s  per minute through 

each chamber, these levels  of radi urn led t o  radon concentrations of - 
,B..% pCi/ l i teq  i n  Chamber 1 and 2.5 pC i / l i t e r  in Chamber 2. 

Radon 1 eve1 s i n  the  chambers were continuously . rn~n i  tored during 

exposures, and each chamber was sampled a t  l e a s t  once during each 

exposure period fo r  measurement of radon daughter concentrat ions,  using 

- a two channel alpha analyzer employing a sol i d  s t a t e  surface h a r r i e r  

detector .  Concentrations of condensation nuclei were measured one o r  

more times during each exposure period using a Gardner nuclei counter. 

These concentrations ranged from 2,000 t o  24,000 per cc in  Chamber 1 

and from 57,000 to  130,000 per cc i n  Chamber 2. 

%en animal s were f i r s t  introduced i n to  the  chambers, measured 

leve l s  of radon daughters and condensation nuclei showed l i t t l e  change 

i n  the  chamber containing the aerosol of radon daughters w i t h  uranium 

ore  dust  (Chamber 2). However, i n  Chamber 1 ,  without urani um ore  dus t ,  



radon daughters were found to  be reduced by a f ac to r  of a t ,  1 e a s t  four 

from leve l s  observed i n  the empty chamber. Condensation nuclei were 

reduced from approximately 19,000 t o  2,000 per cc. The radon level 

i n  the  chamber remained a t  approximately 4.8 pCi per l i t e r ,  however, 

so  i t  was decided t o  continue the.anima1 exposures w i t h  unequal 

Working Levels of radon daughters i n  the  two chambers. 
. . 

. .  . . .  
The animals were exposed i n  the two chambers :for approximately 90 

hours per week, i n  two' continuous 45 hour periods. A1 1 animals were 

weighed biweekly and exposures were continued un t i l  a1 1 the animals 

had died o r  had been s ac r i f i c ed  when moribund. A t  death the  nose, 

trachea,  lungs, 1 ive r ,  spleen and kidneys of each animal were re ta ined 

f o r  histopathologi cal invest igat ion.  

Table 2 shows the mean weights plus o r  minus  the  standard e r r o r  

of t h e  means f o r  the mice i n  the  control and i n  the two exposure groups 

a t  various times a f t e r  the s t a r t  of exposures. As ea r ly  as 55 days 

a f t e r  the s t a r t  of exposures, both exposure groups showed s ign i f i c an t  

weight loss ;  i .e. 22% reduction from control animal weights. Table 3 

shows, the same data f o r  hamsters. In t h i s  species ,  the  reduction i n  

weight did not occur as soon  a f t e r  the s t a r t  of exposures but was j u s t  

as dramatic as exposures progressed. As observed-in the  mice, the 
/ 

weights of the  hamsters exposed to  radon daughters w i t h  uranium ore  

dust  show greater  reduction from control hamster weights than do those 
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exposed to  radon daughters without ore dust. The weight data of exposed 

r a t s  shown in Table 4 t e l l  the same story.  Significant reductions from 

control r a t  we.ights were seen in both exposure groups by 55 days a f t e r  , . 

the s t a r t  of exposures, w i t h  the greater  weight reductions occuring in  

the r a t s  exposed to  radon daughters w i t h  ore dust. I t  is evident tha t  

a l l  three species showed a marked weight loss i n  both exposure groups, - 

w i t h  those exposed to radon daughters plus uranium ore dust showing 

more dras t ic  effects  i n  a l l  three species. 

Figure 2 shows the survival curves f o r  each of the species exposed 

i n  Chamber 1 , together w i t h  a curve showing the cumulative Working 

Level Hours (CWLH) of radon daughters to  which they were exposed. The 

\ increase in the slope of the CWLH curve i s  a r e su l t  of the radon daughter 

concentrations increasing as t h e  number of animals i a  ihe chamber' decreases. ' 

The radon level in the chamber remained a t  4 4.8 pCi/li t e r .  I t  can be 

seen that  the f i r s t  death, a mouse, occurred only 25 days a f t e r  t h e s t a r t  

of exposures. The l a s t  animal t o  d ie ,  a hamster, had been exposgd to 

over 8 mil 1 ion CWLM of radon daughters d u r i n g  the 178 days i t  survived 

a f t e r  the s t a r t  of exposures. The mice died e a r l i e r  and a t  a f a s t e r  r a t e  

than did r a t s  and hamsters, b u t  as the exposures continued the percent 

surviving showed 1 i t t l  e difference among the three species. 
1 

Figure 3 shows the survival curves fo r  each of the species exposed 

to radon daughters with upilnium ore dust in  Chamber 2. The t~edrly 

constant slope of the CWLH curve shows tha t  the concentrations of radon 

' daughters in the chamber were l i t t l e  effected by the number of animals 



i n  the  chamber. Hal f, of the mice i n  t h i s  .group had died by 30 days 

a f t e r  the s t a r t  of exposures, compared t o  'nearly 120 days. before 112 

of the r a t s  and hamsters were dead. The f i r s t  r a t  died 52 days a f t e r  

t he  s t a r t  of exposures, a t  which time i t  had been exposed , t o  % 1.6 

mill ion CWLH of radon daughters. The l a s t  hamster t o  d i e  had been 

exposed t o  7 mi 11 ion CWLH during the  144 days i t  survived a f t e r  the  

s t a r t  of exposures. 

Table 5 shows the  geometric mean survival  times, and t h e i r  95% 

confidence l i m i t s ,  f o r  the  r a t s ,  hamsters and mice i n  each of the 

two exposure chambers. A1 1 three species show s ign i f i c an t l y  shor te r  

survival  -- times following exposure t o  radon daughters w i t h  ore dust  

than they do following exposure t o  radon daughters without ore dust .  

. .F i - . i2 -  ~ i . s t o ~ a t h o l ' o ~ i  cal ex3mi n.a.tion of t i s sues  from the  .ra-ts, . hamsters , 

and mice reveals varying degrees of radia t ion pneumoni t is  due t o  

inhala t ion of radon da,ughters. The charac te r i s t i ' c  septa l  f i b r o s i s ,  

a1 veol a r  1 ini,ng c e l l  s s l  o,ughed i n t o ,  a lveolar  1 umena, and invasion by 

macrophages as we1 1 a s  the atypical  nuclei of a lveo la r  septa l  c e l l s  

a r e  i l l u s t r a t e d  i n  Figure 4. In animals exposed' t o  uranium ore  dust  

w i t h  radon daughters, one sees a pulmonary response t o  pa r t i cu l a t e  

material diagn0se.d as  urani urn ore pneumoconiosis. Macrophages laden 

with uranium ore dust ,  and the  septa l  f i b ro s i s  c h a r a c t e r i s t i c  of t h i s  

lesion a re  shown i n  Figure 5. Bronchiolar ep i t he l i a l  hyperplasia was 

commonly seen i n  the lungs of animals exposed t o  radon daughters. 



Mice and ra t s  seem less  prone t o  the pulmonary lesions than 

hamsters b u t  are a f f l i c t ed  w i t h  qui te  severe lesions of the upper 

respiratory t r ac t .  Severe suppurative rhi n i  t i s  and squamous meta- 

plasia of nasal epithelium (Figure 6 )  was a common observati.on i n  

mice and r a t s  of th i s  experiment. Dense exudate containing many 

neutrophi 1 s was seen i n  the nasal passages. Suppurative 1 aryngi ti s 

and bronchitis were frequent observations i n  a1 1 three species,  b u t  

most severely i n  r a t s  (Figure 7 ) .  Suppurative trachei t i s  was also 

qui te  common and, i n  a t  l eas t  two mice, the tracheal epithelium had 

undergone a keratinizing squamous metaplasia (Figure 8) .    he squamous 

nature of the ordinari ly  columnar epi thel i a l  ce l l s  and the keratin 

layer are  qui te  atypical of the trachea. 

- - q z -  
Hamsters a lso had a higkAncidence -- --- of r h i n i t i s  and l a ~ n g i  t i s ,  

b u t  had a higher incidence of pulmonary consol idation due to  septa1 

ce l l  hyperplasia, i n t e r s t i t i a l  pneumonitis, and macrophage prol i ferat ion.  

A n  additional lesion found with approximately equal frequency i n  r a t s  

and hamsters was an adenomatoid metablasia of alveolar epi thel ium. 

This lesiort was found i n  small foci in r a t  ' lungs b u t  involved large 

areas i n  hamster lungs. In two hamsters exposed to  radon daughters 

without ore dust, the lesion had undergone squamous metaplasia (Figure 9) .  

In vtew of previous observations in  hamsters, t h i s  lesion i s  considered . 

pre-ma1 i gnant; i .e.  a stage jus t  previous to  epidermoid carcinoma. 

In a l l  three species, the major differences between exposure to  

,radon daughters only, and radon daugh te ' rswi  t h  urani um ore '  seem to  be 



the  increased septa l  f i b r o s i s  and macrophage pro1 i f e r a t i  on i n  the 

l a t t e r .  The uranium ore  dust  pa r t i c l e s  a l s o  seem t o  cause a s l i g h t l y  

. . higher incidence . . .  .. l,.... . of pulmonary . - emphysema and septa1 ce l l  hyperpl a s i a  

than found i n  animals exposed t o  radon daughters only. 
.. . 

DISCUSS ION 

This p i l o t  study of the  e f f ec t s  of inhala t ion of high leve l s  of 

radon daughters w i t h  and without concomitant uranium ore  dust  by three  

rodent s.peci es has shown several i n t e r e s t i ng  r e su l t s .  

Exposures f o r  90 hours: per week t o  radon daughters ranging from 

2000 t o  8500 WL, w i t h  and without 18 vg per 1 i t e r  uranium ore  dust ,  

caused marked 1 ife-shortening i n  a1 1 three  species.  Marked reduction 

i n  -if-&. body weights occurred i n  a l l  -, -,- three  species ,  w i t h  weight .+ losses  of 

30-50% of control animal val.ues i n  a l l  speciei a f t e r  3 112 months of 

exposures. Mice exposed t o  radon daughters and ore  dust  were part icu- 

l a r l y  suscept ible  i n  terms of mortal i ty ,  although the lungs of these 

a.nima1 s showed very . l  i t t l  e path01 ogi cal change. 

C.lassi cal radia t ion pneumoni.tis w i  t h  a1 veolar septa l  f i b r o s i s  and 

occasional bronchiolar epi the1 i a l  hyperpl a s i a  were the  predominant deep 

lung lesions seen i n  a1 1 -species.  In contras t  t o  hamsters exposed 30 

hours per week t o  1200 WL of radon daughters and uranium ore  dust ,  pro- 

por t ionate ly  more of the  pathology was seen i n  the  upper resp i ra to ry  

t r a c t s  of the. hamsters i n  the present study. The con t ras t  between 

, markedly affected trachea and major bronchi vs. r e l a t i ve ly  1 i t t l e  e f f ec t s '  



i n  deep lung was most evident i n  r a t s .  Findings of severe suppurative 

l a ryng i t i s  and bronchit is  were frequent i n  r a t s ,  and may have beeit, an 

important contributing fac tor  t o  t h e i r  death. These findings- d i c t a t e  
C 

fu r the r  s tudies  involving s a c r i f i c e  and rad ioac t iv i ty  analyses of 

- t racheal  and 1 ung t i s sues  t o  determine r e l a t i v e  absorbed radia t ion-  doses ' 

a t  these s i t e s  f o r  corre la t ion w i t h  developing degenerative and p ro l i f -  

e ra t ion  ;hanges of the  respira tory t r a c t  i n  each species .  . 

Our next experiment involves exposures of r a t s ,  hamsters and mice 

during f i ve ,  6 hour periods per week. This lowered exposure r a t e  may 

allow the  animals t o  l i v e  long enough f o r  p ro l i f e r a t i ve  ep i t he l i a l  

changes to  progress beyond the  s tage of squamous metaplasia t o  possible 

invasive tumor formation. 
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FIGURE CAPTIONS 

Fi  qure 1 : ,View of mu1 ti -speci es '  exposure chambers and .g l  ovebox 

contai ning the  radon generators : 
' 

Figure 2: Survival curves of r a t s ,  hamsters, and mice exposed t o  

radon daughters w i t h o u t  concomitant uranium ore dus t ,  together w i t h  

a curve showi.ng the  Cummulative Working Level Hours of radon daughters 

, t o  which they were exposed., , ... 
' . .. .. ... ::7: .... : . . . .  , 

' . . . , : ,:>. .& 
. . . .  - 

. . . ::.: . 
. . . . ... . . . .  

Fiqure 3: survival curves of  ra ts ' ,  hamsters, and mice. exposed t o  

radon daughters w i t h  concomi.tant uranium ore  dust,.  together w i t h  a 

curve showing the Cummul a t i  ve Working Level Hours of radon daughters 

t o  which they were exposed. 

Figure 4: Radiation pneumoni t i s  i n  hamster 1 ung showing cha rac t e r i s t i c  

septa l  f i b r o s i s ,  a lveolar  l in ing  c e l l 3  sloughed i n to  a lveolar  1 umena, 

i'nvasion by macrophages, and atypical  nuclei of a lveolar  septa l  c e l l s .  

(H&E, 660X). . 

Figure 5: Uranium ore  pneumoconiosis i n  a hamster lung showing ore  

dust  1 aden macrophages and septa l  f i b r o s i s  (H&E, 660X). 

Figure 6: Suppurative rhi n i  t i  s and squamous metapl a s i a  of nasal 

epithelium seen i n  a mouse exposed t o  radon daughters and uranium 

ore  dust  (H&E, 415X) 
. . 

Figure 7: Suppuyative l a ryng i t i s  and bronchi t is  i n  a hamster (H&E,  660X). 

Figure 8: Suppurative trachei  t i s  i n  a mouse showing kerat in iz ing 

squamous metaplasi a o f  tracheal epi the1 i um (H&E, 120X; Inser t  X540). 

Fiqure 9: Squamous metaplasia of a lveolar  epithelium from the  lung 
' 

' o f  a hamster ( H & E ,  330X). 
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Table 1 
. . 

EXPERIMENTAL DESIGN 

GROUP . 'NUMBER OF ANIMALS EXPOSURE (90 HOURS PER W E E K )  

i ] .  16 .o f  Each Species 2000-8500 ML Radon Daugnters 
.. . 

. . 

- 2 16 o f  Each Species 6000-7500 WL Radon Daughters 
w i t h  Urani um Ore Dust (1 8 mg/m3) 

3 10 of Each Species . Controls (Not Housed i n  Chamber) 



Table 2 

MOUSE WEIGHTS 
(Mean - +.S.E. i n  Grams) 

Days Since S t a r t  
. - Of Exposures - Radon . :. Daughters 

. . .  

0 ." 2 jL"+ - 1' 

5 5 25 - +. 1 

111 ' 23 5 1 

132 19 t 1 
\ 

baughters 
+ Ore Control s 



Days Since  S t a r t  
Of Exposure 

. HAMSTER WEIGHTS 
(Mean - + S.E. i n  Grams) 

. . 

baucjhters ' 

~ a d o n ~ a u g h t e r s  - - - + Ore 

I 

Contro ls  



Table 4 

. Days since S t a r t  
.- O f  Exposures 
,. . . . 
-7. 

0 .  
. . 

. . 
5 5 

RAT WEIGHTS 
(Mean - + S.E. i n  Grams) 

Daughters 
Radon Daughters + Ore 

. .  . 

4 6 6 5 . 9  442 t 7 

Con t r o  1 s 

470 + 10 



Table 5 '  

GEOMETRIC MEAN SURVIVAL TIMES 
'(Days Since S t a r t  Of Exposures 

W i  t h  95% Confidence L.imi t s )  

- Mice - Ham ters  -- 
Radon Daughters ,120 

9473 

Daughters + Ore 43;; 

Rats 






















