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Dogs administered oral', intravenous o r  inhaled 2 3 9 P ~  ci t r a t e  were 

sacrificed from '1 t o  100 days a f t e r  exposure to  compare dis tr ibut ion and 

retention kinetics . Approximately, 0.08% of the oral dose was retained 

a f t e r  3 days, distributed mainly between skeleton (50%) and l ive r  (25%). . 
After intravenous administration 2 3 9 P ~  was retained principal ly i n  the 

l ive r  (32-45% of the dose) and skeleton (29% of the dose) during the 

100 day post injection period. Inhaled 2 3 9 P ~  reached a peak concentration 

i n  blood a f t e r  6 hours and then decreased w i t h  clearance kinetics similar 

t o  those described by others for  dogs and humans administered intravenous 

2 3 9 P ~  c i  t r a t e .  The lung, skeleton, 1 iver ,  blood and intest ines retained 

most of the inhaled 2 3 9 P ~  1 day a f t e r  exposure. After 100 days 36% of . v 

the i n i t i a l  deposit was retained; 33% i n  the lung, 44% i n  the skeleton 

and 17% i n  the l iver .  Plutonium was concentrated by lymphatic t issue 

following a l l  methods of  administration and a t  a l l  time intervals .  

Although the concentration i n  specif ic  lymph nodes (hepatic, splenic 

and tracheobronchiaf) was among the highest of any t issue analyzed, the 
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I i total  amount deposited i n  a selection of 12 lymph nodes (%lo g t issue)  
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was always less  than 0.6% of the body burden. 
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DISPOSITION OF INHALED 3 9 P ~  CITRATE* 

J .  E .  i3a l lou,  3. F. Park and W .  G.  Morrow 

C l a s s i c a l  s t u d i e s  0.f p l u ton ium metabol ism have employed t he  c i  t r a t e  

complex o f  p l  u t o n i u ~ n  admin is te red  i n t r a v e n o u s l y  t o  a  v a r i e t y  o f  animals 

i n c l u d i n g  man. The r a t i o n a l e  f o r  t he  cho i ce  o f  compound and method o f  

a d m i n i s t r a t i o n  has i n c l u d e d  the  assump'tion t h a t  the  c learance  and t r a n s -  

l o c a t i o n  k i n e t i c s  o f  i n j e c t e d  pl utoniuln c i  t r a t e  adequate ly  r ep resen t  t he  

behav io r  o f  t he  s o l  u b i  1  i zed . f r a c t i o n  o f  more " n a t u r a l  l y "  i ncorpora ted  

p lu ton ium.  The v a l i d i t y  o f  t h i s  assumpt ionhas  been d iscussed  i n  a  r e c e n t  

r ev i ew  by Buldakov e t  a1, 1969'') who concluded t h a t  in t ravenous  p lu ton ium 
. . 

c i  t r a t e  comes c l o s e s t  t o  d u p l i c a t i n g  t he  t i s s u e  d i s t r i b u t i o n  

p a t t e r n  o f  absorbed f o l l o w i n g  o r a l  , percutaneous o r  i n h a l a t i o n  

exposure. I n  v iew o f  t he  s c a r c i t y  o f  i n f o r m a t i o n  on i n h a l e d  s o l u b l e  

p l u ton ium compounds t he  p resen t  s tudy  was i n i t i a t e d  as a  f u r t h e r  t e s t  o f  

t he  assumed equ iva lency  o f  in t ravenous ,  o r a l  and i n h a l e d  p l u ton ium c i  t r a t e .  

Method 

.Beagles'  were adniini s t e r e d  2 3 3 P ~  c i ti.a.te prepared f rom 239P~.r n i t r a t e  

s t o c k  s o l u t i o n  accord ing.  t o  t he  procedure ou t1  i n e d  . b y  S tover  e t  a1 , 1959. ( 2 )  

B r i e f l y ,  t he  2 3 9 P ~  n i t r a t e  s tock  s o l u t i o n  was reduced t o  Pu (111) w i t h  SO, 
. . 

t hen  239P~t  hydrox ide  was p r e c i p i t a t e d  by a d d i t i o n  o f  NaOH t o  t he  s o l u t i o n  

c h i l l e d  i n  an i c e  ba th .  ~ h d  2 3 9 P ~  hydrox ide  was recovered by  c e n t r i f u g a t i o n ,  
. . 

washed w i t h  d i s t i l l e d  wa,ter and s o l u b i l  i z e d  w i t h  concen t ra ted  HN03 i n  t he  

*This paper i s  based on work performed under t he  Un i t ed  S ta tes  Atomic 
Energy Coinmission c o n t r a c t  AT(45-1) 1830. 



i c e  ba th .  The r e s u l t i n g  s o l u t i o n  was a  b r i g h t  green complex o f  2 3 9 P ~  ( I V )  

n i t r a t e  c o n t a i n i n g  approx imate ly  4  niCi 2 3 9 ~ ~ .  The 239Pu ( I V )  n i t r a t e  s o l -  

u t i o n '  was t r a n s f e r r e d  t o  a  v i a l  c o n t a i n i n g  s u f f i c i e n t  sodium c i  t r a t e  t o  

' .  n e u t r a l i z e  t h e  excess tIN03 and t h e  f i n a l  d i l u t i o n  t o  25 ml was made by  
0: 

. . 
add ing  . . equal  amounts o f  0.08 M c i t r i c  a c i d  and 0.08 M sodium c i  t r a t e .  The 

end p roduc t  was a 'p lu ton iun i  c i t r a t e  s o l u t i o n  o f  ptl 3.5 t h a t  was 72 - + 3% 

u l  t r a f i  1  t e r a b l  e  th rough  V i  s k i  ng' c e l l  u l  ose t u b i n g  . 

Four teen female beag le  dogs. 21 -24 months o f  age, average we igh t  

approx imate ly  10 kg were adm in i s t e red  a  s i n g l e  i n h a l a t i o n  e x p o s u r e  t o  

2 3 9 P ~  c i t r a t e  aeroso ls  generated w i t h  a  Lauterbach gene ra to r .  The aeroso l  

.had an aerodynamic median a c t i v i t y  d iamete r  o f  1.45 pm.w i t I i  a  geometr ic  

s t anda rd  dev i  a t i ,on  o f  2.75. I n d i v i d u a l  exposures t o  t h e  ae roso l s  were 

v a r i e d  f r om 6  t o  15 minutes i n  an a t t emp t  t o  a d j u s t  t he  dose t o  approx- 

ililate1.y .5 pCi depos i t ed  i n  each dog, Ac tua l  d e p o s i t i o n  ra,nyed f rom 1 .4  

t o  '11.8 V C ~  as determined b y  t o t a l  t i s s u e  and e x c r e t a  a n a l y s i s .  ' Animals 

were s a c r i f i c e d  i n  groups o f  2  a f t e r  1, 3, 7 ,  14, 30, 62 and 100 days. 

Three ma1 e beagles , 19 months o f  age and 12 kg average wei g h t  were 

i n j e c t e d  w i t h  4.35 pCi o f  2 3 9 P ~  c i t r a t e  ( 0 .03 .m l )  i n  t h e  c e p h a l i c  v e i n .  

One dog was s a c r i f i c e d  a t  each i n t e r v a l  1, 30 and 100 days' a f t e r '  i n j e c t i o n .  

% . .  A s i n g l e  female beag le  we igh ing  12 kg and 99 months o f  age was 

adm in i s t e red  by mouth 580 pCi  239Pu . c i  t r a t e  i n  g e l a t i n  capsu les .  The dog 

was k i l  l e d  3  days a f t e r  2"Pu i r ~ y e s . t i u n .  

I n  a l l  cases p l u ton ium c i  t r a t e  was adm in i s t e red  w i t h i n  3  hours a f t e r  

p r e p a r a t i o n  and w i  th.out , f u r t h e r  d i  1  u t i o n .  The an imals  were housed i n  

metabol ism cages wtlere e i  the)- d a i l y  o r  poo led  u r i n e  and feces samples 



were coll ected. Blood samples were taken periodical ly for  radiochemical 

analysis and for  exaniination of hematologic changes indicative of radiation 

ef fec ts .  The dogs were sacrificed by e ~ s a n ~ u i n a t i o n  under sodi unl pentobar- 

bi tal  anes thesi a - and s,ub jected to de'tai 1 ed necropsy where niore than 40 ' 

. . 

t issues and organs were removed fo r  plutonium analysis.  Tissue and 

excreta samples were prepared for  alpha sc in t i l l a t ion  counting by a 

( 3 )  , . combined dry ash-wet' ash ,procedure. 
\ ,  

Results and Discussion 

Ch.anges in the peripheral blood picture,  notably a depression in the 

total  number of white cell  s , was the only cl ini cal evidence of plutonium 

e f fec t  a f t e r  injection. or inhalation o f  2 3 9 P ~  ci t r a t e .  . Variations in the 

total  white cell  count and -corresponding changes i n '  the major white cel l  
. - 

elements are shown for  a female beagle administered inhaled 2 3 9 P ~  c i t r a t e  

in Figure 1 .  The white c e l l  depression was a consistent finding and 

appeared to be due principally to a decrease in the segmented neutrophils. 

A1 though lymphocytes were a1 so depressed in th i s  animal , the most sensi t ive 

ce l l s  were the segmented neutrophils both in the early postexposure stimu- 

1 ation and in the l a t e r  depression seen' a t  more extended ti~r~tl  i'i.~'tej-val s .  

. ~ d i m a l s  in th is  study occasionally showed early 1ymphocytos.i~ rather than 
\ 

the increased neutrophil count, however, the l a t e r  changes were f a i r l y  con- 

sisterr 1 wi tli a' neutrophi 1 depression. Others have observed a marked lympho- 

pellid as thc car1 ies t indicatnr of p l  utonium oxide inhalation. (4 )  Inhaled 
- 

plutonium n i t r a t e  on the other hand produced a generalized leukopenia 

similar to that  observed here with plutonium c i t r a t e .  ( 5 )  The greater  



translocation of the soluble compounds from the lung and the resulting 

more generalized dis t r ibut ion of the radiation dose in other ' sof t  t issues 

and the skeleton probably accounts for  the d i f fe rent  hetnatologic e f f ec t s .  

The radiation dose following inhaled 3 9 P ~ 0 2  was confi ned 1 'argely t o  the 

lung and the thoracic lymph nodes. . . 

Plutonium was rapidly translocated from the lung to  the blood a f t e r  
. . 

inhalation of c i t r a t e  (Figure 2 ) .  Dog 293, which was catheterized 

and bled during the 15 minute exposure period, showed blood values of 

about 1'/20 the maximuni concentration by the time the exposure was terminated. 

In general t h e ;  plutonium 1 eve1 in blood approached a plateau value a f t e r  

6 hours. 

Plutonium was cleared from the blood more slowly a f t e r  inhalation 

exposure than a f t e r  intravenous administration (Figure 3 ) .  This i s  probably 

n o t  a true phys-iological difference in 'the mechanisln of blood .clearance 

b u t  rather i s  a consequence of the continuing mobilization of plutonium 

from the reservoir in the lung to  the blood following inhalation exposure. 

Sirnil a r ly ,  the comparatively low blood levels observed during the early 

time intervals  a f t e r  inhalation. exposure are probably an a r t e fac t  o f  the 

- route of administration. I t  i s  perhaps mcre s ignif icant  that  less  t t~an 

order of magni tude di fferences were observed among the studies in Figure 3 

considering the 'different species and different methods of administration 

employed. The usual 1 aboratory procedure of inject ing plutonium c i  t r a t e  

appears to give a reasonably good estimate of the blood level a t  l eas t  

for  the f i r s t  100 days a f t e r  inhalation of a soluble plutonium compound 

SUC!.! as the c i  t r a t e  -complex. 



The patte,rn of urinary excret ion was a l so  c losely  s imi la r  f o r  inhaled 

and in jected Pu c i  t r a t e  (Figure 4 )  presumably because pl utoni.um concentra- 

t ions  in blood and the mechanisms of t r anspor t  and clearance were com- 

parable. The actual data points shown f o r  two inhala t ion dogs varied 

considerably from day t o  day, which i s  not  unusual f o r  t h i s  type of s tudy,  

but the reason i s  not  readi ly  apparent. Injected plutonium c i t r a t e  appeared 

t o  give a s a t i s f ac to ry  representat ion of the urinary excretion a f t e r  inhaled 

plutonium c i t r a t e  in dogs as well a s a f t e r  in jec ted  plutonium c i t r a t e  in 

humans .. . . 

The d i s  tr:ibution of plutoniun~ in  t i s sue s  was s i gn i f i c an t l y  influenced 

by the method of administrat ion as shown in. Table 1 .  About 0.08% of the 

oral  dose was absorbed frotn the gas t ro in tes t ina l  t r a c t  and was deposited 

mainly in the skeleton and l i v e r .  Intravenous plutonium c i t r a t e  was de- % 

posited more extensively in the l i v e r  than in skeleton in  con t ras t  to 

ear l  i e t  s tudies")  which, showed g r ea t e r  deposit ion in skeleton.  I t  i s  

probable t h a t  physical -chemical d.i f ferences  in the. in jec t ion  solut ions  

account f o r  t h i s  discrepancy. ' A large  f r ac t i on  o f .  the inhaled plutonium 

c i  t r a t e  was retained in the lung a t  a1 1 .  tilne i n t e rva l s .  The pltjt.oniun1 

trans.1 ocated from the 1 u n g  was d i s t r ibu ted  between skeleton and 1 i  ver 

not unlike the pat tern  a f t e r  oral  ingestion o r  a f t e r  intravenous i n j ec t i on  

of monomeric plutonium c i t r a t e  solutions.")  Both the inhaled and in jected 

dose were retained t o  about the same ex ten t  over the 100 day experimental. 

period. 

I t  was an unexpected f inding t l lat  inhaled plutonium ci  t r a t e  was re-  

tained so tenaciously,  i  . e .  about 25% of the estimated i n i t i a l  lung burden 



was found in lung after'100 days. This niay be due in part  to the rela-  

t i  vely . high percentage of polyineri zed pl utoni unl in the solutions (about 

25% was not u l  t r a f i  1 terable) b u t  i s  more probably to be expected as a 

consequence of neutralization and the formation of colloids in the lung 

environment. In' e i ther  case the concentration in 1 u n g  was disproportionately 

high a f t e r  inhalation exposure (see Table 2 ) .  The concentration O F  plu- 

tonium in turbinates ( t h i s  sample included a l l  so f t  t issue and  bone that  

could be scraped from the nasal cavity) was explained i n i t i a l l y  on the 

basis of physical trapping because o-i the metnod of exposure. The amount 

retained a t  l a t e r  time intervals  as well a s .  the high concentration a f t e r  

intravenous injection imp1 ies that  pl utonium.may be select ively cieposi ted 

in turbi nates possibly because of the we1 1 developed vasculari zation of 

this  t issue.  

I t  i s  noteworthy tha t  lymph nodes concentrated plutonium following 

a l l  3 routes of administration. Without exception the concentration in 

specif ic  nodes was among the highest of any t i ssue  analyzed. The values 

for  a selection of 1 2  nodes taken from di f ferent  anatomical locations 

ranged over several orders of magnitude as :indicated in parerlt11es.i s in 

Table 2.  Either the hepatic or tracheobronchial nodes accounted for  the 

highest concentrations within the range of values. The lymph nodes which 

~oncentratcd the maximum amount. nf plutonium were always closely re1 ated 

anatomically to major s i t e s  of plutonium deposition. It. was noted a f t e r  

intravenous injection that  the prescapular nodes immediately anter ior  to  

the injection s i t e  contained exceptional ly 1 arge amounts of plutonium. 



The concentration in 'these nodes was not included in Table 2 .  The dog 

sacrificed 30 days a f t e r  intravenous injection gave anomalous values for  

t issues dis t r ibut ion because of a poor injection which l e f t  about 1/3 of 

the dose in the perivascular t issue a t  the injection s i t e .  Approximately 

8% of the dose was recovered in the.prescapular nodes of tliis dog. 

Conclusions and 1nipl.i cations 
. . 

A1 though the small number of animals employed in th i s  study l imits  

the interpretation. of the resul t s  i t  seems c lear  that  intravenous plutonium 

ci t r a t e  would be a reasonable choice as the model system to describe plu- 

tonium ci t r a t e  metabol ism experimentally. Intravenous plutonium ci t r a t e  

appeared to produce cl ini  cal effects  and show blood clearance, deposition' 
, ' 

and excretion kinetics that  were f a i r l y  representative of incorporation by 

more normal routes of entry.  Major deviations from this  pattern of agree- 

ment were due ' to a r te fac ts  of the method of .administration. That i s ,  

inhalation exposure led to greater re la t ive  retention in the lung while the 

dis t r ibut ion of intravenous pl utoni um ci t r a t e  was possibly influenced by -the 

we1 1 known physical-chemical variables of the injection solutions.  Pl u- 

tonium levels in blood and urine were not greatly effected by these rather 

large differences in t i ssue  d is t r ibut ion .  Bioassay fo r  exposure to  soluble 

plutoniuln could presumably be interpreted on  .the basis of past studies 

with injected plutonium ci t r a t e .  I t  i s  not ye t  c1,ear -if  t h i s  would apply 

also to exposures to p1utoni.u~ n i t r a t e ,  a soluble compound of practical 

industrial  hygiene concern, however prel imi nary resul ts  from our 1 aboratory 

suggest that  inhaled ci t r a t e  and ni t r a t e  sa.1 t s  of plutonium are tra,nslocated , 

to about tlie same ~ x t . e n t  f ru!ll .the dog 1 ung  . 



The tendency f o r  p l  u t o n i  um t o  concen t ra te  i n  'lymph nodes, p a r t i c u l a r l y  
. . 

a f t e r  i n g e s t i o n  o r  i n k a l  a t i o n  exposure,  e~i lphasizes t h e  r o l e  o f  t he  l ympha t i c  

system i n  nornia'l p l u t on ium c l ea rance  and t h e  p o t e n t i a l  f o r  p l u ton iun i  t o  

concen t ra te  i n  r e l a t i v e l y  sma l l  t i s s u e  volumes. The accumula t ion  o f  p l  u- 

t o n i  uni i n  r e g i o n a l  lymph nodes f o l  1 owi ng subcutaneous i n j e c t i o n  i s  r e p o r t e d  

e lsewhere i n  t h i s  .symposium. I t  seems p robab le  t h e r e f o r e ,  t h a t  t he  

h i g h e s t  r a d i a t i o n  doses may be absorbed i n  lymph nodes f o l  l o w i n g  i n d u s t r i  a1 

exposure ' t o  p lu ton ium.  A1 though t h e  s i g n i f i c a n c e  o f  t h i s  dose t o  o n l y  a  

smal l  f r a c t i o n  o f  t he  t o t a l  l y m p h a t i c  syste;n i s  n o t  c l e a r l y  unders tood i n  

terms of  t h e  l ong - t e rm  e f f e c t s  o f  p l u ton ium.  i n c o r p o r a t i o n ,  i t  i s  o f  i n t e r e s t  

t h a t  tumors i n v o l  v i  ng -lymph nodes have been desc r i bed  i t i  dogs f o l . 1  owing 

exposure t o  p l u t o n i u m b y  b o t h  i n h a l a t i o n ( 6 )  and i n j e c t i o n . ( 7 )  , Fu tu re  

inves  ti gati.ons, i n  p a r t i c u l a r  o f  t h e  1  ow l e v e l  , long - t e rm  t ype  desc r i bed  

by  Park  i n  t h i s  symposium(8) may go a  l o n g  way towards e s t a b l i s h i n g  t h e  

p r i . o r i  ty o f  r a d i a t i o n  t o  t h e  ske le ton ,  l u n g  and lymph nodes. A t  t h e  p re -  

s e n t  t ime  t he  we1 1  e s t a b l i s h e d  e f f e c t s  i n  bone and l u n g  would see.m t o  

r e q u i r e  f i r s t  c o n s i d e r a t i o n  f o r  these  t i s s u e s  as c r i t i c a l  organ f o r  

r a d i a t i o n  hazard c o n s i d e r a t i o n s  . 



TABLE 1  

. ' ~ i s ~ o s i  t i o n  o f  2 3 9 P ~  Admin is te red  as 2 3 9 P ~  C i  t r a t e  by Several  .Routes. . .  

(Values a re  the 'range o f  va lues observed d u r i n g  t he  g iven  time, i n t e r v a l s )  

Percent  o f  Admi n i  s  t e r e d  Dose* 

Ora l  In t ravenous  I n h a l a t i o n  
( 3  days p o s t )  (1-100 days p o s t )  (1-100 days p o s t )  

Lung 0.0008 0.8-1.6,  . . 11 -72 

Tu rb i  nates .0.0002 0.16-0.21 . 0.08-2.3. 

L i v e r  0.02 

~ k e l ' e  t on  0.04 

Lymph Nodes. 0.005 

To ta l  Animal 0.083 

*Dose f o r  i n h a l a t i o n  dvys was computcd as t he  t o t a l  amount. 
depos i t ed  l e s s  t h e  amount exc re ted  d u r i n g  t he  f i r s t  6  days. 



Table 2 

CONCENTRATION OF'  2 3 9 ~ ~  I N  TISSUES AFTER 2 3 9 ~ ~  CITRATE ADMINISTRATION 

Route o f  Days A f t e r  2 3 9 P ~  Concen t ra t ion  (pCi/qram) 
A d m i n i s t r a t i o n  . A d m i n i s t r a t i o n  T u r b i n a t e s  Lung ' L i v e r  S k e l e t o n  Lymph Nodes* 

O r a l  . 3 8 3 47 366 29 1 194 (77-723) 
, . 

I n t ravenous  1 1099 1026 4861 1539 2327 (268-6865) 
3 0 1654 57 777 2352 909 ( 208-3.0780) 

100 1099 406 6433 1332 1363 (821 -4629) 

1 I n h a l a t i o n  5904 . , 54752 248 389 628 (97-1 71 50) 
3 3327 16656 794 783 496 (83-551 2) 
7 5356 13687 41 2 1024 ' 400 (56-6767) 

14 5499 15823 1618 1426 832 (243-7496) 
3 0 2619 . 10014 31 0 9 58 778 (1  40-1 3770) 
62 ' 1685 14498 2084 1770 1658 ( 1  69-371 50) 

100 4872 18980 2824 2006 3721 (58-481 7G) 

*Values a r e  t h e  average o f  12 d i f f e r e n t  lymph nodes w i t h  t h e  range shown i n  
p a r e n t h e s i s  . 



~ i s t  of ~ a b l e s  and Figures 

I 

1 .  Figure 1 - ~ e ~ l l a t o ' l o ~ i c  Effect of ~nhaled  2 3 9 P ~  Ci t r a t e .    he values are 

, 
fo r  one female beagle which retained 3 .5  lJ.Ci total  body burden a f t e r  

100 days. 

2 .  Figure 2 - ~ u i l d u p o f  2 3 9 P . ~  in the blood a f t e r  inhalation o f - 2 3 9 ~ ~  

ci t r a t e  . 
. . 

3. Figure 3 - Clearance .of 2 3 9 P u  from the blo,od a f t e r  inhalation or 

intravenous administration . o f .  . 2 3 9 P ~  c i  t r a t e .  The inhaled dose was 

esti'mated as in Table 1.  

4. Figure 4 -' Daily urinary excretion' of 23.9Pu fol 1'owing intravenous . 

injection or inhalation of 2 3 9 P ~  c i t r a t e .  The inhaled dose was 

estimated as in Tab1 e'. 1 . 
5. Table 1 - Disposition of 239Pu  ~dministered as 2 3 9 P ~  Ci t r a t e  by Several 

Routes. (Values are the range of values observed during the given 

ti,me in terva ls . )  

6. Table 2 - Concentration of 2 3 9 P ~  in Tissues After 2 3 9 P ~  Ci trate  

Administration. 
. . 
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