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The problems addressed a re  t h e  p r o t e c t i o n  o f  uranium m i l l  workers f rom occupat ional  exposure 
t o  uranium through r o u t i n e  bioassay programs and t h e  assessment o f  acc iden ta l  worker exposures. 
Comparisons o f  chemical p r o p e r t i e s  and t h e  b i o l o g i c a l  behavior  o f  r e f i n e d  uranium o re  (ye l lowcake)  
a r e  made t o  i d e n t i f y  impor tan t  p r o p e r t i e s  t h a t  i n f l u e n c e  uranium d i s t r i b u t i o n  p a t t e r n s  among 
organs. These s tud ies  w i l l  f a c i l i t a t e  c a l c u l a t i o n s  o f  organ doses f o r  s p e c i f i c  exposures and 
assoc ia ted  h e a l t h  r i s k  est imates and w i  11 i d e n t i f y  impor tan t  bioassay procedures t o  improve 
eva lua t i ons  o f  human exposures. 

A q u a n t i t a t i v e  a n a l y t i c a l  method f o r  yel lowcake was developed based on the  i n f r a r e d  abso rp t i on  
o f  ammonium d iu rana te  and U308 m ix tu res  i n  KBr. The method a l l ows  t h e  f r a c t i o n  o f  ammonium 
d i u r a n a t e  i n  a m i x t u r e  t o  be determined a c c u r a t e l y  w i t h i n  7%; t h e  U308 f r a c t i o n  i s  determined 
w i t h i n  13%. The method was app l i ed  t o  yel lowcake samples obta ined f rom s i x  ope ra t i ng  m i l l s .  The 
composi t ion o f  yel lowcake from t h e  s i x  m i l l s  ranged f rom n e a r l y  pure ammonium d iu rana te  t o  n e a r l y  
pure U308. The composi t ion o f  yel lowcake samples taken f rom l o t s  f rom t h e  same m i l l  was o n l y  
somewhat l e s s  v a r i a b l e .  

Because uranium m i l l  workers might  be exposed t o  yel lowcake e i t h e r  by contaminat ion o f  a wound 
o r  by i n h a l a t i o n ,  a s tudy o f  r e t e n t i o n  and t r a n s l o c a t i o n  o f  uranium a f t e r  subcutaneous i m p l a n t a t i o n  
i n  r a t s  was done. The r e s u l t s  showed t h a t  49% o f  t h e  implanted yel lowcake c lea red  f rom t h e  body 
w i t h  a h a l f - t i m e  (T,/*) i n  t h e  body o f  0.3 days, and t h e  remainder was c lea red  w i t h  a TlI2 o f  
11 t o  30 days. Contrary  t o  r e s u l t s  o f  prev ious yel lowcake i n h a l a t i o n  s tud ies  us ing  r a t s ,  t h e  
c learance f rom implanted r a t s  was more r a p i d  and cou ld  n o t  be q u a n t i t a t i v e l y  r e l a t e d  t o  yel lowcake 
composit ion. An a d d i t i o n a l  s tudy o f  t h e  e f f e c t s  o f  animal housing on response o f  r a t s  t o  
yel lowcake n e p h r o t o x i c i t y  showed t h a t  f o r  s tud ies  r e q u i r i n g  exc re ta  c o l l e c t i o n s ,  a minimum o f  21 
days should be p rov ided  f o r  a c c l i m a t i o n  t o  metabolism cages be fo re  exposure. 

Exposures o f  Beagle dogs by nose-only i n h a l a t i o n  t o  aerosols  o f  commercial yel lowcake were 
completed. Twenty dogs exposed t o  a more so lub le  yel lowcake form inha led  aerosols  w i t h  
3.4 f 0.5 pm mass median aerodynamic diameter ( W A D )  (mean f 1 SE) and 1 . 5  + .04 geometric 
standard d e v i a t i o n  (GSD)  producing est imated i n i t l a l  l ung  burdens o f  130 2 9 r g  U/kg body 
weight .  Aerosols i nha led  by  dogs exposed t o  a l e s s  s o l u b l e  yel lowcake form averaged 3.0 f 0.3 
vm MMAD, w i t h  1.7 +- 0.1 GSD; t h e  est imated i n i t i a l  l ung  burden was 140 +- 7 pg U/kg body 
weight .  Biochemical i n d i c a t o r s  o f  k idney d y s f u n c t i o n  t h a t  appeared i n  b lood and u r i n e  4 t o  8 days 
a f t e r  exposure t o  . t he  more s o l u b l e  yel lowcake showed s i g n i f i c a n t  changes i n  dogs, b u t  l e v e l s  
re tu rned  t o  normal by 1 6  days a f t e r  exposure. No biochemlcal  evidence o f  k idney  dys func t i on  was 
observed i n  dogs exposed t o  t h e  l e s s  s o l u b l e  yel lowcake form. 
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EXECUTIVE SUMMARY 

The purpose of this project is to provide scientific information to the U. S. Nuclear 
Regulatory Comnission for its consideration in determining radiation protection guides and 
standards. This will ensure that the standards will protect adequately the health and welfare of 
mill workers and the public without placing unduly restrictive and expensive regulations on the 
mi 1 1  operators. 

U. S. Nuclear Regulatory Comnission guides for worker.protection in uranium mills are based on 
information derived from accidental human inhalation exposures to single chemical forms of 
uranium, such as U02, U308, UF4 or UFb. This is especially true for requirements for 
bioassay programs at uranium mills (R. E. Alexander, “Applications of Bioassay for Uranium,” 
WASH-1251. 1974). Recomnended procedures have since been revised to include more recent 
information, provided by this research program and others, that describes the composition of 
yellowcake as variable mixtures of amnonium diuranate and U308, which vary in their solubility 
properties (U. S. Nuclear Regulatory Comnission, ‘Bioassay at Uranium Mills.’ Regulatory Guide 
8.22, for comnent, 1978). 

Much of the information used in the proposed procedures was derived from studies of yellowcake 
dissolution conducted in vitro using simulated biological fluids ( D .  R. Kalkwarf, NUREG/CR-0530, 
1979; A. F .  Eidson and J. A. Mewhinney, Health Phys.. 39, 893. 1980; N. A. Dennis, H. M. Blauer 
and J. E .  Kent, Health Phys. 42, 469, 1982). There is inadequate information available from 
accidental worker exposures to actual yellowcake materials to evaluate the proposed procedures. 
It remains, then, to be shown how such information derived from experiments conducted in vitro can 
be used to predict the behavior of uranium inhaled by a mill worker. 

The most important problem addressed in this project i s  the protection of uranium mill workers 
from occupational exposure to uranium, specifically through bioassay programs to assess the 
adequacy of worker protection. An additional consideration is the assessment of accidental 
exposures of workers and use of results to re-evaluate and modify protection programs, if 
necessary. 

This report presents results of research conducted between April 1, 1982, and March 31, 1983, 
and includes individual papers prepared in several areas of research: (1) use of a quantitative 
analytical method to measure the variability in amnonium diuranate and U308 contents of 
yellowcake samples a worker might be exposed to; (2) the results of two short-term studies in 
rats: one designed to relate the metabolism of yellowcake delivered via a simulated wound 
contamination for comparison to results of earlier yellowcake inhalation studies. and the second 
to investigate the effect of caging on the toxicity of implanted yellowcake; (3) the relationship 
of the amount of amnonium diuranate in aerosols inhaled by Beagle dogs to biochemical indicators 
of kidney toxicity.. 

This format reflects progress in the middle stage of a five-phase approach to the objectives 
of the project. First, limited sampling during milling operations was conducted to determine the 
properties of aerosols that a worker might inhale. The results were related to specific packaglng 
steps and led to predictions of appreciable upper respiratory tract deposition rates for the 
aerosols, if inhaled. Second, laboratory analysis of yellowcake by infrared spectroscopy was used 
to quantify the range of composition variability of comnercial yellowcake and to illustrate the 

use of such results in interpreting the results of animal studies or human bioassay data. 



Th i rd ,  short-term i n h a l a t i o n  s tud ies  us ing l a b o r a t o r y  r a t s  exposed t o  se lected yel lowcake 
powders were completed. A s tudy designed t o  i n v e s t i g a t e  t h e  in behavior  o f  yel lowcake 
deposi ted i n  a wound has shown t h a t  49% o f  t h e  body burden was c lea red  w i t h  a ha l f - t ime  (TlI2) 
of 0.3 days regard less o f  s o l u b i l i t y .  The remainder o f  t h e  more s o l u b l e  yel lowcake c lea red  w i t h  a 
T,/2 = 11 days, and t h e  l e s s  so lub le  form c lea red  w i t h  a T1,* = 30 days. Both values were. 
more r a p i d  than t h e  ha l f - t imes  f o r  c learance o f  i nha led  yel lowcake f rom lungs o f  r a t s  (TlI2 - 130 days). The r e t e n t i o n  behavior  o f  implanted yel lowcake i n  r a t s  cou ld  n o t  be q u a n t i t a t i v e l y  
r e l a t e d  t o  yel lowcake composit ion, as cou ld  t h e  r e t e n t i o n  o f  i nha led  yellowcake. An a d d i t i o n a l  
s tudy on t h e  e f f e c t s  o f  animal caging on t h e  response o f  r a t s  t o  n e p h r o t o x i c i t y  showed t h a t  f o r  
s tud ies  r e q u i r i n g  exc re ta  c o l l e c t i o n s ,  a minimum o f  21 days should be prov ided f o r  acc l ima t ion  t o  
metabolism cages be fo re  exposure. Th is  should ensure t h a t  water  consumption and nephrotox ic  
response w i l l  be s i m i l a r  t o  t h a t  o f  animals housed i n  polycarbonate cages. 

A 2-year s tudy o f  yel lowcake aerosols  f rom two uranium m i l l s  was continued. Aerosols were 
generated f rom a sample o f  yel lowcake t h a t  was 100% ammonium d iu rana te  (a more s o l u b l e  form) and 
> 99% U308 ( a  l e s s  s o l u b l e  form). Twenty dogs exposed t o  t h e  more s o l u b l e  yel lowcake 
received an est imated i n i t i a l  l ung  burden o f  130 ? 9 ugU/kg body weight .  Twenty dogs received 
an est imated i n i t i a l  l ung  burden o f  140 ? 7 pgU/kg o f  an aerosol  o f  a l e s s  s o l u b l e  
ye1 lowcake. Biochemical i n d i c a t o r s  o f  k idney dys func t i on  t h a t  appeared i n  b lood and u r i n e  showed 
e levated l e v e l s  t h a t  re turned t o  normal w i t h i n  16 days a f t e r  exposure. 

I n  t h e  f o u r t h  phase, r e s u l t s  o f  t h e  animal s tud ies  w i l l  be used i n  f u t u r e  dose est imates and 
hazard eva lua t i ons  o f  m i l l i n g  e f f l u e n t s .  D i s t r i b u t i o n ,  r e t e n t i o n ,  and e x c r e t i o n  data f rom t h e  
2-year s tud ies  w i l l  be compared w i t h  t h e  phys i ca l  chemist ry  r e s u l t s  t o  i d e n t i f y  t h e  impor tan t  
yel lowcake phys i ca l  p r o p e r t i e s  r e l a t e d  t o  b i o l o g i c a l  behavior. F i f t h ,  data from t h e  2-year animal 
s tud ies  w i l l  be compared w i t h  a v a i l a b l e  human data and inco rpo ra ted  i n t o  improved bioassay 
procedures as needed. 

I d e n t i f y i n g  l e t t e r s  were assigned 
t o  each m i l l  ( H i l l s  A through F) i n  t h e  o rde r  we obta ined t h e i r  products  and do n o t  r e l a t e  t o  t h e  
name o f  t h e  m i l l ,  i t s  l o c a t i o n ,  o r  t h e  parent  company. 

Uranium m i l l s  a re  i d e n t i f i e d  a l p h a b e t i c a l l y  i n  t h i s  p r o j e c t .  
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1. INFRARED ANALYSIS OF REFINED URANIUM ORE 

Abstract  - The v a r i a b i l i t y  i n  chemical composition 
and solubi l i ty  of commercial yellowcake products PRINCIPAL INVESTIGATOR 

complicates the i n t e r p r e t a t i o n  of bioassay d a t a .  A. P .  Eidson 

Quant i ta t ive  infrared  analys i s  was used t o  measure 

the relative percentages o f  ammonium diuranate and U30e i n  commercial yellowcake samples and 
to estimate the bounds of yellowcake composition v a r i a b i l i t y .  Analysis o f  standard mixtures 

showed that  the ammonium diuranate i n  a mixture could be est imated wi th in  +- 7% o f  the mixture 
and U30s  could be est imated wi th in  13%. so lu t ions  to analy t ica l  d i f f i c u l t i e s  such a s  

overlapping spectral bands and sample v a r i a b i l i t y  are d iscussed .  Recommendations for  es tabl i shing  
infrared a n a l y s i s  procedures a t  o ther  laborator ies  are  g iven.  

Uranium o re  i s  re f i ned  i n t o  a comnercial p roduc t  known as yel lowcake. which i s  packaged as a 
d r y  powder f o r  storage and shipment. Previous s tud ies  o f  a i rbone dus t  f rom yel lowcake packaging 
opera t ions  (Ref. 1.1) have shown t h a t ,  i f  inhaled. t h e  m a j o r i t y  o f  a i rbo rne  yel lowcake i n  uranium 
m i l l s  i s  l i k e l y  t o  depos i t  i n  the  nasopharyngeal region. Such p a r t i c l e s ,  i f  i nso lub le ,  a re  
c lea red  r a p i d l y  and excreted v i a  the  g a s t r o i n t e s t i n a l  t r a c t .  M a t e r i a l  deposi ted i n  the  pulmonary 
reg ion  i s  c lea red  by s o l u b i l i z a t i o n  and excreted i n  u r i ne ,  or re ta ined  i n  the  lung, f rom which i t  
i s  s low ly  c leared. The two major uranium compounds i n  yel lowcake a re  amnonium d iu rana te  and 

U30B. Because amnonium d iu rana te  i s  t he  more so lub le  o f  t h e  two forms (Ref. 1.2). and i s  
absorbed and excreted i n  u r i ne ,  chemical t o x i c i t y  t o  k idney  and depos i t i on  i n  bone a re  poss ib le .  
However, t h e  gradual  accumulation o f  r e l a t i v e l y  i n s o l u b l e  U308 i n  lung  might d e l i v e r  an 
apprec iab le  annual r a d i a t i o n  dose t o  lung. Knowledge o f  t h e  r e l a t i v e  amnonium d iu rana te  and 
U308 conten t  o f  yel lowcake i s  requ i red  t o  p r e d i c t  t he  poss ib le  t a r g e t  organs and na tu re  o f  
p o t e n t i a l  h e a l t h  e f f e c t s  f rom inha led  yel lowcake. 

Rout ine bioassay procedures are  used t o  ensure t h a t  workers who might  be exposed du r ing  t h e i r  
work do n o t  accumulate undue amounts o f  i n t e r n a l l y  deposi ted uranium. High v a r i a b i l i t y  has been 
observed i n  d i s s o l u t i o n  r a t e s  f o r  yel lowcake samples f rom f o u r  m i l l s ,  comp l i ca t i ng  t h e  
i n t e r p r e t a t i o n  o f  b ioassay data (Ref. 1.2). d i s s o l u t i o n  s tud ies  (Refs. 1.2-1.4) a r e  
use fu l  f o r  s tud ies  o f  a few se lec ted  samples. such as a sample taken from a produc t ion  l o t  
i nvo l ved  i n  an acc ident ,  b u t  they  a re  i m p r a c t i c a l  f o r  use i n  a survey o f  yel lowcake samples (Ref. 
1.5). It i s  necessary t o  es t imate  the  bounds o f  yel lowcake v a r i a b i l i t y  t o  i n t e r p r e t  b ioassay 
data, e i t h e r  as p a r t  o f  r o u t i n e  mon i to r i ng  or i n  eva lua t i on  o f  acc iden ta l  exposures. 

It has been shown t h a t  t he  more so lub le  percentage o f  a yel lowcake sample can be est imated by 
q u a n t i t a t i v e  i n f r a r e d  ana lys i s  (Ref. 1.2). Yellowcake conta ins  amnonium d iu rana te  as a m ix tu re  o f  
a U03-NH3-H20 adducts and t h e i r  thermal conversion produc t  U308 (Ref. 1.2) along w i t h  
res idues  f rom t h e  m i l l i n g  process (Ref. 1.3, 1.4). Although yel lowcake is n o t  s t r i c t l y  a b i n a r y  
mix tu re ,  t h e  two ox ide  forms o f  uranium predominate. F igu re  1.1 shows t h e  i n f r a r e d  spectrum o f  a 
conmercial  yel lowcake sample be fo re  and a f t e r  hea t ing  a t  150°C f o r  16  h and i l l u s t r a t e s  t h e  change 
t h a t  takes p lace  i n  t h e  i n f r a r e d  spectrum o f  yel lowcake as t h e  amnonium d iu rana te  i s  converted t o  
U308 upon heat ing.  

The o b j e c t i v e s  o f  t h i s  study a r e  t o  i l l u s t r a t e  a method t o  determine t h e  v a r i a b i l i t y  among 
yel lowcake l o t s ,  t o  de f ine  the  assumptions invo lved,  and t o  d e f i n e  t h e  l i m i t s  o f  a p p l i c a t i o n .  The 

approach used q u a n t i t a t i v e  i n f r a r e d  ana lys i s  o f  known mix tu res  o f  amnonium d iu rana te  and U308 
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Flgure  1.1 I n f r a r e d  spectrum o f  yel lowcake powder obta lned f rom MI11 B showing t h e  appearance o f  
a U3O8 band and the  p a r t i a l  r e d u c t i o n  I n  t h e  U02 +2 i n t e n s i t y  upon heat ing  a t  1 5 O O C  f o r  
16 h. Thls  i l l u s t r a t e s  the  thermal convers ion o f  t h e  UO3 i n  amnonium d iu ranate  t o  U3O8. 

produced i n  the  l a b o r a t o r y .  The a n a l y s i s  o f  such standard mix tu res  was used t o  d e f i n e  t h e  
accuracy and p r e c i s i o n  o f  t h e  technique. Then It was a p p l l e d  t o  unknown commercial samples. Two 
major  d i f f i c u l t l e s  were encountered. F i r s t  was v a r i a b i l i t y  I n  ammonium d lu ranate  forms t h a t  a r e  
produced I n  o p e r a t l n g  m i l l s  (and even f rom the  same m l l l ) ;  and the  second was over lapping ammonium 
d l u r a n a t e  and U308 I n f r a r e d  bands (F ig .  1.1). So lu t ions  t o  these problems are discussed. 

MATERIALS AND METHODS 

Ammonium d i u r a n a t e  was prepared i n  the  l a b o r a t o r y  by dropwise a d d i t i o n  o f  15% aqueous NHqOH 
t o  an aqueous s o l u t l o n  o f  U02(N03)2 w i t h  s t i r r i n g  a t  pH 7.0-7.5 a t  room temperature. The 
r e s u l t l n g  y e l l o w  p r e c i p i t a t e  was s t l r r e d  f o r  16 h, f i l t e r e d ,  washed w i t h  co ld  water  and acetone, 
and a i r - d r i e d  a t  room temperature. Eleven known mix tu res  o f  t h i s  amnonlum d i u r a n a t e  and U308 
(Nat lona l  Lead Company, C l n n i n a t i ,  OH) were prepared, w i t h  0% ammonium d i u r a n a t e  (pure U308) 
through 100% amnonium d l u r a n a t e  (no U308 present )  I n  10% I n t e r v a l s .  The mix tu res  were  ground 
I n  an agate v l a l  us lng  a Wigl-Bug shaker (Cresent Dental Manufacturlng Company, Chlcago, I L ) .  A 
g r l n d l n g  t lme o f  10 mln prov ided maxlmum I n f r a r e d  absorbance f o r  each component. Weighed a l l q u o t s  
o f  t h e  mix tu res  were added t o  1.0 g o f  des iccated s p e c t r a l  grade K8r t o  prepare mix tu res  t h a t  were 
0.3%. 0.5%. and 1.0% by weight. The ammonium d l u r a n a t e  + U30s t K B r  mix tu res  were a l s o  ground 
f o r  10 mln. 

P e l l e t s  were prepared by press ing  200 mg o f  t h e  ground m i x t u r e  a t  2000 p s i  f o r  5 min us ing  a 
h y d r a u l i c  press (Fred S. Carver, Inc., S u m l t ,  NJ). Dup l ica te  p e l l e t s  were made f o r  each 
mix tu re .  

Yellowcake samples were obta lned f rom SIX commercial m i l l s  (deslgnated MI11 A - MI11 F), and 
pel let 's  t h a t  conta ined 0.3% sample I n  K B r  were prepared as above. There was no pret reatment  o f  
ye l lowcake samples be fore  g r l n d l n g  w i t h  KBr. 

Measurements were obta lned f rom a l l  K B r  p e l l e t s  u s l n g  a Perkln-Elmer Model 2838 I n f r a r e d  
spectrophotometer equipped w i t h  a mic roprocessor -cont ro l led  u n l t  f o r  q u a n t i t a t l v e  analyses o f  
mix tu res  u s i n g  t h e  Beer-Lambert law. 

P e l l e t s  o f  K B r  a lone were made s l m l l a r l y .  
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F igu re  1.2 shows superimposed spec t ra  o f  pure amnonium d i u r a n a t e  and pure U308 on t h e  same 
‘ axes. The wavelengths chosen f o r  a n a l y s i s  were taken from l i t e r a t u r e  values (Ref. 1 .6) .  The 925- 

cm-l peak and t h e  735-cm-l peak were assigned t o  amnonium d i u r a n a t e  and U308, 
r e s p e c t i v e l y .  The two base l i ne  p o i n t s  (970 and 636 cm-’) were chosen as t h e  r e l a t i v e  minima of 
t h e  pure samples. These r e l a t i v e  minima were a l s o  approp r ia te  f o r  t h e  unknown samples measured t o  
date.  An at tempt  was made t o  use t h e  
minimum value (noted by t h e  crossover  o f  t h e  two spec t ra  as t h e  KBr absorbance). Although t h i s  
might  be p r e f e r r e d ,  t h e  absorbance a t  t h e  crossover  p o i n t  was o c c a s i o n a l l y  l e s s  then  t h e  b a s e l i n e  
determined by t h e  970-cm-l and 636-cm-l peaks. The 852-cm-l va lue was chosen so t h a t  t h e  
e r r o r s  caused would probably  be overestimated. 

One o f  t h e  d u p l i c a t e  standard p e l l e t s  o f  each known amnonium d iu rana te  + U308 m i x t u r e  was 
se lec ted  randomly. The absorbances o f  these p e l l e t s  were used t o  o b t a i n  t h e  a b s o r b t i v i t y  m a t r i x  

The 852-cm-l peak was chosen f o r  t h e  KBr abso rp t i on  peak. 
6 

a (Eq. 1.1); 1 t j  

A i , k  = ai.j ‘j.k 

where: Ai,k = absorbance a t  wavenumber 1 (cm-’) o f  m i x t u r e  k, 
a = a b s o r p t i v i t y  a t  wavenumber i o f  components j o f  m i x t u r e  k, 
Cj,k = concen t ra t i on  (e) o f  components j o f  m i x t u r e  k i n  KBr. 
b = cons tan t  p e l l e t  t h i ckness  = 0.052 f 0.001 cm. 

i . j  

The remaining p e l l e t s  o f  each p a i r  were analyzed as unknowns. The proce s was t h  

(Eq. 1.1) 

n reversed 
t o  p rov ide  an a n a l y s i s  o f  a l l  standard p e l l e t s  as i f  they  were unknowns. The concen t ra t i ons  o f  
components i n  unknown yel lowcake m ix tu res  were then  c a l c u l a t e d  us ing  t h e  absorbance spectrum and 
t h e  a b s o r p t i v i t y  m a t r i x  as de r i ved  above. 
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F i g u r e  1.2 Superimposed i n f r a r e d  spec t ra  o f  t h e  0.3% amnonium d i u r a n a t e  s tandard and 0.3% 
U3O8 standard. 
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RESULTS 

120.- 

A 

F igu re  1.3 shows t h e  r e s u l t s  o f  t h e  known ammonium d iu rana te  + U308 mix tu re  analyses. 
I n d i v i d u a l  c a l c u l a t e d  values from repeated analyses a re  p l o t t e d  versus known values r e l a t i v e  t o  
t h e  t h e o r i t i c a l  l i n e  shown. A p o i n t  above t h e  l i n e  i n d i c a t e s  an overest imate o f  t he  percentage of 
ammonium d iu rana te  o r  U308 i n  t he  m ix tu re .  The p o i n t s  a t  0% ammonium d iu rana te  on Graph A and 
100% U308 on Graph 8 represent  ana lys i s  o f  t h e  same p e l l e t s .  Note t h a t  t h e  method r e s u l t s  i n  
an underestimate f o r  pure U308, and the  value f o r  pure ammonium d iu rana te  i s  l ess  p rec i se .  
The accuracy and p r e c i s i o n  o f  t h e  r e s u l t s  were g r e a t e s t  f o r  m ix tu res  con ta in ing  10% t o  90% 
ammonium d iu rana te  and 30% t o  70% U308. Given t h e  above accuracy and p r e c i s i o n  o f  r e s u l t s  of 
standard m ix tu re  analyses, r e s u l t s  of unknown analyses showing 5 20% ammonium d iu rana te  o r  
U 0 might  i n d i c a t e  t h a t  t h e  unknown m i x t u r e  a c t u a l l y  conta ined o n l y  ammonium d iu rana te  o r  3 8  
‘3’8. 

A 

-20 ..-+ 20 60 . b o  

KNOWN WT% A M M O N I U M  O I U R A N A T E  

F igu re  1.3 Standard ammonium d iu rana te  + U308 mix tu res  were analyzed as i f  they  were unknowns. 
T o t a l  concen t ra t i on  of t h e  mixtures i n  KBr was 0.3 w t  %. Graph A shows ammonium d iu rana te  
r e s u l t s .  graph B shows U3O8 r e s u l t s .  



Table 1.1 shows a summary of analyses o f  t h e  11 standard m ix tu res  where t h e  t o t a l  
c o n t e n t r a t i o n  of uranium compounds i n  KBr was 0.3%. 0.5%. and 1.0%. The data a re  expressed as t h e  
d i f f e r e n c e  between t h e  analyzed and known amounts, such t h a t  a p e r f e c t l y  accurate and reproducable 
r e s u l t  would be 0.0 ? 0.0. The accuracy o f  t h e  r e s u l t s  shows t h a t  ammonium d iu rana te  and 
U308 were g e n e r a l l y  overestimated, b u t  n o t  s i g n i f i c a n t l y  so, when compared w i t h  t h e  p r e c i s i o n  
o f  t h e  est imates.  The number o f  analyses (22) r e f l e c t s  t h e  a n a l y s i s  o f  d u p l i c a t e  p e l l e t s  from 11 
m ix tu res .  Standard e r r o r s  expressed i n  t h i s  way inc lude  t h e  r e l a t i v e l y  l a r g e  e r r o r s  seen f o r  t h e  
extremes of t h e  concen t ra t i on  range (F ig .  1 .3) .  Analyses o f  0.3% p e l l e t s  were shown t o  be more 
p r e c i s e  than those of 0.5% p e l l e t s .  The p r e c i s i o n  o f  t he  1.0% p e l l e t  analyses was comparable t o  
t h a t  o f  t h e  0.3% p e l l e t s ;  however, t h e  0.3% p e l l e t s  gave more p r e c i s e  r e s u l t s  i n  t h e  middle o f  t h e  
concen t ra t i on  range. Th is  was assumed t o  be caused by decreased absorbance i n  the  reg ion  o f  
spect ra 1 over lap.  

A f t e r  t h e  0.3% p e l l e t s  were chosen f o r  r o u t i n e  use i n  the  l a t e r  ana lys i s  o f  unknowns, t h e  
standards were rescanned and analyzed f o u r  t imes d u r i n g  subsequent work. The r e s u l t s  o f  these 
analyses were shown i n  Table 1.1 w i t h  n = 8. The standard e r r o r  values were g r e a t e r  b u t  more 
r e l i a b l e  f o r  r o u t i n e  work because they i nc lude  poss ib le  i ns t rumen ta l  e r r o r  f a c t o r s  and poss ib le  

changes i n  t h e  standard p e l l e t s  w i t h  t ime. The r e s u l t s  o f  these f o u r  seperate scans and t h e  
analyses o f  t h e  0.3% p e l l e t s  a re  shown i n  F ig .  1.3. 

The spectrum shown i n  F ig .  1 .4 i l l u s t r a t e s  a t y p i c a l  commercial unknown sample. Note t h e  
broad ammonium d iu rana te  peak t h a t  over laps considerably  w i t h  t h e  U308 peak. The i n i t i a l  
a n a l y t i c a l  approach was t o  assume t h a t  any unknown sample was a m i x t u r e  o f  ammonium d iu rana te  and 
U308. I f  t h e  r e s u l t s  suggested the  yel lowcake might  be a pure form o f  e i t h e r  ammonium 
d iu rana te  o r  U308 and t h e  spectrum appeared t o  be t h a t  o f  a pure form, t h e  sample was 
reanalyzed us ing  a c a l i b r a t i o n  curve based on t h e  p e l l e t s  t h a t  conta ined o n l y  0.3%. 0.5% o r  1.0% 

ammonium d iu rana te  o r  U308. Analyses o f  suspected pure samples were based on peak areas 
r a t h e r  than peak maximum absorbance. This  was e s p e c i a l l y  necessary i n  the  case o f  pure ammonium 
d iu rana te  samples (F ig .  1 .5) .  The spect ra shown i n  F i g .  1.5 i l l u s t r a t e  t h e  v a r i a b i l i t y  p o s s i b l e  
among grab samples f rom two drums from Lo t  #55 produced by M i l l  E. 

band. The two s p e c t r a l  bands i n  t h e  Drum #42 sample can be assigned t o  peaks f rom U02 
(Ref. 1 .6 ) .  
date.  

Note t h e  absence o f  a U30 
tB 

These spec t ra  i l l u s t r a t e  t h e  most extreme case o f  t h i s  t ype  o f  v a r i a b i l i t y  found t o  
C l e a r l y ,  a n a l y s i s  o f  t h i s  sample should use peak area r a t h e r  than peak h e i g h t  methods. 

Table 1.1 

Analys is  o f  Standard Mixtures o f  Amnonfum Diuranate and U308 i n  KBr a 

Dev ia t i on  (Analyzed X - Known W t  % i n  M ix tu re )  
Mean f SE (n )  

W t  X M i x t u r e  
i n  KBr Amnonlum Dluranate "308 
0.3 0.43 f 2 . 6  ( 2 2 )  0.51 2 6.3 (22) 
0.3 0.07 f 6.6 (8) -0.03 f 12.5 (8 )  
0.5 3.3 f 2.8 ( 2 2 )  1.3 f 4.6 (22) 
1 .o 0.1 f 3.2 (22) 0.2 * 3.8 (22) 
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F igu re  1.4 I n f r a r e d  spectrum o f  yel lowcake sample obta ined f rom M i l l  D. 
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F i g u r e  1.5 I n f r a r e d  spectrum o f  yel lowcake samples taken f rom two drums f rom L o t  #55 produced by  
M i l l  E. 

J 
Table 1.2 surmnarizes analyses o f  samples taken f rom t h e  m i l l s  s tud ied  t o  date. H i l l  A 

samples, shown I n  Table 1.2, might  be considered t o  be pure amnonium d i u r a n a t e  and were reanalyzed 
as descr ibed.  The sample from MI11 E was analyzed t o  c o n t a i n  > 100% amnonium d lu rana te ,  an 
unreasonable r e s u l t .  The c a l c u l a t e d  va lue f o r  U308 migh t  be a r t i f a c t u a l  when compared t o  t h e  
e r r o r  i n  t h e  amnonium d iu rana te  r e s u l t .  Ana lys i s  as a pure amnonium d iu rana te  sample i n d i c a t e d  
t h i s  was t h e  case. The M i l l  B sample a l s o  showed an unreasonable r e s u l t  f o r  amnonium d iu rana te  
a n a l y s i s .  Ana lys i s  as a Pure Sample d i d  n o t  reso lve  t h e  quest ion.  and t h e  sample was considered 
t o  c o n t a i n  86 +- 5% amnonium d luranate,  w i t h  t h e  remainder U308. Ana lys i s  o f  t h e  M i l l  c 
sample suggested i t  migh t  c o n t a i n  o n l y  pure U308; however, t h e  spectrum showed a smal l  
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ammonium d iu rana te  absorbence peak. Thus, r e a n a l y s i s  as a pure U308 sample was n o t  
considered. No sample f rom any m i l l  s tud ied  t o  date cou ld  be considered t o  be pure U308; each 
suspected pure sample conta ined a f r a c t i o n  o f  ammonium d iu rana te .  showing t h a t  thermal convers ion 
t o  U308 was n o t  complete. 

~ 

Table 1.2 
Analys is  o f  Yellowcake Samples o f  Unknown Composition 

From S i x  M i l l s  As M ix tu res  and Pure Components 

A 
B 
C 

D 
E 

F 

W t  % (Mean f S E I  
M i x t u r e  Ana lys i s  Ana lys i s  as Pure Component 
- ADU U308 - ADU - 

90 f 20 a 53 f l o a  1 2 2  
16 f 3 86 f 5 

17 f la 56 t 1 Not a pure spectrum 
25 f 2 71 f 2 

a 111 f 4 

129 f 5a 25 f Za 99 f 6 
49 f 3 53 ? 4 

aValues a r e  w i t h i n  t h e  f 20% u n c e r t a i n t y  f o r  m i x t u r e  a n a l y s i s .  Samples were reanalyzed 
as pure components a f t e r  i n s p e c t i o n  o f  t h e  spectrum. 

Note t h a t  samples such as t h a t  shown f o r  M i l l  C, which I n d i c a t e  l e s s  than  100% combined 
ammonium d i u r a n a t e  + U308. might  occur  i n  p r a c t i c e .  Other species f rom t h e  m i l l i n g  process 
m igh t  represent  up t o  6% o f  t h e  f i n a l  product  (Ref. 1.3, 1.4), and r e s i d u a l  wa te r  and NH3 can 

a l s o  be present .  A sample t h a t  might  be i ncomp le te l y  d r i e d  o r  r e f i n e d  and n o t  meet p r o d u c t i o n  
requirements might  s t i l l  be Inha led  by a worker and r e q u i r e  a n a l y s l s .  

Table 1.3 sumnarizes t h e  range i n  ammonium d i u r a n a t e  con ten t  o f  d i f f e r e n t  l o t s  f rom one m i l l .  
It i s  c l e a r  t h a t  t h e r e  i s  v a r i a b i l i t y  among products  f rom a s i n g l e  m i l l  ( F i g  1.5) j u s t  as t h e r e  is 
among products  f rom d i f f e r e n t  m i l l s .  The g r e a t e s t  v a r i a b i l i t y  was observed i n  M i l l  D yel lowcake; 
t h e  most constant  ammonium d iu rana te  percentage was i n  H i l l  F ye l lowcake.  

Table 1.3 
Ana lys i s  o f  Unknown Samples Obtained From D i f f e r e n t  Lots  From Each M i l l  

- M i l l  
B 
C 
D 
E 
F 

W t  % ADU (Hean +- S E I  
- M i  n Max 

11 f 5 100 f 10 
1 f l  17 f 1 
4 ? 1  5 5 f  3 

63 2 6 100 f 10 
46 f 3 6 4 2  4 

DISCUSSION 

These r e s u l t s  I l l u s t r a t e  t h e  use o f  I n f r a r e d  a n a l y s l s  t o  a c c u r a t e l y  analyze ammonium d i u r a n a t e  
i n  t h e  presence o f  U308 t o  w i t h i n  f 7% standard e r r o r  o f  t h e  mean. S i m i l a r l y ,  t h e  U308 



content  can be analyzed accu ra te l y  t o  w i t h i n  k 13%. These accuracy and p r e c i s i o n  values a r e  
w e l l  w i t h i n  t h e  v a r i a b i l i t y  i n  yel lowcake composit ion observed f o r  l o t s  produced by d i f f e r e n t  ' 

m i l l s  and f o r  l o t s  produced w i t h i n  t h e  same m i l l  a t  d i f f e r e n t  t imes.  
The f o l l o w i n g  ac t i ons  a re  recommended f o r  those w ish ing  t o  apply  t h i s  technique t o  yel lowcake 

ana lys i s  : 
1. 

2. 

3. 

4. 

Standard and unknown p e l l e t s  should be scanned a t  t he  same t ime  o r  w i thou t  t u r n i n g  o f f  
t h e  inst rument ,  and t h e  inst rument  should be tho rough ly  warmed up. 
A d r i e d  b u t  unheated sample o f  yel lowcake p r e c i p i t a t e  f rom each f a c i l i t y  should be used 
as the  pure ammonium d iu rana te  standard. 
I f  experience shows t h a t  spect ra o f  successive l o t s  f rom one m i l l  a re  e s p e c i a l l y  v a r i a b l e  
(see F ig .  1.5). standard mixtures of U308 and each ammonium d iu rana te  form should be 
considered. 
A c o l l e c t i o n  o f  such standard m ix tu res  and a n a l y t i c a l  r e s u l t s  should be mainta ined t o  
determine t h e  o v e r a l l  v a r i a b i l i t y  i n  t h e  composit ion o f  yel lowcake f rom t h e  f a c i l i t y .  

REFERENCES 

1.1 A. F. Eidson and E. 6. Damon, "Predic ted Deposi t ion Rates o f  Uranium Yellowcake Aerosols 
Sampled i n  Uranium M i l l s , "  Heal th  Physics ( i n  press) .  

1.2 A.  F. Eidson and J. A. Mewhinney, "In Vitro S o l u b i l i t y  o f  Yellowcake Samples From Four 
Uranium H i l l s  and t h e  I m p l i c a t i o n s  f o r  Bioassay I n t e r p r e t a t i o n , "  Heal th  Physics 39. 893-902 
( 1980) . 

1.3 D .  R. Kalkwarf,  " S o l u b i l i t y  C l a s s i f i c a t i o n  o f  A i rborne Products From Uranium Ores and 
T a i l i n g s  P i l es , "  NUREGKR-0530, PNL-2870, 1979. 

1.4 N. A. Dennis, H. M. Blauer, and J. E. Kent, " D i s s o l u t i o n  F rac t i ons  and Half-Times o f  S i n g l e  
Source Yellowcake i n  Simulated Lung F lu ids , "  Heal th  Physics 42, 469-477 (1982). 

1.5 A. F. Eidson and W. C. G r i f f i t h ,  J r . ,  "Techniques f o r  Yellowcake D i s s o l u t i o n  Studies I n  V i t r o  
and T h e i r  Use i n  Bioassay I n t e r p r e t a t i o n , "  Heal th  Physics ( i n  press) .  

Ammonium Diuranates," Journal o f  Inorganic  and Nuclear Chemistry 21, 238 (1961). 
1.6 A. H. Deane, "The I n f r a - r e d  Spectra and S t r u c t u r e  o f  Some Hydrated Uranium T r i o x i d e s  and 

10 



2. RETENTION OF URANIUM FROM SIMULATED WOUNDS CONTAMINATED BY YELLOWCAKE 

Abstract - The translocation and retention of uranium 
from two different yellowcake samples subcutaneously PRTNCIPAL INVESTIGATORS 

implanted i n  rats t o  simulate contamination of wounds E .  G .  Damon 
was assessed. Forty-five rats,  anesthetized with A .  F .  Eidson 
halothane, were subcutaneously implanted w i t h  powders 
of  each of  the two yellowcake samples a t  a dose of  10 mg U / k g .  Rats were sacrificed in  groups of 
5 a t  intervals through 32 days after implantation. Selected tissues and excreta samples were 
assayed b y  fluorometry to determine their uranium content. Two-component negative exponential 
functions were f i t t e d  to the uranium body burdens expressed as percentages of  the ini t ial ly  
implanted uranium body burdens. For both yellowcake samples, 45% of the i n i t i a l  body burden ( I B B )  

cleared w i t h  T l I 2  of 0.2 days. The remaining 55% of the I B B  cleared w i t h  T l I 2  of 10 days fo r  
the f i r s t  yellowcake sample and 28 days for the second sample. Results of prior studies of lung 
clearance of uranium from inhaled aerosols of  the two yellowcake samples showed an ear l y  clearance 
component = 1 day1 that correlated w i t h  the ADU percentage and a l a t e  clearance component 
( T l I 2  = 180 days), which corresponded to the Uj08 percentage composition of the inhaled 
yellowcake. Thus uranium clearance from subcutaneously implanted yellowcake was more rapid than 
uranium clearance from yellowcake deposited i n  lung. 

Uranium mill workers may be exposed to uranium compounds by inhalation, ingestion. wound 
contamination, or by absorption from the eyes or mucous membranes. An earlier work described the 
lung retention and translocation of uranium from inhaled yellowcake aerosols (Ref. 2.1). This 
report presents results of studies of whole-body retention and translocation of uranium after 
subcutaneous Implantation of yellowcake powder In rats to simulate contamination of wounds. 

Although toxicologic studies on dermal application of uranium compounds have been conducted 
(Ref. 2.2). absorption of yellowcake powder or uranium compounds from contaminated wounds has not 
been investigated. The objective of the study was to determine the rate of absorption and the 
patterns o f  retention, translocation, and excretion in rats exposed to one o f  two samples o f  

yellowcake powder implanted subcutaneously. The two yellowcake samples differed widely in in 
vitro solubility (Ref. 2.3). This report presents data on the pattern of whole-body retention o f  
uranium as related to the compositlon of the Implanted yellowcake powder. Data on retention of 
uranium at the site of  implantation and translocation of uranium to kidneys and bone and the 
pattern of urinary excretion of uranium are also presented. 

MATERIALS AND METHODS 

Yellowcake Powders 

Two yellowcake powders with known solubility properties were selected for these studies. One 
powder obtained from Mill A contained -82% of its total uranium in a soluble form, ammonium 
diuranate (ADU), and -18% U308, a relatlvely insoluble compound. The second powder, from 
Mill 0, was composed of -25% ADU and 75% U308. These powders were chosen to provide data 
for comparison with the results of in vivo studies using rats exposed by inhalation to aerosols of 
the same two materials (Ref. 2.1). 
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Animals 

F i f t y  male F-344, s p e c i f i c  pathogen-free, l abo ra to ry - rea red  r a t s ,  10-12 weeks o f  age, were 
i n i t i a l l y  se lec ted  f o r  each yel lowcake sample used. The mean ? 1 S.E.M. o f  t h e  body weights was 
260 .?: 4 g. Rats were fed Lab Blox ( A l l i e d  M i l l s ,  Chicago, I L )  and watered ad l i b i t u m .  Water 
b o t t l e s  were changed two t imes a week. Rats were housed i n d i v i d u a l l y  i n  polycarbonate cages (45 x 
25 x 20 cm) c o n t a i n i n g  a bedding of wood ch ips  o r  aspen wood shavings (American Exce ls io r ,  
Oshkosh. W I ) .  A l l  cages were changed weekly. Four r a t s  implanted w i t h  each m a t e r i a l  were 
i n d i v i d u a l l y  housed i n  s t a i n l e s s  s t e e l  wire-mesh-bottom cages (18 x 18 x 25 cm, Wahman’s 
Manufacturing Co., Timonium, MD) d u r i n g  t h e  t ime  exc re ta  were c o l l e c t e d .  A f t e r  exc re ta  
c o l l e c t i o n ,  t h e  r a t s  were i n d i v i d u a l l y  housed i n  po lycarbonate cages. Animal rooms were 
mainta ined on a 12-h l i g h t  c y c l e  ( 6  a.m. t o  6 p.m.1 a t  temperatures o f  20-23OC and a r e l a t i v e  
humid i t y  o f  30 t o  50%. 

Yellowcake Imp lan ta t i ons  

Anesthesia was induced i n  r a t s  w i t h  a 5% m i x t u r e  of halothane (Halocarbon Laborator ies,  Inc., 
Hackensack. NJ) vaporized i n  95% O2 a t  a f l o w  r a t e  o f  0.6 L/min and maintained w i t h  2% halothane 
admin i s te red  by a face  mask. The h a i r  was c l i p p e d  f rom t h e  d o r s a l  t h o r a c i c  area and an i n c i s i o n  1 
cm l o n g  was made on t h e  do rsa l  m i d l i n e  between t h e  scapulae. The do rsa l  m i d l i n e  was chosen f o r  
t h e  imp lan t  t o  prevent  t h e  r a t  f rom removing t h e  sutures d u r i n g  grooming. Yellowcake (10 mg U/kg 
o f  body we igh t )  was implanted subcutaneously, and t h e  s k i n  was sutured w i t h  VETAFIL BENGEN @ (s. 
Jackson, Inc.. Washington, DC) .  The i n c i s i o n  was then sprayed w i t h  Aeroplast  @ spray-on p l a s t i c  
d ress ing  (Parke-Davis and Co., Greenwood, SC). S e l e c t i o n  o f  t h e  dose was based on t h e  f o l l o w i n g  
assumptions: 

(1) Absorpt ion o f  a subcutaneous imp lan t  o f  a s o l u b l e  uranium powder was expected t o  be no 
g r e a t e r  t han  t h a t  o f  an i n t r a p e r i t o n e a l  i n j e c t i o n  o f  an aqueous uranium s o l u t i o n .  Haven and Hodge 
(Ref. 2.4) repo r ted  an LD50 va lue o f  86 mg U/kg a f t e r  48 h i n  200-300 g male Wis ta r  r a t s  a f t e r  an 
i n t r a p e r i t o n e a l  i n j e c t i o n  o f  a 10% aqueous s o l u t i o n  o f  u rany l  n i t r a t e .  The dose used i n  our  s tudy 
was se lec ted  t o  be approx imate ly  one-tenth o f  t h e  LD50/48 h. 

(2)  The m a t e r i a l s  used i n  these s tud ies  were expected t o  re lease  uranium more s l o w l y  than  an 
i n t r a p e r i t o n e a l  i n j e c t i o n  o f  s o l u t i o n .  

Imp lan ta t i ons  o f  e i t h e r  m a t e r i a l  a t  a dose o f  10  mg U/kg were made i n  45 r a t s .  F i v e  r a t s  were 
s u r g i c a l l y  sham-implanted and r e t a i n e d  as c o n t r o l s .  Because r a t s  housed i n  metabolism cages d i e d  
a f t e r  i m p l a n t a t i o n  w i t h  t h e  more s o l u b l e  yel lowcake (Ref. 2.5). r a t s  d y i n g  as a r e s u l t  o f  
n e p h r o t o x i c i t y  were rep laced w i t h  r a t s  implanted a t  t h e  same dose l e v e l  o r  a t  reduced dose l e v e l s  
(5  o r  3 mg U/kg ) .  An a d d i t i o n a l  15 r a t s  ( i n  groups o f  5) were a l s o  implanted w i t h  M i l l  A 
yel lowcake a t  reduced doses o f  3 o r  1 mg U/kg and were housed i n  po lycarbonate cages. Uranium 
r e t e n t i o n  curves f o r  these r a t s  were compared t o  those f o r  r a t s  - implanted w i t h  t h e  same yel lowcake 
a t  a dose o f  10 mg U/kg t o  assess e f f e c t s  o f  dose on r e t e n t i o n  o f  t h e  M i l l  A yel lowcake. 

Excreta C o l l e c t i o n  Schedule 

Urine, feces, and cage-wash samples were c o l l e c t e d  f rom two o f  t h e  r a t s  i n  each o f  t h e  16- and 
32-day s a c r i f i c e  groups. These samples were c o l l e c t e d  d a i l y  f o r  f o u r  days a f t e r  imp lan ta t i on .  
Three-day composite c o l l e c t i o n s  were then  made weekly u n t i l  s a c r i f i c e .  Excreta samples f rom two 
o f  t h e  c o n t r o l  r a t s  were c o l l e c t e d  on t h e  same schedule as t h a t  o f  t h e  32-day s a c r t f i c e  group. 
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S a c r i f i c e  Schedule 

A t  i n t e r v a l s  o f  2 h, 1, 2, 3, 4, 8, 16, and 32 days a f t e r  imp lan ta t i on ,  r a t s  were s a c r i f  .:ed 
i n  groups o f  f i v e  by means o f  an i n t r a p e r i t o n e a l  i n j e c t i o n  o f  1 m l  (50 mg) o f  sodium p e n t o b a r b i t a l ,  
f o l l owed  by exsanguinat ion by h e a r t  puncture.  Rats housed i n  po lycarbonate cages and implanted 
w i t h  H i l l  A yel lowcake a t  reduced dose l e v e l s  (1 o r  3 mg U/kg) were s a c r i f i c e d  a t  8 o r  16 days 
a f t e r  imp lan ta t i on .  

Rats were weighed be fo re  s a c r i f i c e ,  and t h e  organs were weighed a t  necropsy. F luo romet r i c  
assay f o r  uranium (Ref. 2.1) was conducted on t h e  f o l l o w i n g  t i s s u e s  f rom each r a t :  

1. 
2. Lung 
3. Kidney 
4. 

5. L i v e r  
6. Both femurs 
7. Remaining carcass and s k i n .  
A c e n t r a l  s e c t i o n  c u t  l o n g i t u d i n a l l y  f rom one o f  t h e  k idneys was preserved i n  10% n e u t r a l  

Blood samples c o l l e c t e d  by h e a r t  puncture a t  s a c r i f i c e .  

Sec t i on  o f  s o f t  t i s s u e  surrounding t h e  s i t e  o f  t h e  i m p l a n t a t i o n  
depth o f  t h e  v e r t e b r a l  column) 

( 2  x 2 cm exc ised t o  t h e  

b u f f e r e d  f o r m a l i n  f o r  h i s t o p a t h o l o g i c a l  s tud ies .  

Ana lys i s  o f  Re ten t i on  Data 

The uranium contents  of t h e  t i s s u e s  were expressed as percentages o f  t h e  uranium implanted 

Two-component nega t i ve  exponen t ia l  f u n c t i o n s  (Eq.1) were f i t t e d  t o  t h e  whole-body r e t e n t i o n  
i n i t i a l l y ,  1.e.. t h e  i n i t i a l  body burden (166). 

data by a n o n l i n e a r  l e a s t  squares technique (Ref. 2.6): 

X I B B ( t )  = Ale -0.693(t)/T1 -0.693(t)/T2 +A2e I 

where A1 and A2 a r e  e a r l y  and l a t e  r e t e n t i o n  components i n  percent ,  t i s  t ime  a f t e r  exposure 
i n  days, and T1 and T2 a r e  t h e  c learance ha l f - t imes  f o r  components A1 and A2, 
r e s p e c t i v e l y .  S i m i l a r  f unc t i ons  (Eq. 1) were a l s o  f i t t e d  t o  t h e  uranium r e t e n t i o n  da ta  f o r  t h e  
s o f t  t i s s u e  surrounding t h e  s i t e  where t h e  yel lowcake was Implanted (wound-site). Single-component 
nega t i ve  exponen t ia l  f unc t i ons  (Eq. 2 )  were f i t t e d  t o  r e t e n t i o n  da ta  f o r  r a t s  housed i n  
polycarbonate cages and s a c r i f i c e d  a t  8 o r  16 days a f t e r  i m p l a n t a t i o n  w i t h  M i l l  A ye l lowcake a t  
reduced dose l e v e l s  (1 o r  3 mg Wkg) . 

-0.693(t)/T % IBB( t )  = Ae 

Re ten t ion  f u n c t i o n s  f o r  t h e  two groups exposed t o  n i l 1  A and M i l l  D ye l lowcake were compared 
t o  determine e f f e c t s  o f  composi t ion o f  t h e  implanted ye l lowcake powder on uranium r e t e n t i o n .  
Levels  o f  s i g n i f i c a n c e  of d i f f e r e n c e s  between uranium r e t e n t i o n  curves f o r  t h e  d i f f e r e n t  groups 
were determined by F-Tests (Ref. 2.6). 

Uranium con ten t  o f  kidneys, bone (femur), and t h e  u r i n a r y  e x c r e t i o n  o f  uranium f o r  r a t s  
implanted w i t h  t h e  two m a t e r l a l s  were compared by analyses o f  var iance and s i g n i f i c a n c e  o f  
d i f f e r e n c e s  between groups was determined by F-Tests (Ref. 2.6). 
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RESULTS 

The 10 mg U/kg dose was considered low enough t h a t  no acute b i o l o g i c a l  e f f e c t s  were expected 
b u t  h igh  enough t h a t  t h e  concen t ra t i on  o f  uranium i n  t h e  t i s s u e s  o f  s a c r i f i c e d  r a t s  a t  t imes up t o  
32 days a f t e r  exposure could be measured by f l u o r o m o t r i c  procedures. However, r a t s  exposed t o  t h e  
M i l l  A yel lowcake - t h e  i n i t i a l  f o u r  r a t s  housed i n  metabolism cages - d ied  6 days a f t e r  
imp lan ta t i on .  Gross observat ions a t  necropsy revealed s igns o f  uranium t o x i c i t y  t o  the  kidneys 
(Ref. 2.5). Kidneys appeared pale, w i t h  m o t t l e d  redd ish  c o l o r a t i o n  and y e l l o w i s h  speck l ing.  None 
of t h e  r a t s  exposed t o  t h e  M i l l  A yel lowcake and housed i n  polycarbonate cages showed any acute 
e f f e c t s  f rom t h e  t reatment .  No acute e f f e c t s  were observed i n  r a t s  exposed t o  the  M i l l  0 
yel lowcake o r  i n  t h e  sham-implanted c o n t r o l  r a t s .  The gross appearance o f  kidneys f rom t h e  
s u r v i v i n g  r a t s  was normal when t h e  r a t s  were s a c r i f i c e d  16 and 32 days a f t e r  exposure. An 
experiment t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  d i f f e r e n c e s  i n  types o f  caging on t h e  response o f  r a t s  t o  
uranium i s  descr ibed i n  t h e  nex t  paper i n  t h i s  r e p o r t .  

Whole-Body Retent ion o f  Uranium 

F igu re  2.1 shows t h e  whole-body uranium r e t e n t i o n  curves f o r  t h e  two yel lowcake samples, and 
t h e  parameters f o r  t h e  r e t e n t i o n  func t i ons  a re  l i s t e d  i n  Table 2.1. For  both m a t e r i a l s ,  45% I66 
c lea red  w i t h  a h a l f - t i m e  o f  < 1 day, t h e  remaining 55% I66 c lea red  w i t h  T1,2 o f  10 days f o r  
t h e  M i l l  A yel lowake and 26 days f o r  M i l l  0. Whole-body r e t e n t i o n  func t i ons  f o r  t h e  two 
yel lowcake samples were s i g n i f i c a n t l y  d i f f e r e n t  (P < 0.005). 
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F igu re  2.1. Whole-body uranium r e t e n t i o n  curves f o r  r a t s  r e c e i v i n g  subcutaneous implants  o f  
yel lowcake f rom M i l l  A ( l ower  curve, data as t r i a n g l e s )  o r  M i l l  0' (upper curve, data as c i r c l e s ) .  

Table 2.2 shows t h e  d i s t r i b u t i o n  of uranium between t h e  i m p l a n t a t i o n  s i t e  (wound) and o t h e r  
t i s s u e s  ( p r i m a r i l y  k idney and bone) i n  r a t s  s a c r i f i c e d  1, 6, o r  32 days a f t e r  imp lan ta t i on .  

F igures 2.2-2.3 show comparisons o f  t h e  uranium contents  o f  kidneys and femurs o f  r a t s  
s a c r i f i c e d  a f t e r  i m p l a n t a t i o n  w i t h  t h e  two yel lowcake m a t e r i a l s .  Resul ts  o f  a n a l y s i s  o f  var iance 
o f  a l l  o f  t h e  k idney and femur data f o r  r a t s  s a c r i f i c e d  f rom 1 t o  32 days a f t e r  i m p l a n t a t i o n  w i t h  
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Yellowcake Sample 
Hill A: 

Whole Body 
Wound site 

b Lung 

Hill D:  

Whole Body 
Wound site 

b Lung 

Table 2.1 
Uranium Retention in the Whole Body or at the Wound 

Site of Rats Implanted Subcutaneously with Yellowcake 

Retention Parametersa 

A1 T1 A2 T2 
days 1 0 (days 1 0 

4 5 2  3 0.2 2 0.1 5 5 5  3 10 1 

555 3 0.2 5 0.1 4 5 %  3 a +  1 

7 0 %  6 1.0 + 0.3 305 6 68 5 30 

4 5 %  4 0.2 5 0.1 5 5 %  4 28% 3 
55 5 3 0 .2  5 0.1 45 * 3 3 0 %  3 

68 % 30 15 % 13 1.0 5 0.3 85 5 13 

-0.693( t ) /TI -0.693(t)/Tz 
a % IBB(t) = Ale +A2e 

bBased on data from Ref. 2.1. 
Retention functions for the two yellowcake samples are significantly different for both 
the whole body and the implant site ( P  < 0.005). 
significantly different from those for implant site ( p  < 0.005). 

Retention functions for lung were 

Table 2.2 
Uranium Distribution After Subcutaneous Implantation of Yellowcake 

Days After 
Exoosure 

1 

8 
32 

Uranium Content. Percent o f  Implanted Uranium 
Implant Site Other Tissues 

MILL A HILL D MILL A MILL D 
42 2 3 48 5 5 12 5 2 6 5 0.5 
25 5 3 38 2 3 12 5 2 2 2 0.1 
3 5 0.4 20 5 2 4 5 0.5 3 2 0.2 
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Figure  2.2. Uranium content  o f  kidneys o f  r a t s  r e c i v i n g  imp lan ts  o f  M i l l  A (dashed l i n e  data as 
t r i a n g l e s )  o r  M i l l  D yel lowcake ( s o l i d  l i n e ,  data as c i r c l e s ) .  Data p o i n t s  a re  mean values and 
e r r o r  bars I n d i c a t e  1 S.E.M. 
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Figure  2.3. Uranium content  o f  femurs i n  r a t s  implanted w i t h  M i l l  A (dashed l i n e ,  data as 
t r i a n g l e s )  o r  M i l l  D yel lowcake ( s o l i d  l i n e ,  data as c l r c l e s ) .  Data p o i n t s  a re  mean values and 
e r r o r  bars i n d i c a t e  5 1 S.E.M. 
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yel lowcake are  l i s t e d  i n  Table 2.3. The mean uranium content  o f  bo th  k idneys and femurs was 
s i g n i f i c a n t l y  h i g h e r  I n  r a t s  Implanted w i t h  t h e  M i l l  A yel lowcake than I n  those implanted w i t h  t h e  
M i l l  D m a t e r i a l  d u r i n g  t h e  32 days o f  t h e  s tudy ( p  < 0.01 f o r  k idneys and p < 0.0001 f o r  
femurs). 

Table 2.3 

Excre t ion  o f  Uranium i n  Rats Receiv ing Yellowcake Imp lan ts  
Uranium Content o f  Kidneys, Femur, and D a i l y  U r i n a r y  

Yellowcake 
Sam1 e 

M i l l  A: 
Kidney 
Femur 
Ur ine  

M i l l  D: 
Kidney 
Femur 
Ur ine  

Uranium Content 
Percent 

o f  
Number Imp1 anted Concentrat ion,  

SamDl es IHean + S.E .M.1  JMean + S . E . M . 1  
o f  Uranium I4 u/g 

a 21 3.2 5 O.Sa 34 * 5 
b 20 0.90 2 0.07b 9.7 2 0.84 

41 2.16 2 0.40' 

21 
24 
25 

1.4 2 0.2 14 3 
0.25 2 0.02 2.1 2 0.16 
0.65 5 0.15 

a S i g n i f l c a n t l y  d l f f z r e n t  from M i l l  D value ( p  < 0.005). 
b S i g n l f i c a n t l y  d i f f e r e n t  from M i l l  D va lue ( p  < 0;OOOl). 
c S i g n i f i c a n t l y  d i f f e r e n t  from M i l l  D value (p  = 0.01). 

F igure  2.4 presents  a comparison o f  t h e  c learance o f  uranium f rom t h e  imp lan t  s i t e  t o  
c learance o f  uranium f rom t h e  lungs o f  r a t s  d u r i n g  t h e  f i r s t  35 days a f t e r  i n h a l a t i o n  exposure t o  
t h e  same two yel lowcake samples (Ref. 2.1) Uranium c learance f rom t h e  wound s i t e  was more r a p i d  
than f:*om lung f o r  bo th  yel lowcake m a t e r i a l s .  Reten t ion  f u n c t i o n s  f o r  the  curves are  l i s t e d  i n  
Table 2.1. 

F igure  2.5 compares r e t e n t i o n  curves (Eq. 2) f i t t e d  t o  whole-body r e t e n t i o n  data f o r  r a t s  
housed i n  po lycarbonate cages and s a c r i f i c e d  a t  t imes f rom 8 t o  16 days a f t e r  i m p l a n t a t i o n  w i t h  
M i l l  A yel lowcake a t  a dose o f  10 mg U/kg w i t h  r a t s  Implanted a t  1 o r  3 mg U/kg. Whole-body 
r e t e n t i o n  f u n c t i o n s  f o r  r a t s  Implanted w i t h  M i l l  A yel lowcake a t  reduced dose l e v e l s  ( 1  o r  3 mg 
U/kg) were n o t  s i g n i f i c a n t l y  d i f f e r e n t  ( p  = 0.3) f rom those f o r  r a t s  implanted w i t h  M i l l  A 
yel lowcake a t  a dose o f  10 mg U/kg. Thus, r e d u c t i o n  i n  uranium dose d i d  n o t  s i g n i f i c a n t l y  a l t e r  
uranium c learance ra tes .  

DISCUSSION 

Both whole-body and wound-site uranium c learance ha l f - t imes were s i g n i f i c a n t l y  s h o r t e r  f o r  
r a t s  implanted w i t h  M i l l  A yel lowcake than f o r  those implanted w i t h  M i l l  D yel lowcake 
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Figure 2.4. Comparis,on of clearance o f  uranium from t h e  i m p l a n t - s i t e  o f  r a t s  r e c e i v i n g  
subcutaneous implants  o f  yel lowcake t o  uranium c learance f rom lung  i n  r a t s  exposed t o  yel lowcake 
powder by i n h a l a t i o n  (Ref. 2.1).  

: I  R C 

E 
N 
T 

lot 0 
0 

T 
E 
D 

U 
R 
A 
N 
I 
U 
M 

i! I I I I I I 1 I I I I 
E 8 10 12 14 18 18 

DAYS AFTER IMPLANTATION 

F igu re  2.5. Whole-body uranium r e t e n t i o n  curves f o r  r a t s  r e c e i v i n g  implants  o f  M i l l  A yel lowcake 
a t  a dose o f  10 mg/kg ( s o l i d  l i n e )  o r  a t  reduced doses o f  1 o r  3 mg/kg (dashed l i n e ) .  
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( p  < 0.005). However, t h e  d i f f e r e n c e s  between t h e  r e t e n t i o n  func t i ons  f o r  t h e  two m a t e r i a l s  
were due e n t i r e l y  t o  t h e  second components (Table 2.1). Retent ion ha l f - t imes  f o r  t h e  f i r s t  
components o f  t h e  r e t e n t i o n  func t i ons  were n o t  s i g n i f i c a n t l y  d i f f e r e n t  f o r  t h e  two m a t e r i a l s .  

Exc re t i on  o f  uranium i n  u r i n e  and t r a n s l o c a t i o n  o f  uranium t o  k idney and bone was 
s i g n i f i c a n t l y  g r e a t e r  (pt0.01) i n  r a t s  implanted w i t h  M i l l  A yel lowcake than i n  those implanted 
w i t h  M i l l  D m a t e r i a l .  Hence, r e t e n t i o n  and t r a n s l o c a t i o n  o f  t h e  implanted uranium depended upon 
t h e  chemical composit ion and thus t h e  s o l u b i l i t y  o f  t h e  implanted m a t e r i a l .  However, t h e  
c learance r a t e s  cou ld  n o t  be q u a n t i t a t i v e l y  p r e d i c t e d  f rom t h e  chemical composit ion o f  t h e  two 
yel lowcake samples. Lung clearance o f  uranium i n  r a t s  exposed t o  aerosols  o f  t h e  two yel lowcake 
samples used i n  t h i s  s tudy were both q u a n t i t a t i v e l y  and q u a l i t a t i v e l y  r e l a t e d  t o  t h e  chemical 
composit ion and i n  v i t r o  s o l u b i l i t y  o f  t h e  yel lowcake samples i n  an e a r l i e r  work (Ref. 2.1). 

Uranium c learance f rom t h e  wound s i t e  o f  r a t s  implanted w i t h  e i t h e r  yel lowcake sample was more 
r a p i d  than t h e  l ung  c learance r a t e s  f o r  r a t s  exposed t o  these yel lowcake aerosols  by i n h a l a t i o n .  

The d i f f e r e n c e  between clearance o f  uranium f rom wounds and from lung may be r e l a t e d  t o  t h e  
c learance mechanisms involved.  Clearance f rom a wound occurs mechanica l ly  by drainage and 
phagocytosis and nonmechanically by d i s s o l u t i o n  and t r a n s l o c a t i o n .  Clearance f rom t h e  r e s p i r a t o r y  
t r a c t  occurs mechanica l ly  (mucoc i l i a ry  a c t i o n  and phagocytosis by pulmonary macrophages) and by 
d i s s o l u t i o n .  The l e v e l  o f  phagocytic a c t i v i t y  - c l e a r i n g  m a t e r i a l  f rom a wound may o r  may n o t  be 
g r e a t e r  i n  t h e  r a t  than t h e  a c t i v i t y  o f  pulmonary macrophages c l e a r i n g  m a t e r i a l  f rom a hea l thy  r a t  
lung.  It i s  n o t  known whether t h e  r a t e  o f  d i s s o l u t i o n  o f  uranium deposi ted i n  muscle t i s s u e  
d i f f e r s  g r e a t l y  f rom t h e  r a t e  o f  d i s s o l u t i o n  o f  uranium i n  lung. 

Data presented above i n d i c a t e  t h a t  t he re  i s  a q u a l i t a t i v e  c o r r e l a t i o n  between t h e  amount o f  
uranium r e t a i n e d  a t  t h e  wound s i t e  and t h e  content  o f  i n s o l u b l e  U308 i n  the  implanted 
yel lowcake. However, t h e  key quest ion i s  whether t h e  i n t e r n a l  uptake and r e t e n t i o n  o f  uranium 
r e f l e c t  t h e  chemical composit ion and r e l a t i v e  s o l u b i l i t y  o f  t h e  implanted yel lowcake. Resul ts  
repo r ted  here i n d i c a t e  the re  was g r e a t e r  t r a n s l o c a t i o n  o f  uranium t o  k idney and bone i n  r a t s  
implanted w i t h  t h e  more so lub le  yel lowcake sample. However, da ta  on t h e  c learance o f  uranium from 
t h e  wound s i t e  cou ld  n o t  be q u a n t i t a t i v e l y  r e l a t e d  t o  t h e  ADU and U308 composit ion o f  t h e  
implanted yel lowcake o r  t h e  i n  v i t r o  d i s s o l u t i o n  data f rom t h e  same yel lowcake samples. Perhaps 
mechanical c learance r a t e s  from the  wound s i t e  may have overwhelmed t h e  e f f e c t s  o f  t h e  d i f f e r e n c e s  
i n  chemical composit ion and r e l a t i v e  s o l u b i l i t i e s  o f  t h e  two m a t e r i a l s .  

Animal data presented i n  t h i s  paper i n d i c a t e  t h a t  wounds contaminated w i t h  yel lowcake may 
represent  a s i g n i f i c a n t  r o u t e  o f  e n t r y  o f  uranium i n t o  t h e  body. Those respons ib le  f o r  t h e  
p r o t e c t i o n  o f  t h e  h e a l t h  and s a f e t y  o f  uranium m i l l  workers should be aware o f  t h i s  p o t e n t i a l  r i s k .  
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3. EFFECT OF ANIMAL CAGING ON NEPHROTOXIC RESPONSE OF RATS TO URANIUM 

Abstract - Uranium mill workers may be exposed to 

uranium compounds by inhalation, ingestion, wound PRKNCIPAL INVESTIGATORS 

contamination, or by absorption from eyes or mucous E. G .  Damon 

membranes. Rats are currently being used in stu- 

dies of the translocation and retention of uranium 

from wounds contaminated with yellowcake (see pa- 

A .  F. Bidson 

T. C. Harshall 

F. F. Hahn 

per no. 2, this report). Dose-response studies 

were conducted to assess the effects of two types of cages on the nephrotoxic response of rats to 

implanted yellowcake. The LD50/21 days was 6 mg/kg 195% C.L. = 3-8 mg/kg) for rats housed in 

metabolism cages beginning on the day of implantation (naive rats). However, rats housed i n  

metabolism cages for 21 days before implantation (acclimated rats) had an LD50/21 days of 360 

mg/kg (95% C.L. = 220-650 mg/kg), which was the same value obtained for rats housed continuously 
in polycarbonate cages. This significant difference (P<O.Ol) in response of "naive' rats 

compared to response of 'acclimated' rats was related to a significantly lower water consumption 

by the naive rats. 

Rats a r e  being used as an animal model t o  s tudy t h e  t r a n s l o c a t i o n  and r e t e n t i o n  o f  uranium 
f rom wounds contaminated w i t h  yel lowcake (see paper no. 2, t h i s  r e p o r t ) .  Rats a r e  u s u a l l y  housed 
i n  two types o f  cages d u r i n g  such s tud ies .  A l l  r a t s  a r e  reared and housed i n  po lycarbonate cages, 
b u t  se lec ted  r a t s  a r e  placed i n  s t a i n l e s s  s t e e l  metabolism cages w i t h  wire-mesh bottoms when 
exc re ta  a r e  c o l l e c t e d .  Response o f  r a t s  t o  uranium t o x i c i t y  may be a f f e c t e d  by environmental 
f a c t o r s  r e l a t e d  t o  t h e  t ype  o f  animal caging used. For  example, as noted i n  paper no. 2 o f  t h i s  
repo r t ,  Fischer-344 r a t s  reared i n  po lycarbonate cages, t hen  housed i n  metabolism cages 
immediately a f t e r  subcutaneous I m p l a n t a t i o n  of yel lowcake (10 mg/kg body weight )  c o n s i s t i n g  o f  
-82% ammonium d iu rana te  (ADU) and -18% U308, d i e d  f rom uranium t o x i c i t y .  I d e n t i c a l l y  
exposed r a t s  mainta ined i n  po lycarbonate cages showed no o v e r t  t o x i c  e f f e c t s .  Th i s  paper presents  
r e s u l t s  o f  s tud ies  o f  t h e  e f f e c t s  of two types of animal caging on t h e  acute t o x i c  response o f  
r a t s  t o  uranium f rom implanted yel lowcake. The purpose o f  t h e  s tudy i s  t o  eva lua te  environmental 
f a c t o r s  t h a t  may a f f e c t  t h e  t o x i c o l o g i c a l  response of l a b o r a t o r y  animals t o  uranium. Such f a c t o r s  
may p l a y  a r o l e  i n  de te rm in ing  t h e  t o x i c  response o f  man t o  uranium. 

The s tudy repo r ted  here presents  a comparison o f  t h e  uranlum t o x i c i t y  a f t e r  i m p l a n t a t i o n  
w i t h  yel lowcake i n  r a t s  housed o n l y  i n  po lycarbonate cages (Po ly  Group), i n  metabolism cages 
d u r i n g  a 21-day p e r i o d  o f  a c c l i m a t i o n  t o  these cages p r i o r  t o  i m p l a n t a t i o n  w i t h  ye l lowcake 
(Acc l imated Group). o r  housed i n  metabolism cages imned ia te l y  a f t e r  I m p l a n t a t i o n  w i t h  ye l lowcake 
(Naive Group). Responses of t h e  t h r e e  groups o f  r a t s  t o  uranjum t o x i c i t y  a r e  assessed f o r  
c o r r e l a t i o n  w i t h  da ta  on food and water  consumption, changes i n  body weight ,  temperature w i t h i n  
t h e  two cage types, and volume of u r i n a r y  o u t p u t  b e f o r e  and a f t e r  i m p l a n t a t i o n  w i t h  yel lowcake. 

MATERIALS AND METHODS 

Yellowcake Powders 

Two yel lowcake powders c o n t a i n i n g  t h e  s o l u b l e  compound amnonium d iu rana te  (ADU) as t h e  major  
component were used i n  these s tud ies .  one powder obta ined f rom M i l l  A conta ined -82% ADU and 
-18% U308 (Ref. 3.1). The second powder, f rom H i l l  B ,  was composed o f  -100% ADU. 
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Animals 

One hundred twenty-two male F-344, s p e c i f i c  pathogen-free, l abo ra to ry - ra i sed  r a t s ,  10-12 
weeks o f  age, w i t h  i n i t i a l  body weights o f  260 2 49 (mean 2 SEM) were used. Rats were weighed 
t w i c e  weekly from6 3 weeks be fo re  imp lan ta t i on  u n t i l  death o r  s a c r i f i c e  21 days a f t e r  
imp lan ta t i on .  Rats were fed  Lab Blox ( A l l i e d  M i l l s ,  Chicago, I L )  and water  was prov ided 4 
l i b i t u m ,  

A l l  r a t s  were i n i t i a l l y  housed i n d i v i d u a l l y  i n  polycarbonate cages (45 x 25 x 20 cm) 
con ta in ing  a bedding o f  aspen wood shavings (American Exce ls io r ,  Oshkosh, W I ) .  Cage bedding was 
changed and cages were washed weekly. Animal rooms were mainta ined on a 12-h l i g h t  c y c l e  a t  
temperatures o f  20-22' C and a r e l a t i v e  humid i t y  o f  40 t o  60%. For  d e t a i l s  o f  t h e  animal care, 
see Ref. 3.2. 

Water b o t t l e s  were changed two t imes a week. 

Experimental Design 

Before imp lan ta t i on  w i t h  yellowcake, r a t s  were d i v i d e d  i n t o  t h r e e  groups (Table 3.1). Group 
#1 (47 r a t s )  were housed i n d i v i d u a l l y  i n  polycarbonate cages throughout  t h e  study. Group #2 (30 
r a t s )  were housed i n d i v i d u a l l y  i n  metabolism cages (18 x 18 x 25 cm, Wehman's Manufacturing Co., 
Timonium, MD) beginning on t h e  day o f  imp lan ta t i on  and u n t i l  death o r  s a c r i f i c e  21 days a f t e r  
imp lan ta t i on .  Group #3 (45 r a t s )  were housed i n d i v i d u a l l y  i n  metabolism cages from 21 days be fo re  
i m p l a n t a t i o n  u n t i l  death o r  s a c r i f i c e  21 days a f t e r  imp lan ta t i on .  

Water and Food Consumption. Bodv Weight. Volume o f  U r ina rv  Output 

Water and food consumption were measured d a i l y  f o r  10 un t rea ted  r a t s  i n  each cage t ype  
d u r i n g  a 21-day p e r i o d  of acc l ima t ion .  Body weights f o r  these r a t s  were measured t w i c e  p e r  week 
d u r i n g  t h i s  pe r iod .  A f t e r  21 days o f  acc l ima t ion ,  t h e  10 r a t s  i n  each cage t ype  were d i v i d e d  i n t o  
t h r e e  subgroups as f o l l o w s :  Four r a t s  i n  each cage t ype  were exposed t o  yel lowcake (10 mg/kg) by 
subcutaneous imp lan ta t i on ,  two r a t s  i n  each cage t ype  were sham-implanted as descr ibed below, and 
fou r  r a t s  i n  each cage t ype  were re ta ined  as cage c o n t r o l s  u n t i l  34 days o f  acc l ima t ion ,  a t  which 
t ime  they were implanted w i t h  yel lowcake a t  a dose o f  20 mg/kg. Then, f o u r  na ive r a t s  were 
implanted w i t h  yel lowcake a t  a dose of 10 mg/kg, and 4 na ive  c o n t r o l s  were sham-implanted. Water 
consumption and volume o f  u r i n a r y  ou tpu t  (measured f o r  t h e  r a t s  i n  metabolism cages, Groups #2 h 
#3) were measured d a i l y  f o r  r a t s  i n  these subgroups f rom t h e  day o f  i m p l a n t a t i o n  u n t i l  death o r  
s a c r i f i c e  21 days a f t e r  imp lan ta t i on .  

Room and Cage Temperature Measurements 

The temperature i n  t h e  animal room and i n  two cages o f  each t ype  was con t inuous ly  measured 
by the rm is to rs  (#4404, Omega Engineering Inc. ,  Stanford,  CT) and recorded w i t h  a f ive-channel  
s t r i p - c h a r t  recorder  (T igraph 100, Texas Instruments, Lubbock, TX). 

Yellowcake Imp lan ta t i ons  

Rats were subcutaneously implanted w i t h  M i l l  A o r  M i l l  B yel lowcake powder a t  doses l i s t e d  
i n  Table 3.1 o r  were s u r g i c a l l y  sham-implanted. These sham-implanted c o n t r o l s  were subjected t o  
t h e  anesthes ia and s u r g i c a l  procedures, b u t  no yel lowcake was implanted. Anesthesia was induced 
i n  r a t s  w i t h  a 4% m ix tu re  o f  halothane (Halocarbon Laborator ies,  Inc. ,  Hackensack, NJ) vaporized 
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Table 3.1. 
E f fec ts  o f  Cage Type on Nephrotoxic Response o f  Rats t o  Implanted Yellowcake 

MILL 6 

Group #l 
47 Rats i n  Polycarbonate Cages: 

Yellowcake Powder Mor ta l  i t y  
Dose, mg Yellowcake No. Dead/ Per- Time t o  

Source p e r  ks Body Weisht No. ImDlanted cent  Death 

Con t ro l s  None 0/2 0% 

MILL A 10 0/4 0% 
14 0/1 0% 
20 0/3 0% 
36 0/1 0% 
46 0/1 0% 
55  0/1 0% 
65 0/1 0% 
75 1 /4 25% 11 days 
85 0/1 0% 
89 0/1 0% 

101 0/4 0% 
120 0/4 0% 
180 0/1 0% 
270 0/1 0% 
41 1 2/5 40% 18, 20 days 
622 4/4 100% 4 - 15 days 
760 4/4 100% 5 days 
876 2/2 100% 5 - 7 days 

1,349 1 /1 100% 5 days 
Group #2 

30 Rats Placed i n  Metabolism Cages t h e  day o f  Imp lan ta t i on  
Con t ro l s  None 0/2 0% 

MILL A 3 0/4 0% 
5 2/3 67% 7 days 

10/11 91% 7 - 8 days 10 
71% 8 - 12 days MILL B 10 5/7 

29 1 /1 100% 8 days 
1 /1 100% 7 days 

100% 6 days 
98 .. 

41 3 1 /1 
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Table 3.1. (Continued) 

Group #3 
45 Rats Housed i n  Metabolism Cages More Than 21 Days Before I m p l a n t a t i o n  

Yellowcake Powder 
Dose, mg Yellowcake 

Source p e r  kn Body Weight 
Con t ro l s  None 
UILL A 10  

20 
HILL B 25 

28 
46 
52 
66 
75 

121 
41 1 

620 
7 60 
881 

1,350 

M o r t a l i t y  
No. Dead/ Per- Time t o  

No. Implanted cent Death 

0/2 0% 
0/4 0% 
0/4 0% 
0/4 0% 
1 /4 25% 13 days 
0/1 0% 
1 /4 25% 10 days 
0/1 0% 
0/1 0% 
0/1 0% 
0/1 22% 11 - 14 days 
2/9 50% 5 - 7 days 
4/4 100% 6 - 11 days 
1 /1 100% 6 days 
1 /1 100% 4 days 

i n  95% O2 a t  a f l o w  r a t e  o f  0.6 L/min and then  mainta ined wi th  2% halothane v i a  a face mask. 
The h a i r  was c l i p p e d  f rom t h e  do rsa l  t h o r a c i c  area and a 1-cm long  i n c i s i o n  was made on t h e  d o r s a l  
m i d l i n e  between t h e  scapulae. The d o r s a l  m i d l i n e  was chosen f o r  t h e  imp lan t  t o  prevent  t h e  r a t  
from removing t h e  sutures d u r i n g  grooming. The yel lowcake dose was subcutaneously implanted, and 
t h e  s k i n  was sutured w i t h  VETAFIL BENGEN. (S. Jackson, Inc., Washington, DC).  The i n c i s i o n  was 
sprayed w i t h  Aeroplast. spray-on p l a s t i c  d ress ing  (Parke-Davis and Co., Greenwood, SC). 

Rats were observed d a i l y  f o r  m o r b i d i t y  o r  m o r t a l i t y  through 21 days a f t e r  imp lan ta t i on .  
S u r v i v i n g  r a t s  were s a c r i f i c e d  by an I n t r a p e r i t o n e a l  I n j e c t i o n  of 1 ml o f  euthanasia s o l u t i o n  
(T-61, N a t i o n a l  Labora to r ies  Corp.. Somerv i l le .  NJ) admin is tered 21 days a f t e r  imp lan ta t i on .  
Necropsies were performed on a l l  r a t s ,  t h o r a c i c  and abdominal v i s c e r a  were examined g ross l y ,  and 
photographs were taken o f  t h e  kidneys. Kidneys were assayed f o r  uranium con ten t  by f l u o r o m e t r i c  
procedures (Ref. 3 .3 ) .  A s e c t i o n  of k idney  from each r a t  was f i x e d  I n  10%. neu t ra l -bu f fe red  
formal in ,  embedded i n  p a r a f f i n ,  sect ioned a t  6vm. s ta ined  w i t h  hematoxyl in and eosin, and 
examined by l l g h t  microscope f o r  h l s t o p a t h o l o g l c a l  a l t e r a t l o n s .  

Ana lys i s  of Data 

Dose-response data f o r  t h e  t h r e e  groups o f  r a t s  (Table 3.1) were analyzed by p r o b i t  a n a l y s i s  
of t h e  l e t h a l i t y  data (Ref. 3.4). The f o l l o w i n g  p r o b i t  equat ion was used f o r  a n a l y s i s  of t h e  

m o r t a l i t y  data:  

y = a + b l o g  x , (1  1 
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where y = m o r t a l i t y  a t  21 days expressed i n  p r o b i t  u n i t s .  a = t h e  i n t e r c e p t  constant ,  b = t h e  
%lope constant ,  and x = t h e  implanted dose o f  yel lowcake (mg yel lowcake/kg o f  body we igh t ) .  The 
LD50,21 days and associated 95% confidence l i m i t s  (CL) were d e r i v e d  f rom t h e  p r o b i t  regress ions 
and 95% f i d u c i a l s  (Ref. 3.4). 

Food consumption, water  consumption, and changes i n  body weight  o f  r a t s  i n  t h e  t h r e e  groups 
(Table 3.1) were compared by analyses o f  var iance,  and s i g n i f i c a n c e  o f  d i f f e r e n c e s  between groups 
was determined by F- tests  or by t h e  S tuden t ' s  t - t e s t  (Ref. 3 .5) .  D i f f e rences  were considered t o  
be s i g n i f i c a n t  i f  pt0.05. 

RESULTS 

M o r t a l i t y  

Table 3.1 presents  m o r t a l i t y  data f o r  r a t s  i n  po lycarbonate cages (Group f ) ,  na i ve  r a t s  i n  
metabolism cages (Group #2), or accl imated r a t s  i n  metabolism cages (Group #3). The 
days ( 6  mg/kg w i t h  95% CL of 3-8 mg/kg) f o r  na ive r a t s  housed i n  metabolism cages was 
s i g n i f i c a n t l y  lower  than  f o r  r a t s  housed i n  polycarbonate cages (LD50=342 mg/kg w i t h  95% CL o f  
192-635 mg/kg) or f o r  acc l imated r a t s  housed I n  metabolism cages (LDS0=444 mg/kg w i t h  95% CL o f  
199-2047 mg/kg). The LD50/21 days va lue f o r  r a t s  housed i n  po lycarbonate cages was n o t  
s i g n i f i c a n t l y  d i f f e r e n t  from t h e  LD50/2, days f o r  acc l imated r a t s  housed i n  metabolism cages. 
Therefore, da ta  f o r  these two groups o f  r a t s  were combined t o  o b t a i n  t h e  dose response curve 
l abe led  "acc l imated r a t s "  f o r  comparison t o  t h e  curve f o r  "na ive r a t s "  shown i n  F igu re  3.1. 

98 - 
- 

LDS0 = 360 mg/kg 
( 2 2 0 - 6 5 0 )  mg/kg 

m g / k g  BODY WEIGHT 
0 

F i g u r e  3.1 Dose-response curves f o r  r a t s  housed i n  metabolism cages beginning on t h e  day of 
yel lowcake i m p l a n t a t i o n  (Naive Rats) or f o r  r a t s  housed i n  po lycarbonate cages or i n  metabolism 
cages beginning 21 days be fo re  yel lowcake I m p l a n t a t i o n  (Acc l imated Rats). LD50 values (and 95% 
conf idence l i m i t s )  a r e  f o r  21-day m o r t a l i t y .  
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Body Weight. Water. and Food Consumption 

F igure 3.2 summarizes t h e  body weight  data f o r  unt reated r a t s  housed i n  metabolism cages 
compared t o  those housed i n  polycarbonate cages. The f i g u r e  shows changes i n  mean body weight  f o r  

10 r a t s  i n  each group through 21 days a f t e r  t h e  r a t s  were f i r s t  placed i n  metabolism cages. A t  

t h e  end o f  21 days, s i x  r a t s  from each group were removed f rom t h i s  phase o f  t h e  study f o r  use i n  
i n i t i a t i o n  o f  t h e  dose-response phase o f  t h e  study. Body weight  data shown i n  t h e  f i g u r e  f o r  days 

21-34 a re  f o r  f ou r  r a t s  i n  each group. Rats placed i n  metabolism cages i n i t i a l l y  l o s t  weight, and 
t h e  u l t i m a t e  ga in  i n  body weight f o r  these r a t s  was s i g n i f i c a n t l y  lower  than f o r  those housed i n  
polycarbonate cages throughout t h e  p e r i o d  o f  observat ions.  

Rats i n  metabolism 
cages drank s i g n i f i c a n t l y  l e s s  water  than those housed i n  polycarbonate cages throughout t h e  
observat ions.  Because o f  t h e  i nc reas ing  d i f f e r e n c e  i n  body weight  f o r  t h e  two groups o f  r a t s  
(F igu re  3.2), water  consumption was normalized t o  body weight. When t h i s  was done, t h e  normalized 
water  consumption o f  t h e  two groups was n o t  s i g n i f i c a n t l y  d i f f e r e n t  a f t e r  day 5.  

Food consumption f o r  r a t s  housed i n  metabolism cages i n i t i a l l y  was l e s s  than t h a t  o f  r a t s  
housed i n  polycarbonate cages, b u t  by day 3 food consumption f o r  t h e  two groups was n o t  
s i g n i f i c a n t l y  d i f f e r e n t .  However, even though food consumption was equal f o r  t h e  two groups o f  
r a t s  f rom day 3 throughout t h e  p e r i o d  o f  observat ions,  r a t s  i n  metabolism cages d i d  n o t  g a i n  
weight  as f a s t  as those housed i n  polycarbonate cages. F igu re  3.4 shows food consumption 
normalized t o  body weight  ( g  o f  food/kg o f  body weight )  f o r  t h e  two groups o f  r a t s .  

F igure 3.5 summarizes t h e  water consumption data f o r  f o u r  r a t s  i n  each group through 21 days 
a f t e r  i m p l a n t a t i o n  w i t h  yel lowcake a t  a dose o f  10 mg/kg. The na ive  r a t s  housed i n  metabolism 
cages drank s i g n i f i c a n t l y  l e s s  water  than acc l imated r a t s  o r  r a t s  housed i n  polycarbonate cages 
u n t i l  day 8 a f t e r  imp lan ta t i on .  Two o f  these f o u r  r a t s  d ied  w i t h  s igns o f  uranium n e p h r o t o x i c i t y  
8 o r  10 days a f t e r  imp lan ta t i on .  Data beyond day 10 i n  t h i s  group a re  f o r  t h e  two s u r v i v i n g  
r a t s .  None o f  t h e  r a t s  i n  t h e  o t h e r  two groups implanted a t  t h i s  dose l e v e l  (10 mg/kg) d ied .  A l l  
t h r e e  groups o f  r a t s  drank more water a f t e r  i m p l a n t a t i o n  w i t h  yel lowcake. Water consumption i n  
t h e  s u r v i v i n g  r a t s  reached a peak a t  about day 8 o r  9 a f t e r  imp lan ta t i on .  

F igu re  3.6 shows t h e  volume o f  u r i n e  excreted by s u r v i v i n g  r a t s  d u r i n g  t h e  21-day p e r i o d  
a f t e r  i m p l a n t a t i o n  f o r  f o u r  na i ve  r a t s ,  and f o u r  acc l imated r a t s  implanted w i t h  10 mg o f  
yel lowcake/kg and t h e i r  sham-implanted c o n t r o l s .  Th is  f i g u r e  a l s o  shows t h e  volume o f  u r i n a r y  
ou tpu t  f o r  f o u r  acc l imated r a t s  implanted w i t h  20 mg o f  yel lowcake/kg. U r i n a r y  ou tpu t  by a l l  o f  
t h e  t r e a t e d  r a t s  increased s i g n i f i c a n t l y  ( P t O . O O 1 )  above t h a t  o f  t h e  sham-implanted c o n t r o l s  
d u r i n g  t h e  f i r s t  2 weeks a f t e r  imp lan ta t i on .  U r i n a r y  ou tpu t  by acc l imated r a t s  implanted w i t h  
yel lowcake a t  a dose o f  10 mg.kg was s i g n i f i c a n t l y  g r e a t e r  t han  t h a t  o f  na i ve  r a t s  implanted a t  
t h i s  same dose l e v e l .  However, t h e  volume o f  u r i n e  excreted by  na ive  r a t s  s u r v i v i n g  l onger  than  8 
days rose above t h a t  o f  t h e  acc l imated r a t s  d u r i n g  t h e  10- t o  18-day p e r i o d  a f t e r  imp lan ta t i on .  
U r i n a r y  ou tpu t  o f  acc l imated r a t s  implanted w i t h  yel lowcake a t  a dose o f  20 mg/kg was n o t  
s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  o f  r a t s  implanted a t  a dose o f  10  mg/kg. 

Reduced to le rance  t o  uranium t o x i c i t y  e x h i b i t e d  by naive r a t s  housed i n  metabolism cages was 
r e l a t e d  t o  reduced water  consumption by these r a t s  (F igu re  3.5) d u r i n g  t h e  f i r s t  4 days a f t e r  
yel lowcake imp lan ta t i on ,  co inc iden t  w i t h  t h e  peak nephrotox ic  e f f e c t  o f  t h e  implanted uranium. 
Rats housed i n  polycarbonate cages o r  r a t s  acc l imated t o  metabolism cages f o r  21 days before 
yel lowcake i m p l a n t a t i o n  consumed s i g n i f i c a n t l y  more water  d u r i n g  t h i s  t ime  than  t h e  na ive  r a t s  
(F igu re  3.5). 

F igu re  3.3 shows water consumption f o r  t h e  two groups o f  un t rea ted  r a t s .  
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F i g u r e  3 . 2  
cages ( c i r c l e s ) .  

Mean body weight o f  r a t s  housed i n  metabolism cages ( t r i a n g l e s )  o r  i n  polycarbonate 
E r r o r  bars  represent  5 1 SEM. 
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F i g u r e  3 .3  Mean w a t e r  consumption (ml/kg body weight )  f o r  r a t s  housed i n  metabolism cages 
( t r i a n g l e s )  o r  I n  polycarbonate cages ( c i r c l e s ) .  E r r o r  bars  represent  5 1 SEM. 
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Figure  3.4 Mean food consumption (g/kg body weight )  f o r  r a t s  housed I n  metabolism cages 
( t r i a n g l e s )  o r  i n  po lycarbonate cages ( c i r c l e s ) .  E r r o r  bars represent  f 1 SEM. 
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F i g u r e  3.5 The 
l i n e  w i t h  data p o i n t s  as squares I s  f o r  na ive  r a t s  housed i n  metabolism cages, t h e  l i n e  w i t h  data 
p o i n t s  as t r i a n g l e s  i s  f o r  r a t s  *acc l imated* t o  metabolism cages, and t h e  l i n e  w i t h  p o i n t s  as 
c i r c l e s  i s  f o r  r a t s  housed I n  po lycarbonate cages. 

Mean water  consumption by r a t s  implanted w i t h  10 mg yel lowcake/kg body weight .  

E r r o r  bars represent  2 1 SEM. 
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Figure  3.6 Volume o f  u r i n a r y  ou tpu t  by r a t s  a f t e r  subcutaneous I m p l a n t a t i o n  w i t h  yel lowcake. 

Uranium Concentrat ion i n  Kidney 

The concent ra t ion  o f  uranium I n  the  k idneys (72 18 r g / g )  o f  f o u r  na ive  r a t s  t h a t  d i e d  8 

days a f t e r  i m p l a n t a t i o n  w i t h  yel lowcake a t  a dose o f  10 mg/kg was s i g n i f i c a n t l y  h l g h e r  than t h a t  
o f  f i v e  s u r v i v i n g  r a t s  (16 t 4 rg /g )  housed i n  po lycarbonate cages and s a c r i f i c e d  8 days a f t e r  
i m p l a n t a t i o n  w i t h  yel lowcake a t  t h i s  same dose l e v e l  ( t h e  l a t t e r  were r a t s  i n  t h e  wound r e t e n t i o n  
s tudy descr ibed I n  paper no. 2 o f  t h l s  r e p o r t ) .  

Animal Room TemDerature and Caqe TemDerature 

The mean room temperature ( d u r i n g  24 days) and mean temperature i n  each o f  two metabolism 
cages and two polycarbonate cages a r e  p l o t t e d  a t  4-h I n t e r v a l s  through a 24-h c y c l e  I n  F igure  
3.7. Temperature I n  t h e  polycarbonate cages was s i g n i f i c a n t l y  lower  than t h e  temperature i n  
metabolism cages throughout  t h e  24-h cyc le .  

H i  StoDathol o p i  c a l  Observations 

Kidneys o f  na ive  r a t s  t h a t  d i e d  8 days a f t e r  I m p l a n t a t i o n  w i t h  yel lowcake a t  a dose o f  10 
mg/kg appeared pale,  w i t h  m o t t l e d  redd ish  c o l o r a t l o n  and y e l l o w i s h  speck l ing  ( F i g u r e  3 . 8 ) .  
Widespread massive necros is  of t u b u l a r  e p t h e l l a l  c e l l s  was present ,  and It i n v o l v e d  e s s e n t i a l l y  
a l l  tubu les  and t h e  prox imal  and d i s t a l  p o r t l o n  of each i n d l v i d u a l  tubu le .  Near ly  a l l  t u b u l a r  
e p l t h e l i a l  c e l l s  were n e c r o t l c  and sloughed. Massive cas ts  o f  n e c r o t i c  c e l l s ,  c a l c i f i e d  debr is ,  
and p r o t e l n  f i l l e d  t h e  tubu les .  The g l o m e r u l i  were  r e l a t i v e l y  spared. Rats i n  t h e  wound 
r e t e n t i o n  s tudy (See paper no. 2 I n  t h l s  . repo r t )  t h a t  were k i l l e d  a t  16 days a f t e r  i m p l a n t a t i o n  
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Figure  3 .7  Comparison of animal room temperature and temperatures recorded i n  polycarbonate 
cages o r  i n  metabolism cages dur ing a 24-h cyc le .  

F igure  3.8 Gross appearance of kidneys of na ive  r a t  t h a t  d i e d  8 days a f t e r  i m p l a n t a t i o n  of 
yellowcake a t  a dose o f  10 mg/kg ( l e f t )  compared t o  kidneys of normal r a t  ( r i g h t ) .  
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(10 mg/kg) a l s o  had t u b u l a r  necros is  b u t  o f  a l ess  widespread. severe nature.  I n  add i t i on ,  many 
tubu les  were l i n e d  by small  f l a t t e n e d  basoph i l i c  imnature e p i t h e l i a l  c e l l s .  It appeared t h a t  
these r a t s  had undergone a p e r i o d  o f  acute t u b u l a r  necros is ,  and r e p a i r  o f  t ubu les  had begun. The 
h i s t o p a t h o l o g i c a l  changes noted above were g e n e r a l l y  s i m i l a r  t o  those repo r ted  by Barne t t  and 
Metca l f  i n  V o e g t l i n  and Hodge (Ref. 3 .6 )  i n  t h e i r  d e s c r i p t i o n  o f  t h e  p a t h o l o g i c a l  anatomy o f  t h e  
k idney f o l l o w i n g  uranium poisoning. 

DISCUSSION 

The h i s t o p a t h o l o g i c a l  observat ions noted f o r  r a t s  i n  these s tud ies  t h a t  d ied  e i g h t  days 
a f t e r  i m p l a n t a t i o n  w i t h  yel lowcake were g e n e r a l l y  s i m i l a r  t o  those repor ted by o the rs  f o r  r a t s  
a f t e r  o r a l  o r  pa ren te ra l  a d m i n i s t r a t i o n  o f  urany l  n i t r a t e  (Refs. 3 . 6  - 3.12). I n  e a r l i e r  s tud ies  
o f  t o x i c i t y  f rom pa ren te ra l  a d m i n i s t r a t i o n  o f  so lub le  uranium compounds t o  animals, r a t s  were 
u s u a l l y  housed i n  w i r e  cages i n  groups o f  f i v e  o r  fewer (Refs. 3 .6 ,  3.13). Haven and Hodge 
repo r ted  h r  o r  LD50/21 days values o f  86 mg/kg o r  2.5 mg/kg. respec t i ve l y ,  f o r  male 
Wis ta r  r a t s  housed i n  w i r e  cages a f t e r  a s i n g l e  i n t r a p e r i t o n e a l  i n j e c t i o n  o f  u rany l  n i t r a t e  
hexahydrate (Ref. 3.13). The LD50,2, days va lue ( 6  mg/kg w i t h  95% confidence l i m i t s  o f  3-8 
mg/kg) repo r ted  here f o r  na ive F-344 r a t s  housed i n  metabolism cages a f t e r  i m p l a n t a t i o n  wi th  
yel lowcake powder was n o t  s i g n i f i c a n t l y  d i f f e r e n t  f rom t h e  21-day LDSO value c i t e d  above. 

O r c u t t  repo r ted  an LD50 value o f  1 g/kg f o r  aqueous s o l u t i o n s  o f  U02F2 o r  
U02(N03)2 a p p l i e d  t o  t h e  shaved s k i n  o f  r a t s  (Ref. 3.14). Th i s  i s  about l o 3  t imes t h e  
LD50 f o r  a s i n g l e  i n t r a p e r i t o n e a l  i n j e c t i o n  o f  u rany l  n i t r a t e  s o l u t i o n  and an equal amount above 
t h e  LD50 va lue repor ted here f o r  na ive r a t s  housed i n  metabolism cages a f t e r  subcutaneous 
i m p l a n t a t i o n  o f  d r y  yel lowcake w i t h  amnonium d iu rana te  as t h e  major  i n g r e d i e n t .  

Resul ts  presented here i n d i c a t e  t h a t  r a t s  housed i n  metabolism cages beginning imned ia te l y  
a f t e r  subcutaneous i m p l a n t a t i o n  w i t h  yel lowcake were more suscep t ib le  t o  uranium t o x i c i t y  t han  
r a t s  housed i n  polycarbonate cages o r  r a t s  acc l imated i n  metabolism cages f o r  21 days be fo re  
yel lowcake imp lan ta t i on .  D i f f e rence  i n  response o f  t h e  two groups o f  r a t s  was r e l a t e d  t o  
d i f f e r e n c e s  i n  water  consumption d u r i n g  t h e  f i r s t  8 days a f t e r  yel lowcake imp lan ta t i on .  

One might  expect t h e  water  consumption by r a t s  housed i n  metabolism cages where t h e  
temperatures were h i g h e r  t o  be g r e a t e r  t han  f o r  those housed i n  polycarbonate cages where t h e  
temperatures were lower. However, water  consumption by naive r a t s  placed i n  metabolism cages was 
i n i t i a l l y  lower  than  t h a t  o f  r a t s  c o n t i n u a l l y  housed i n  polycarbonate cages, even though t h e  
temperature w i t h i n  t h e  metabolism .cages was h i g h e r  than t h e  temperature w i t h i n  t h e  polycarbonate 
cages. 

The g r e a t e r  t o le rance  t o  uranium t o x i c i t y  e x h i b i t e d  by r a t s  housed i n  polycarbonate cages 
compared t o  na i ve  r a t s  housed i n  metabolism cages was r e l a t e d  t o  t h e  lower  concen t ra t i on  o f  
uranium i n  t h e  kidneys o f  these r a t s  than  i n  t h e  na ive  r a t s  housed i n  metabolism cages. The 
d i f f e r e n c e  i n  uranium concen t ra t i on  i n  k idney o f  t h e  two groups o f  r a t s  was r e l a t e d  t o  d i f f e r e n c e s  
i n  water  consumption by r a t s  i n  these two groups. Water consumption by r a t s  acc l imated t o  
metabolism cages was equal t o  t h a t  o f  r a t s  housed i n  po lycarbonate cages, and t h e  response o f  
these two groups o f  r a t s  t o  uranium t o x i c i t y  was s i m i l a r .  These f i n d i n g s  a r e  s i m i l a r  t o  those 
repo r ted  by Ryan fi (Ref. 3.7) t h a t  increase I n  f l u i d  i n t a k e  and u r i n a r y  ou tpu t  by  
sal ine-loaded r a t s  was c o r r e l a t e d  wi th  reduc t i on  i n  u rany l  n i t ra te - i nduced  acute rena l  f a i l u r e .  
These i n v e s t i g a t o r s  repo r ted  t h a t  s a l i n e  l oad ing  ( p r o v i s i o n  o f  1% s a l i n e  as t h e  s o l e  source o f  
d r i n k i n g  water) a f f o r d e d  p r o t e c t i o n  i n  r a t s  aga ins t  t h e  development o f  acute rena l  f a i l u r e  induced 
by u r a n y l  n i t r a t e  (Ref. 3.7). Sal ine-loaded r a t s  e x h i b i t e d  g r e a t e r  f l u i d  i n t a k e  and u r i n a r y  
ou tpu t  than r a t s  d r i n k i n g  water  a t  24 o r  48 h r s  a f t e r  in t ravenous i n j e c t i o n  w i t h  u rany l  n i t r a t e  



s o l u t i o n  a t  a dose o f  10 mg/kg. Sa l i ne  l oad ing  amel iorated t h e  azotemia b u t  n o t  t h e  rena l  tubula,r 
nec ros i s  o r  t u b u l a r  dys func t i on  t h a t  a r e  c h a r a c t e r i s t i c  o f  uranium n e p h r o t o x i c i t y .  (Refs. 3.7 - 
3.9). However, Avasth i  e t  a l .  (Ref. 3.10) repo r ted  t h a t  s a l i n e  l oad ing  p ro tec ted  r a t s '  aga ins t  
a l t e r a t i o n s  i n  both rena l  f u n c t i o n  and e n d o t h e l i a l  c e l l  morphology (as assessed by e l e c t r o n  
microscopy), whereas sodium d e p l e t i o n  i n  r a t s  a f t e r  a d m i n i s t r a t i o n  o f  u rany l  n i t r a t e  (15 mg/kg) 
r e s u l t e d  i n  development o f  a marked reduc t i on  i n  t h e  g lomeru lar  f i l t r a t i o n  r a t e  and s i g n i f i c a n t  
a l t e r a t i o n s  i n  e n d o t h e l i a l  c e l l  morphology. I n  s a l i n e  loaded r a t s ,  a lower  concen t ra t i on  o f  
u rany l  n i t r a t e  as a r e s u l t  o f  increased f l u i d  i n t a k e  and u r i n a r y  ou tpu t  may have prevented t h e  
c e l l u l a r  i n j u r y .  

We conclude t h a t  r a t s  housed i n  polycarbonate cages o r  i n  metabolism cages a f t e r  a 21-day 
p e r i o d  o f  a c c l i m a t i o n  e x h i b i t e d  a s i g n i f i c a n t l y  lower  nephrotox ic  response t o  uranium f rom 
implanted yel lowcake than d i d  na i ve  r a t s  housed i n  metabolism cages. Greater  t o x i c  response of 
t h e  na ive  r a t s  t o  implanted yel lowcake was r e l a t e d  t o  reduc t i on  i n  water  consumption by these r a t s  
compared t o  those housed i n  polycarbonate cages o r  r a t s  housed i n  metabolism cages a f t e r  
a c c l i m a t i o n  t o  t h i s  cage type.  Di f ference i n  water  consumption of t h e  two groups o f  r a t s  may be 
due t o  d i f f e r e n c e s  i n  t h e  behavior  p a t t e r n s  between t h e  na ive  r a t s  and those housed i n  
po lycarbonate cages. The d i f f e r e n c e s  i n  water  consumption cou ld  n o t  be r e l a t e d  t o  d i f f e r e n c e s  i n  
temperature w i t h i n  t h e  two types o f  cages. 

It has g e n e r a l l y  been recognized t h a t  a pe r iod  o f  acc l ima t ion  must be prov ided f o r  
l a b o r a t o r y  animals placed i n  a new environment be fo re  under tak ing t o x i c i t y  s tud ies.  However, t h e  
t ime  p e r i o d  requ i red  for acc l ima t ion  o f  r a t s  t o  metabolism cages has n o t  been determined 
p rev ious l y .  Data presented here i n d i c a t e  t h a t  minimum per iods  o f  3 days o r  5 days a re  requ i red  
f o r  a c c l i m a t i o n  i n  terms o f  food consumption o r  water  consumption, r e s p e c t i v e l y .  However; r a t e  o f  
change o f  body weight  f o r  r a t s  housed i n  metabolism cages was l e s s  than t h a t  o f  r a t s  housed i n  
po lycarbonate cages throughout  a 34-day p e r i o d  of observat ion.  Therefore, f u r t h e r  s tud ies  o f  
a c c l i m a t i o n  o f  r a t s  t o  metabolism cages a r e  requ i red  t o  determine t h e  minimum p e r i o d  of 
a c c l i m a t i o n  needed f o r  s tud ies  i n v o l v i n g  measurements i n  changes o f  body weight  o f  r a t s  housed i n  
these two cage types.  

F igu re  3.3 shows t h a t  water  consumption of r a t s  housed i n  metabolism cages was l e s s  than f o r  
r a t s  housed i n  po lycarbonate cages u n t i l  16 days o f  a c c l i m a t i o n  (a l t t iough t h e  d i f f e r e n c e  was n o t  
s t a t i s t i c a l l y  s i g n i f i c a n t  beyond day 5).  Therefore. we recomnend t h a t  i n  f u t u r e  s tud ies  r e q u i r i n g  
exc re ta  c o l l e c t i o n s ,  a minimum 21-day a c c l i m a t i o n  t o  metabolism cages should be prov ided before 
exposure of r a t s  t o  nephrotox ic  t e s t  substances. Th is  should p rov ide  a measure o f  assurance t h a t  
wa te r  consumption and nephrotox ic  responses o f  r a t s  i n  t h e  two cage types w i l l  be s i m i l a r .  
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4. TWO-YEAR DOSE PATTERN STUDIES OF INHALED YELLOWCAKE I N  THE BEAGLE DOG 

Abstract - Forty-four Beagle dogs were exposed 
to aerosols generated from yellowcake samples ob- PRINCIPAL INVESTIGATORS 

tained from two uranium mills. The two materials A .  F .  Eidson 
represented two extremes in  yellowcake composition 
that  occur in  industry: one was 100% ammonium d i -  

uranate; the other was > 99% U308. The aerosols of the 100% ammonium diuranate form inhaled 
by 20 dogs averaged 3.4 f 0.5 microns (mean f 1 SEI mass median aerodynamic diameter ( M A D ) ,  

and 1 . 5  f 0.04 geometric standard deviation ( G S D ) .  The average estimated in i t ia l  lung burden 
was 130 f 9 )rg U / k g  body  w e i g h t .  Exposure aerosols of the > 99% U308 form inhaled b y  

the second group of 20 dogs averaged 3 . 0  f 0.3 nruU, and 1.7 f 0 . 1  GSD. The estimated 
in i t ia l  lung burden f o r  the second group was 140 f 7 )rg U / k g  body w e i g h t .  Sacrifices are 
completed through 64 days af ter  exposure fo r  both experiments, and analysis of  tissue and excreta 
samples for uranium content is in  progress. 

E .  G .  Damon 

I n v e s t i g a t i o n  o f  t h e  shor t - term pa t te rns  o f  r e t e n t i o n  and e x c r e t i o n  o f  i nha led  uranium i n  r a t s  
exposed t o  yel lowcake aerosols  f rom two uranium m i l l s  has shown t h a t  c learance o f  i nha led  
yel lowcake f rom t h e  l ung  depends, i n  p a r t ,  on t h e  yel lowcake s o l u b i l i t y  i n  body f l u i d s  (Ref. 4.1). 
The t r a n s l o c a t i o n  t o  o t h e r  t i s s u e s  (e.g., bone) and e x c r e t i o n  through t h e  k idney a l s o  appears t o  
be s o l u b i l i t y  r e l a t e d .  

Experiments were designed t o  p rov ide  data on t h e  long-term p a t t e r n  o f  c learance o f  uranium i n  
beagle dogs exposed by i n h a l a t i o n  o f  two types o f  yellowcake. a more s o l u b l e  form and a l e s s  s o l -  
ub le  form. Aerosols o f  t h e  two yel lowcake forms obta ined f rom opera t i ng  m i l l s  were generated 
d i r e c t l y  f rom powders f o r  nose-only i n h a l a t i o n  exposures. The r e s u l t s  o f  t h i s  s tudy i n  dogs w i l l  
be compared w i t h  t h e  a v a i l a b l e  data on human exposure t o  U308. U02, and t o  U03 (Ref. 4.2. 4.3). 

The o b j e c t i v e s  o f  t h i s  s tudy are: 
(1) t o  ,assess t h e  p a t t e r n s  o f  r e t e n t i o n  and e x c r e t i o n  i n  dogs o f  two chemical forms o f  ura- 

nium comnonly present in yellowcake aerosols; 

(2) t o  r e l a t e  t h e  above metabolism o f  uranium f rom inha led  yel lowcake aerosols  t o  t h e i r  phy- 

( 3 )  t o  r e l a t e  t h e  observed behavior  o f  yel lowcake t o  humans and suggest p o s s i b l e  bioassay 
s i c a l  and chemical p roper t i es ;  and 

schemes. 

MATERIALS AND METHODS 

Two samples o f  yel lowcake were chosen, based on i n f r a r e d  a n a l y s i s  t o  represent  t h e  extremes o f  
composit ion observed a t  uranium m i l l s :  one m a t e r i a l  was 100% ammonium d iu rana te  ( a  more s o l u b l e  
form); t h e  o t h e r  was < 1% amnonium d iu rana te  and > 99% U308 ( a  r e l a t i v e l y  i n s o l u b l e  form; 

Fo r t y - fou r  beagle dogs, i n c l u d i n g  an equal number o f  males and females, 2 t o  6 years o f  age 
were se lected.  Twenty dogs were exposed t o  each m a t e r i a l .  and f o u r  were r e t a i n e d  as unexposed 
c o n t r o l s  t o  be used as q u a l i t y  c o n t r o l s  f o r  t h e  uranium f l uo romet ry  analyses. Exposure aerosols  
were generated f rom t h e  d r y  yel lowcake powders us ing  a DeV i lb i ss  Model 125 powder generator  (Ref. 
4.4). 

. see Paper 1 o f  t h i s  r e p o r t ) .  

35 



Aerosol concen t ra t i on  was monitored d u r i n g  exposure by a Model RAM-S nephelometer (GCA Corp., 
Bedford, MA) c a l i b r a t e d  w i t h  aerosols  generated f rom t h e  same yel lowcake powder. C a l i b r a t i o n  
aerosols  were generated us ing  constant  a i r  f l ow  r a t e s  and were sampled s imul taneously  us ing t h e  
nephelometer and membrane f i l t e r s .  The uranium deposi ted on t h e  membrane f i l t e r s  was determined 
by r e f l e c t a n c e  f l uo romet ry  (Ref. 4.5). and t h e  aerosol  concen t ra t i on  was ca l cu la ted  us ing t h e  f l o w  
r a t e  through t h e  f i l t e r  and t h e  sampling du ra t i on .  

The nephelometer was used t o  moni tor  t h e  exposure aerosol  concen t ra t i on  cont inuously  d u r i n g  
each exposure and t o  a l l o w  a more accurate est imate o f  t h e  amount i nha led  by t h e  dog. The breath-  
i n g  frequency and t i d a l  volume o f  t h e  dog were monitored d u r i n g  exposure us ing  a whole-body 
plethysmograph (Ref. 4.6). Estimates o f  t h e  i n i t i a l  l ung  burden were made us ing  the  cumulat ive 
volume o f  a i r  inhaled,  t h e  average aerosol  concentrat ion,  and depos i t i on  e f f i c i e n c y  o f  20% f o r  t h e  
pulmonary compartment o f  t h e  lung. The aerosol  p a r t i c l e  s i z e  d i s t r i b u t i o n  was determined by anal -  
y s i s  o f  t h e  yel lowcake deposi ted on each stage o f  cascade impactors and f i t t i n g  a lognormal 
d i s t r i b u t i o n  f u n c t i o n  t o  t h e  data. 

Because r e n a l  t o x i c i t y  might  be caused by i n h a l a t i o n  o f  uranium. b lood and u r i n e  samples were 
c o l l e c t e d  t o  mon i to r  rena l  f unc t i on .  Blood and u r i n e  samples were a l s o  c o l l e c t e d  from a l l  dogs 
before exposure and a t  s a c r i f i c e .  A d d i t i o n a l  samples were c o l l e c t e d  a t  6 and 16 days a f t e r  
exposure and a t  90-day i n t e r v a l s  t h e r e a f t e r .  Blood serum was analyzed f o r  blood urea n i t rogen ,  
c r e a t i n i n e ,  t o t a l  p r o t e i n ,  albumin, calcium, and- i no rgan ic  phosphate content  us ing a M u l t i s t a t  I11 
m i c r o c e n t r i f u g a l  analyzer  ( I ns t rumen ta t i on  Laborator ies Co., Lexington, MA).  Whole b lood was 
analyzed f o r  hematocr i t .  hemoglobin. red and w h i t e  c e l l  counts, and mean c e l l  volume us ing  a 
Cou l te r  Model 261 Counter ( C o u l t e r  E l e c t r o n i c s  Co., Hialeah, FL) and a Cou l te r  hemoglobinometer. 

Comparative d i f f e r e n t i a l  c e l l  counts and p l a t e l e t  es t ima t ion  t e s t s  were inc luded.  Standard 
chemical analyses o f  u r i n e  i nc lude :  p ro te in ,  glucose, ketones, u rob i l i nogen ,  b i l i r u b i n ,  b lood and 
hemoglobin content ,  s p e c i f i c  g r a v i t y ,  and pH. Sediments were analyzed m i c r o s c o p i c a l l y  f o r  c e l l s ,  
casts ,  and c r y s t a l s .  

Ur ine,  feces, and cage wash water  were c o l l e c t e d  d a i l y  f rom 2 days be fo re  exposure u n t i l  16 
days a f t e r  exposure, t hen  t h r e e  d a i l y  c o l l e c t i o n s  pe r  week were made f o r  2 weeks. Subsequently, 
t h r e e  d a i l y  c o l l e c t i o n s  pe r  month were made every o t h e r  month u n t i l  160 days a f t e r  exposure. ' 

A f t e r  180 days, t h r e e  consecut ive d a i l y  coq lec t i ons  o f  excreta were made a t  3-month i n t e r v a l s  
u n t i l  s a c r i f i c e .  

Dogs a r e  scheduled, f o r  s a c r i f i c e  a t  0.06, 2, 4, 8, 32, 64, and 180 days and a t  1, 1.5, and 
2 years a f t e r  exposure. Four exposed dogs i n  each study were n o t  assigned t o  s p e c i f i c  s a c r i f i c e  
groups, b u t  a r e  reserved as replacements i n  case o f  deaths d u r i n g  t h e  term o f  t h e  study. One o f  
t h e  c o n t r o l  dogs i n  each s tudy was s a c r i f i c e d  a t  2 days and one w i l l  be s a c r i f i c e d  a t  2 years t o  
p rov ide  q u a l i t y  c o n t r o l  data on f l u o r o m e t r i c  analyses d u r i n g  t h e  study. Selected t i s s u e s  taken a t  
necropsy f o r  uranium ana lys i s  inc lude:  blood, s k u l l ,  t u rb ina tes ,  trachea, lung, kidney, 
g a s t r o i n t e s t i n a l  t r a c t  ( i n c l u d i n g  esophagus and stomach), l i v e r ,  spleen, t racheobronchia l  lymph 
nodes, femur, and lumbar vertebrae. Tissues taken f o r  h i s t o p a t h o l o g i c a l  examination i n c l u d e  
samples of kidney, femur, l i v e r ,  spleen, lymph nodes, lung, and any l es ions  observed. Tissues and 
exc re ta  a r e  analyzed f o r  uranium content  by r e f l e c t a n c e  f luorometry .  

I 

RESULTS AND DISCUSSION 

Scheduled s a c r i f i c e s  a re  complete through one year a f t e r  exppsure; a l l  o t h e r  ,dogs a r e  a l i v e .  
Resul ts  d e s c r i b i n g  t h e  exposure aerosol  c h a r a c t e r i s t i c s  and est imated achieved i n i t i a l  l ung  burden 
f o r  t h e  animals t h a t  i nha led  one o f  t h e  two yel lowcake forms a r e  shown i n  Tables 4.1 and 4.2. 



Table 4.1. 
Resul ts  o f  Beagle Dog Exposures t o  Aerosols o f  Yellowcake Powder Conta in ing 100% Ammonium Diuranate 

Exposure Animal 
Number Number 

31 20-01 1229A 
31 20-02 11 76V 
3241 -03 11 798 
3242-04 1143U 
3242-05 11 82A 
3242-06 1240T 
3243-07 11 828 
3243-08 1241s 
3244-09 121 38 
3244-1 0 1242W 
3245-1 1 12248 
3245-1 2 1243s 
3246-1 3 1226A 
3246-1 4 124311 
3246-1 5 1226E 
3246-1 6 12445 
3247-1 7 1244T 
3248-1 8 12270 
3248-1 9 11818 
3248-20 1245W 
3248-21 12328 
3249-22 1247s 
Mean f SE (n = 20) 

Mass Median 
Aerodynamic 

D i  ame t e r 
f SE (urn) 

3.6 f 0.01 
2.4 f 0.01 

Con t ro l  
3.4 f 0.2 
3.2 f 0.8 
3.3 f 0.1 
3.9 f 0.2 
2.7 f 0.2 
3.3 f 0.2 
4.0 f 0.4 
3.6 f 0.2 
3.0 f 0.1 
3.5 f 0.1 
3.3 f 0.2 
3.1 f 0.1 
3.2 f 0.1 
Con t ro l  

3.4 f 0.2 
3.8 f 0.2 
3.8 f 0.3 
4.8 f 0.2 
2.9 f 0.2 
3.4 f 0.5 

Geometric Standard 
- Dev ia t i on  f SE 

1.34 f 0.03 
1.07 f 0.02 

- 
1.55 f 0.07 
1.62 f 0.07 
1.56 ? 0.04 
1.54 f 0.05 
1.16 f 0.03 
1.38 f 0.07 
1.9 f 0.2 
1.26 f 0.05 
1.5 f 0.03 
1.54 f 0.05 
1.59 f 0.07 
1.58 f 0.04 
1.66 f 0.06 

- 
1.63 f 0.06 
1.41 f 0.06 
1.6 f 0.1 
1.52 f 0.06 
1.5 f 0.1 
1.50 f 0.04 

Estimated Achieved 
I n i t i a l  Lung Burden 

(ug U/kg) 
130 
110 
- 
95 

150 
160 
250 
150 
130 
140 
21 0 
140 
120 
100 
120 
130 
- 

140 
100 
110 
66 
80 

130 f 9 

I n d i c a t i o n  
o f  Kidney 

Dysfunct ion 
No 
Yes 
No 
No 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
No 
No 
No 
No 
No 
No 
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Table 4.2. 
Resul ts  o f  Beagle Dog Exposures t o  Aerosols o f  Yellowcake Powder Conta in ing 99% U308 

Exposure Animal 
Number Number 

31 21 -23 1145s 
31 21 -24 11 786 
31 21 -25 1148s 
3292-26 1181A 
3292-27 1220c 
3292-28 11 74T 
3292-29 1176T 
3293-30 1221 B 

3293-31 1240s 
3294-32 1242T 
3294-33 12228 
3294-34 12220 
3294-35 1245T 
3295-36 1247T 
3295-37 1235A 
3295-38 1236A 
3295-39 12368 
3295-40 12485 
3296-41 1248T 
3296-42 1223A 
3291-43 1237A 
3297-44 1250T 
Mean f SE ( n  = 20) 

Mass Median 
., Aerodynamic 

D i  ame t e r 
f SE (um) 

2.6 f 0.2 
3.1 f 0.1 

Con t ro l  
1.9 f 0.1 
1.5 f 0.1 
2.2 f 0.6 
2.7 f 0.1 
2.7 2 0.1 
3.0 f 0.1 
2.3 f 0.1 
3.3 f 0.2 
2.9 f 0.2 
2.9 f 0.3 
2.4 t 0.1 
2.7 f 0.2 
2.6 f 0.2 

Con t ro l  
7.7 f 2.3 
3.2 f 0.1 
3.6 f 0.2 
3.2 f 0.2 
3.0 f 0.3 
3.0 f 0.3 

Geometric Standard 
Dev ia t i on  f SE 

1.7 f 0.1 
1.5 f 0.1 

- 
1.5 f 0.1 
1 .5  f 0.1 
1.9 f 0.3 
1.4 f 0.1 
1.7 t 0.1 
1.5 2 0.04 
1.6 f 0.1 
1.5 f 0.1 
1.6 f 0.1 
1.7 f 0.1 
1.8 f 0.1 
1.8 f 0.1 
1.7 f 0.1 

- 
3.2 f 0.7 
1.6 f 0.04 
1.5 f 0.1 
1.6 f 0.1 
1.8 f 0.1 
1.7 f 0.1 

Estimated Achieved 
I n i t i a l  Lung Burden 

(ug U/kg) 
160 
130 
- 

130 
190 
120 
110 
110 
160 
140 
130 
120 
150 
190 
160 
200 
- 

100 
110 
110 
120 
180 

140 f 7 

I n d i c a t i o n  
o f  Kidney 

Dys func t i on  
No 
NO 

No 
No 
No 

No 
NO 

no 
No 
No 
No 
No 
NO 

NO 

NO 

No 
No 
No 
No 
No 
NO 

No 
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Use o f  f i l t e r  sampling data t o  c a l i b r a t e  t h e  nephelometer assumes t h a t  t h e  p a r t i c l e  s i z e  
d i s t r i b u t i o n  o f  t h e  aerosol  remains constant  d u r i n g  sampling. Th is  assumption might  n o t  be 
warranted i n  some cases. However, t h e  nephelometer was used t o  mon i to r  t h e  exposure aerosol  
concen t ra t i on  and overcome a major  l i m i t a t i o n  o f  f i l t e r  sampling, t h e  t i m e  r e q u i r e d  t o  determine 
t h e  amount o f  uranium on t h e  f i l t e r  by r e f l e c t a n c e  f l uo romet ry  ( a  minimum o f  24 h). 

I n i t i a l  l ung  burdens est imated us ing b rea th ing  parameters and aerosol  concentrat ions measured 

d u r i n g  exposure were approx imate ly  65% o f  t h e  des i red  va lue and approx imate ly  7% o f  t h e  LD50/30 
day dose f o r  dogs g i ven  a s i n g l e  i n j e c t i o n  o f  U02(N03)2 s o l u t i o n  (Ref. 4.7). More r e f i n e d  
est imates o f  t h e  i n i t i a l  lung burden f o r  each animal w i l l  a l s o  be made when t h e  r e s u l t s  o f  t i s s u e  
and exc re ta  analyses f o r  uranium content  become a v a i l a b l e  f o r  i n d i v i d u a l  animals. The low 
i n t e n s i t y  of g a m  r a d i a t i o n  f rom n a t u r a l  uranium prec ludes t h e  use o f  e x t e r n a l  whole-body 
coun t ing  i n  t h i s  study. 

Eleven dogs exposed t o  t h e  more so lub le  yel lowcake ( c o n t a i n i n g  100% amnonium d iu rana te )  have 
shown changes i n  biochemical i n d i c a t o r s  o f  rena l  dys func t i on  (Table 4.1). No such b iochemical  
changes have been observed f o r  dogs exposed t o  t h e  l ess  s o l u b l e  form ( c o n t a i n i n g  > 99% U308. 
Table 4.2). Dog 12138 (Table 4.1). s a c r i f i c e d  on schedule a t  4 days a f t e r  exposure, had e leva ted  
glucose l e v e l s  and albumin i n  u r i n e  above pre-exposure values. Dog 1241s had e leva ted  glucose 
l e v e l s  and albumin i n  u r i n e  a t  8 days a f t e r  exposure. Dogs i d e n t i f i e d  as hav ing p o s s i b l e  k idney  
dys func t i on  had e levated glucose l e v e l s  (250-3000 mg/dl) and p r o t e i n  (100-1000 mg/dl) i n  u r i n e  a t  
8 days a f t e r  exposure. Con t ro l  animals had n o m 1  l e v e l s  o f  0-0.25 mg/dl f o r  these i n d i c a t o r s .  
I n  a d d i t i o n ,  e leva ted  l e v e l s  o f  30-50 mg% ( c o n t r o l  va lue = 15 m g X )  blood urea n i t r o g e n  and 2.2-4.3 
mg% c r e a t i n i n e  ( c o n t r o l  va lue = 0.8-1.1 mg%) were measured a t  8 days a f t e r  exposure. These 
e levated l e v e l s  re tu rned  t o  normal a t  16 days a f t e r  exposure. H i s t o p a t h o l o g i c a l  examination o f  
k idney t i s s u e s  f rom dogs t h a t  had biochemical evidence o f  k idney dys func t i on  i s  i n  progress; 
however, t h e  dys func t i on  was p o s s i b l y  caused by acute t u b u l a r  nec ros i s  i n  t h e  prox imal  t ubu les  
(Ref: 4.1) t h a t  was repa i red  by approx imate ly  16 days a f t e r  exposure. 

These r e s u l t s  show c l e a r l y  t h a t  o n l y  t h e  dogs exposed t o  t h e  more s o l u b l e  yel lowcake form 
showed evidence o f  k idney t o x i c i t y ,  i n d i c a t i n g  t h a t  t h e  con ten t  o f  amnonium d i u r a n a t e  i n  
yel lowcake aerosols  i s  impor tan t  f o r  h e a l t h  p r o t e c t i o n  purposes. 

The occurrence o f  k idney dys func t i on  cannot be q u a n t i t a t i v e l y  r e l a t e d  t o  t h e  est imated i n i t i a l  
l ung  burden now. The dogs t h a t  experienced k idney dys func t i on  (Table 4.1) had est imated i n i t i a l  
l ung  burdens of 150 2 13 r g  U/kg body weight  (mean +- SEI, and dogs w i t h  normal k idney  
f u n c t i o n  had est imated i n i t i a l  l ung  burdens o f  106 f 11 r g  Wkg.  These values a r e  n o t  
s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  95% conf idence l e v e l .  A more q u a n t i t a t i v e  t rea tmen t  o f  t h e  dose- 
response r e l a t i o n s h i p s  between inha led  yel lowcake and k idney t o x i c i t y  w i l l  be p o s s i b l e  when 
r e s u l t s  o f  analyses f o r  uranium con ten t  i n  t i s s u e s  and exc re ta  become a v a i l a b l e  d u r i n g  t h e  coming 
year. 
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