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This report and a psevions one (Eckerman et al, 1984) evaluate the 

dependence on chemical €oms o f  estimates of health effects in high- 

level waste ( I F C W ) .  As in the previous report, it is assumed that the 

organ dose is a suitable index for health effects from exposure to 

radionuclides, and our discussion is usually directed toward the 

metabolism and dosimetry of various chemical farms of a radionuclide 

rather than toward health effects per se. 

This study is needed because the chemical species of radioelements 

released to the environment from a high-level waste repository may not 

be adequately described by the metabolic and dosimetric models of 

Publication 30 of the International Commission on Radiological 

Protection (ICRP 3 0 ) .  Our previous report dealt with two main topics: 

(1) identifying those chemical forms of radionuclides waich are likely 

to reach hwaans after migration from a waste repository and 

(21  identifying those aspects of the body’s metabolism that depend upon 

tbe chemical form. 

It was pointed out in the previous report that one of the greatest 

uncertainties now present in estimating organ doses from given 

environmental exposures to various chemical forms of radionuclides lies 

in the, estimate of the fraction absorbed through the gastrointestinal 

tract to blood. This report deals with two topics on absorption through 

the gastrointestinal tract. In Chapter 2 we derive an upper bound for 

the absorption fraction of plutonium for adults, which is based on data 

from adult humans. In Chapter 3 we review the important topic of 

absorption of radionnclides (strontium and actinides) by neonates and 

juveniles and present a table of recommended absorption fractions for 

neonates, infants, children, and adults. 

REFERENCE FOR CHAPTER I 

Eckerman, K .  F.,  Leggett, R, W., Meyer, R., and O’Kelley, G .  D. 1984. 
Determination of metabolic data Bpropriate for BLJ dosimetrp 
(ICW-30), r. U.S. Nuclear Regulatory Commission Rep. NUREG/CR-3572 
(also Oak Ridge National Laboratory Rep. ORNL/TM-8939). 
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CHAPTER 2 .  AN ESTIMATE OF TB[IE GBSTR0INI"ESTPNAL ABSORPTION 

I;BACTION FOR ENVIRONbIENTAL PLUTBNXUM IN ADULT HUMANS 

For evaluation of occupational exposures, the International 

Commission on Radiological Protection ( ICRP)  currently recommends the 

value for the fraction fl of soluble plutonium absorbed from the GI 

tract to blood (ICRP 1979). This value is based on data derived in 

laboratory experiments often conducted under conditions much different 

from those expected in environmental exposures to plutonium. Recent 

results and reviews by several authors (Bair 1979; Harrison 1982; 

Johansson 1983; Kocher and Ryan 1983; Larsen et al. 1981; Sullivan et 

al. 1979; Sullivan 1980; Sullivan et a l .  1980) indicate that chronic 

intake of low levels of environmental forms of Pu by laboratory animals 

may lead to observed values o f  fl substantially larger In 

recent reviews, Bair (1979) and Kocher and Ryan (1983) recommended a 

value of and Harrison (1982) and Johansson (1983) recommended a 

value of 5 x for GI uptake of environmental plutonium. The value 

recommended 'by Harrison and Johansson appears to be intended as a 'tnost 

1ikely"vaPue based on the animal data, while the recommendation of Bair 

and that of Kocher and Ryan may be intended as slightly conservative for 

considerations of radiation protection. In the present report an upper 

bound of 2 x for fl  is estimated from data for a group of adult 

bamans who had ingested elevated levels of Pu in their normal diet. The 

value may be a reasonable choice for fl for use in assessments or 

environmental exposures to plutonium, since it is in c lose  agreement 

with values recommended in recent reviews, and it is only a factor of 2 

below the upper bound estimated here for the group of adult humans. 

t$an 

DERIVATION OF AN UPPER BOUND OF THE ABSORPTION FRACTION FOR ADULT BRTKANS 

The diet of the Finnish Lapp population is known t o  contain 

abnormally high levels of plutonium because of the lichen-reindeer-man 

food chain peculiar t o  the region. By estimating the quantities of 
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p l n t o n i m  ingested and inhaled by Lapps and t h e i r  hole-body contents  

and comparing these  wi th  analogous q u a n t i t i e s  i n  Southern Finns, 

~ ~ s ~ a ~ ~ - ~ ~ u ~ ~ ~ ~ ~  and coworkers (6984) attempted t o  d e t  

f r a c t i o n  f of i n  e s t ed  plutonium absorbed t o  blood. Thei r  a 

t o  sa lve  the simultaneous equat ions 
1 

where Eq. (1) i s  f o r  Southern Finns and Eq. ( 2 )  i s  f o r  F innish  Lapps, a i  

i s  the l i f e t i m e  inha la t ion  in take  af Pn, bi  i s  the  l i f e t i m e  d i e t a r y  

in take ,  c i s  the body barden a t  dea th  ( i n  1977-791, and the uhnowns X 

and. Y are  the f r a c t i o n a l  absorp t ions  from the airways si& from the 

g a s t r o i n t e s t i n a l  t r a c t  ( f  ), r e spec t ive ly .  Thei r  es t imates  of a i ,  bi, 

and c were 18, 36, and 1.37 pCi, r e spec t ive ly ,  f a r  Southern Finns and 

13, 535, and 1.40 pCi, r e spec t ive ly ,  f o r  Lapps. An es t imate  of 9.8 x 

was obtained f o r  Y ( f l )  a f t e r  a s l i g h t  adjustment f o r  the f r a c t i o n  

of a c t i v i t y  assumed t o  be excreted.  The authors  noted some problems 

wi th  t h i s  approach, but  i t  does nonetheless  y i e l d  a valuable  prel iminary 

r e s u l t  since i t  is the only a v a i l a b l e  es t imate  of f l  f a r  plutonium t h a t  

i s  based on da ta  €or  humans. 

i 

1 

i 

The main d i f f i c u l t y  with t h i s  approach i s  t h a t  the  s o l u t i o n  €or Y 

w i l l  vary s u b s t a n t i a l l y  a s  es t imates  o f  the body burden and the 

i n h a l a t i o n  in take  vary wi th in  t h e i r  ranges of uncer ta in ty .  In f a e t ,  

since autopsy da ta  do not e s t a b l i s h  a c l e a r  d i f f e rence  between the 

whole-body burdens of the  two groups or between t h e i r  long burdens, one 

cannot use t h i s  method t o  ru l e  out the va lue  f =Y=O, obtained i f  a =a 
1 1 2  

and c =G Although the es t imate  of 9 x agrees wel l  with cur ren t  

e s t ima tes  based on data  €or aon-humans, one must g n e s t i s n  whether the 

agreement i s  f o r t u i t o u s  i n  view of the  u n c e r t a i n t i e s  i n  the c o e f f i c i e n t s  

i n  Eqs. (1) and ( 2 ) .  In the fol lowing it  i s  shown t h a t ,  desp i t e  the 

u n c e r t a i n t i e s  involved, t he  da ta  and general  approach of MnssaPo- 

Rauhamaa and coworkers may be used t o  ob ta in  a reasonably r e l i a h l e  

es t imate  for an upper bound of the GI absorp t ion  f r a c t i o n  f o r  

environmental plutonium. Th i s  upper bound i s  only w f a c t o r  o f  2 h i g h e ~  

than t h e i r  es t imate  f o r  f l .  

1 2' 



The l a r g e s t  e r r o r  assoc ia ted  with an es t imate  of the whole-body 

burden of Pu based on autopsy da ta  genera l ly  a r i s e s  from the  non- 

uniformity of Pa i n  the skeleton.  Mussalo-ltaahamaa and coworkers used 

r i b  samples t o  es t imate  s k e l e t a l  burdens. Various r e s u l t s  i nd ica t e  t h a t  

t he  concent ra t ion  of Pa i n  r i b  may be Bighex than average f o r  the 

ske le ton .  bu t  it i s  probably not lower than average (Messalo-Raahamaa e t  

a l .  1 9 7 9 ) .  Whatever the  d i r e 6 t i o n  of e r r o r ,  t h i s  should be considered a 

systematic  e r r o r  and thus should apply equal ly  t o  Lapps and Southern 

Finns. We a r e  seeking a smal les t  reasonable upper bound for fl, and, a s  

can be shown, the  es t imate  of t h i s  value obtained from the  approach used 

here  w i l l  change i n  propor t ion  t o  systematic  adjustmen%s in est imated 

whole-body burdens. Thus, s k e l e t a l  burdens est imated by Mussalo- 

Raahamaa and coworkers should not be ad jus ted  s ince  t h e i r  e s ros ,  i f  any, 

would probably be on the  high s ide .  

Autopsy da ta  for f i v e  adu l t  male Lapps a r e  l i s t e d  by Mussalo- 

Bauhamaa and coworkers (1984). The maximum est imated body burden of 

these  sub jec t s  ( t h r e e  re indeer  herders ,  a fisherman, and a farmer) i s  

1.56 pCi. Because of t he  r e l a t i v e l y  smali  sample of Lapps considered, 

t h i s  value is adopted here as  a conserva t ive ly  high est imate  of the  

whole-body burden of a t y p i c a l  adu l t  male Lapp. The average whole-body 

burden of 1.37 pCi determined f o r  adu l t  male Southern Finns is  based on 

a r e l a t i v e l y  l a rge  number of samples and w i l l  be adopted for t h i s  

ana lys i s .  

The est imated d i e t a r y  in take  of Pu f o r  the Lapps during the  per iod 

1954-1978 i s  535 pCi (Mussalo-Rsuhamaa e t  a l .  1984). There is no way t o  

determine whether t h i s  is r ep resen ta t ive  of the  sample popula t ion ' s  

in take ,  bu t  it should be a s s w e d  t h a t  some e r r o r  is involved. Since the 

upper-boand es t imate  w i l l  increase as the assumed Pu intake by the 

sample popula t ion  decreases ,  i t  w i l l  be a s s m e d  conserva t ive ly  t h a t  t h i s  

es t imate  i s  50% higher  than the r e a l  value,  which would then be about 

360 pCi. The r e l a t i v e l y  small  d i e t a r y  in take  f o r  Southern Finns has 

l i t t l e  e f f e c t  on t he  f i n a l  es t imate  of fl when allowed t o  vary wi th in  a 

reasonable  range; the o r i g i n a l  es t imate  by Mussalo-Rauhamaa and 

coworkers (1984) of 36 pCi is used here.  



The inhalation intake for the entire lifetime of the Lapps and 

Southexn Finns was based on the estimated air concentration of Pa in 

northern and southern Finland, respectively, and a bxcatbiag r a t e  of 20 
3 m /day  (Mnssalo-Ra9ha aa et  a1L. 1984). I t  was noted that the breathing 

rates o f  the Lapps e same as those of typical So-rathera 

Finns,. since the Lagps axe generally outdoor workers. The amomnt o f  

plutoniaw. inhaled by Lapps was estimratsd as 13 p@i, compared with 18 pCi 

for  Southern PTinns, with the difference arising from the f a c t  that the 

average concentration of Pu. in surface air in the Lapp region was 

astimated t o  be only 7296 of the ConGeutratiQn in southexn Pinland. It 

is assumed here that the inhalation intake by Southern Finns is k Q and 

that Lapps i s  k2(0.72Q), where ki denotes the appropriate bxeatbing 

rate in each case and Q is the integrated concentration of plutonium in 

surface air in southexn Finland. The following equations may then be 

used t o  obtain an upper bound for  fla without having t o  assign a 

numerical value to the breathing rate: 

1 
o f  

From Eq. ( 4 )  we know that Y<Q.0043, Substituting this into  Eq. ( 3 )  

yields X>1.22/klQ, and putting this back into Eq. ( 4 )  gives Y<O.0043- 

0.0024k2/kl. There are two reasons why one might suspect that k2>kf: 

the Lapps may perform heavier work than Finns,  as  an average; and the 

limited autopsy data d i d  not show a. lowor concentration of Pu itl lungs 

of Lapps than in lungs of S o u t h e t ~  FinnsD despite the lower a i r  

concentrations experienced by the Lapps. An a p p e ~  bound for P can be 

found by assuming k -k this g i v c s  Y=f1<0.0019. An iteltation o f  the 

procedure described in this paragraph y i e l d s  f1<0.0017, arnd allowance 
2 1; 

for the small ~ u n t  of plutonium lost from the  body (IC 1979) Between 

1954 and 1978 would ra i se  t h i s  upper bound t o  about Q.002. 

A slightly more detailed descxiption of th i s  work appeared in 

Health Pfivsics (Leggett 1985). 
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Absorption of s eve ra l  rad ionucl ides  present  i n  high-level waste 

(plutonium, americium, and neptunium) has been shown t o  be higher  i n  

neonates than i n  a d u l t s  of var ious  spec ies  by f a c t o r s  of 10-1000. Less 

information is a v a i l a b l e  on absorp t ion  in j uven i l e  animals a f t e r  weaning 

and berore  sexual matur i ty ,  e s p e c i a l l y  i n  animals t h a t  have a p r o t r a c t e d  

j u v e n i l e  per iod s i m i l a r  t o  t h a t  of humans. Except for st ront ium, no 

d i r e c t  information on absorp t ion  by human i n f a n t s  and ch i ld ren  o t  

rad ionucl ides  present  i n  high-level waste is ava i l ab le .  Most of the  

information an absorp t ion  by neonates is from one animal model, the  r a t ,  

but  increased  absorp t ion  by neonates does seem t o  be a general  

phenomenon -- o the r  rodents  (hamster,  guinea p ig )  and nmmals  of o the r  

o rde r s  (swine, sheep, cow, dog) show increased absorp t ion  of plutonium, 

f o r  example. 

I n  f a c t ,  neonates seem t o  absorb metals  i n  general  more than do 

a d u l t s  -- t h i s  is t rue  fox n u t r i t i o n a l  meta ls  such a s  i r o n  and calcium 

and tox ic ,  non-nut r i t iona l  metals  such as l ead  and cadmium (Table I ) .  

The seasons f o r  t h i s  general  increased  absorp t ion  a r e  not completely 

c l e a r .  Many workers have suggested t h a t  the  high r a t e  of p inocytos is  by 

the  e p i t h e l i a l  c e l l s  of the v i l l i  i n  the small  i n t e s t i n e  t h a t  occurs in 

some species  i n  the immediate p o s t n a t a l  per iod  (and is assoc ia ted  with 

absorp t ion  of immunoglobulins and o the r  macromolecules) is the  mechanism 

o r  one of t he  mechanisms involved. However, the  evidence is b e t t e r  f o r  

some metals  than o the r s ,  and there  may be spec ies  d i f f e rences  (Eenning 

and Leeper 1984). Neonatal guinea p i g s  do not absorb immunoglobulins 

p o s t n a t a l l y ,  a l though they do take up macromolecules i n t o  the i n t e s t i n a l  

c e l l s  by p inocy tos i s  f o r  the f i r s t  1-2 days of l i f e  (Clarke and Hardy 

1970; Lecce and Brooghton 1973); Sul l ivan  (1980b) r epor t ed  t h a t  guinea 

p i g s  0.5-1 days o ld  show increased  absorp t ion  of plutoninm, and Harr i son  

( 1 9 8 5 )  r e c e n t l y  found t h a t  neonatal  guinea p igs  o lde r  than 2 days. where 

p inocy to t i c  uptake has  ceased, a l s o  show increased absorp t ion .  Lead i s  

. . . . . ..,...,.. . , . , . . . . ........ . . . . . . .. , , . , . . . . . . . . . . . . . . . .::. , . , . . , . .,. .:. . . . . . . . . . . . , . , . . , . . . . . . . . . . . . 



Actinides 

Th 

Pa 

U 

Np 

PU 

Am 

Cm 

Cf 

Es 

Lanthanides 

Ce 

Pm 

Rat 

Rat 

Rat. 
Swine 

Rat 

Hamster 
Swine 

Rat 

Hamster 
Guinea pig 
Swine 

Cattle 
Dog 

Rat 
Hamster 
Swine 

Rat 
Swine 

Rat 

Rat 

Rat 

Mouse 

Swine 

Rat 
Swine 

Sullivan (198Oh); Sullivan, Miller, and Ryan (1983a) 

Sullivan, Miller, and Ryan (1983a) 

Sullivan (198Ob) 

Sullivan (1980b); Sullivan, Miller, and Ryan (1983h); 
Sullivan, Ruemmler, and Ryan ( 1984) 
Harrison and David (1984) 
Sullivan and Garham (1982) 

Ballou (1958); MaMum and Sikov (1967); Finkel and 
Kisieleski (19?6); Sullivan (1980b); Sullivan and Gorbarn (1982); 
Sullivan, Miller, and Ryan (1983b); Sullivan, Miller, 
and Goebel(l984); Sullivan et al. (1985b) 
Harrison and David ( 1984) 
Sullivan (1980b) 
Buldakov (1968); Sullivan (1979); Sullivan (198Qb); 
Sullivan and Gorham (1982); Sullivan, Miller, and Coebel (1984) 
Sutton et al. (1977) 
Buldakov et al. (1970); Sullivan and Gorham (1982) 

Moskalev et al. (1973); Sullivan (198Qb); Sullivan et al. (198%) 
Harrison and David (1984) 
Sullivan and Gorharn (1982) 

Semenov et al. ( 197 3); Sullivan ( 198 
Sullivan and Gorham (1982) 

); Sullivan et al. (1985b) 

Sullivan (1981db) 

Sullivan (198Ob) 

Inabe and kngemann (1972); Shiraisbi and Ichikawa (1972); 
Eisele et al. (1980) 
Matsusaka et al. (1969); Naharin et al. (1969, 1974); 
Matsusaka (1971); Feige et al. (1973); Eisele et al. (1980) 
Mraa and Eisele (1977~); Eisele et a!. (1980) 

Sullivan, Miller, and Gaebel (1884) 
Sullivan, Miller, and Gwbel (1984) 
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Group 2a 

Ca Rat 

Cattle 
Human 

Sr Rat 

Ba Rat 

Ra Rat 

Group 4a 

S n  Rat 

Pb Rat 

Mouse 
Monkey 
Human 

Transition elements 

Cr Rat 

Mn Rat 
Cattle 

Fe Rat 

co 
Cu 

Zn 

Nb 

Tc 

Ru 

Cd 

Human 

Rat 

Rat 
Sheep 

Rat 

Rat 
Swine 
Sheep 

Rat 

Mouse 

Rat 

Mouse 
Guinea pig 
Swine 

Hg Rat 

Hansard and Crowder (1957); Taylor et al. (1962); 
Ghishan et ai. (1980) 
Hansard et al. (1954) 
Harrison (1959) 

Taylor et al. ( 1962); Forbes and Reina (1972) 

Taylor et al. (1962) 

Taylor et ai. (1962) 

Sullivan, Millet, and Gcsbel (1984) 

Kostial et al. (1971,1978); Forbes and Reina (1972); 
Wenning and Eeeper (1984) 
Keller and Doherty (1980a,b) 
Willes et al. (1977); Pounds et al. (1978) 
Alexander et al. (1974); Ziegler et al. (1978) 

Sullivan, Miller, and Goebel (1984) 

Kostial et al. (1978); Kirchgessner et al. (1981) 
Carter et al. (1974) 

Taylor ( 1962); Ezekiel (1967); Lah and Kaldor (197 1); 
Forbes and Reha (1972) 
Darby et al. (1947); Schulz and Smith (1958); Garby and 
Sjolin (1959); Gorten et al. (1963) 

Taylor (1962) 

Mistilis and Mearrick (1969) 
Suttle (1975) 

Ballou ( 1960); Kirchgessner et al. ( 198 1 ); 
Sullivan, Miller, and Goebel (1984) 

Mraz and Eisele (1977a) 
Mraz and Eisele (1977b) 
Mraz and Eisele (1977b) 

Sullivan, Miller, and Goebel (1984) 

Matsusaka et al. (1969); Matsusaka (1971) 

Kello and Kostial (1977a,b); Kostial et al. (1978,1979); 
Sasser and Jarboe (1977) 
Matsusaka ( 1972) 
Sasser and Jarboe (1979) 
Sasscr and Jarboe ( 1980); Sullivan, Miller, and Goebel (1984) 

Kostial et al. (1978,1979); Walsh (1982) 
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one of t he  b e s t  charac te r ized  metals .  I n  neonatal  miceo l ead  i s  

absorbed gni?laarily i n  the  i l e  ( d i s t a l  small  i n t e s t i n e ) ,  by 

p inocytos is ,  but l ead  is a l s o  absorbed in the: Jeganrurm ( j u s t  proximaJ t o  

1 by a d i f f e r e n t .  bat unknown, me~hanism (Kel lez  am3 Dohesty 

1980a).  In neonatal  r a t s ,  l e a d  is  absorbed pr imar i ly  in the daodenm 

(extreme proximal small i n t e s t i n e ) ,  where p inocytos is  i s  animportant. 

I n  the i l e a  , laad i s  taken ap by the  i n t e s t i n a l  wal l ,  probably by 

p inocytos is ,  but l i t t l e  of t h i s  is absorbed i n t o  the g e n c r a l  

c i r c u l a t i o n .  Most ~f t h i s  l e a d  i s  eventua l ly  re turned  t o  the  conten ts  

of the i n t e s t i n e ,  by slolagbing o f  senescent e p i t h e l i a l  c e l l s *  and 

el iminated wi th  the  f eces  (Henning and Leeper 19884). 

The increased r e t e n t i o n  o f  metals  i n  the  wal l  of t h e  nennatal  s 

y be important for r a d i a t i o n  p r o t e c t i o n ,  s i n c e  metal 

r a d i s n a c l i d e s  may i r r a d i a t e  c e l l s  i n  t h e  i n t e s t i n a l  wa l l ,  including the  

r a d i o s e n s i t i v e  c ryp t  c e l l s ,  f o r  longer pe r iods .  Several a c t i n i d e s  have 

been shown t o  be r e t a i n e d  tenac ious ly  i n  the  i n t e s t i n a l  wall of neonatal  

r a t s  and swine ( S n l l i v a n  1980b; S u l l i v a n  and GoEhaZU 1982). 

Absorption o f  metals by neonates appears t o  be a process  wi th  a t  

l e a s t  two s t e p s :  (1) uptake o f  t he  metal by the  e p i t h e l i a l  c e l l  and 

(21 t r a n s f e r  from t he  e p i t h e l i a l  c e l l  t o  the general c i r c u l a t i o n .  When 

uptake i s  by p inocytos is ,  d i f f e r e n c e s  among metals a r e  probably smal le r  

than when by o t h e r  mechanisms. Grea ter  d i f f e u c e s  among metals  are seen 

with  t r a n s f e r  t o  blood ox lymph; and f o r  r a d i a t i o n  pro tec t ion ,  t hese  

d i f f e r e n c e s  are i Bsxltant bo th  for i r r a d i a t i o n  of t i s s u e s  d i s t a n t  from 

the  i n t e s t i n e  and for i r r a d i a t i o n  of c e l l s  i n  the  i n t e s t i n a l  wa l l .  I n  

a d d i t i o n ,  some metals  may be absorbed i n  p a x $  by routes other  than 

through the  e p i t h e l i a l  c e l l s ,  bnt  these routes  a t e  not well 

charac te r ized  ( s e e  Sweeting, 1984). Damage t o  the i n t e s t i n a l  

epi thel ium, a s  OCGPI.TS i n  d i s e a s e s  such as  c o e l i a c  sprue,  may Peaid t o  

changes i n  absorp t ion  (Walkex 1981). The machsrnisms of absorpt ion of 

vy metals by a d u l t  animals,  e i t h e r  v i a  the  e p i t h e l i a l  c e l l s  QP o t h e r  

rou te s ,  are a l s o  not  weld. known. 

Ham this information on r a t s  and o the r  ma a l s  may be ext rapola ted  

t o  t b e  human i n f a n t  rand c h i l d ,  f o r  t he  purpose o f  estiEa%ing g u t  

absorp t ion  f a c t o r s  for r a d i a t i o n  p r o t e c t i o n ,  i s  problematical .  How 

ortant pinocytos is  is  f o r  rnbsorption by ~~~~ i n f a n t s  i s  not  c l e a r ,  
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al though it appears t h a t  i n f a n t s  do absorb macromolecules t o  a g r e a t e r  

ex ten t  than do a d u l t s  (Walker and I s se lbache r  1974; Walker 3981). The 

time per iod  over which the g r e a t l y  increased  absorp t ion  seen i n  neonates 

of o the r  spec ies  may occur i n  i n f a n t s  i s  a l s o  not c l e a r  -- i t  may occur 

f o r  only a few days or weeks, os it  may OCCDX u t i 1  weaning from a milk 

d i e t .  For p r o t e c t i o n  of the publ ic  from environmental  contamination 

leading  t o  contamination of food and water ,  Harr ison (1982; 1983a,b) has 

proposed increased gut absorp t ion  f a c t o r s  f o r  plutonium, americium, 

curium, and neptunium t h a t  apply t o  the f i r s t  year  of l i f e  {Table 12). 

For a l l  chemical forms of plutonium o t h e r  than the inso luble  oxides and 

hydroxide, he recommends an average value of 1% be appl ied t o  the f i r s t  

t h r e e  months, when the i n f a n t  i s  assumed t o  be on a milk d i e t ;  and 

absorp t ion  is then assumed t o  dec l ine  l i n e a r l y  during the weaning per iod  

t o  0.05% ( h i s  recommended adu l t  va lue)  a t  nine months of age and remain 

a t  0.05% t h e r e a f t e r .  (The ICRP (1979) recommends 0.01% f o r  workers.) 

For an average value t o  apply t o  the e n t i r e  f i r s t  year  of l i f e ,  he 

recommends 0.5%. For the inso luble  oxides and hydroxide of plutonium, 

Be recommends t h a t  average va lues  of 0,1% and 0.05% absorp t ion  be used 

f o r  the  f i r s t  th ree  months and f i r s t  yea r s  r e spec t ive ly ,  and the ICRP 

(1979) value  of 0.001% be used a f t e r  nine months of age. For a l l  

chemical forms of americium and curium, he recommends t h a t  average 

va lues  of 1% and 0.5% absorp t ion  be ased f o r  the f i r s t  t h ree  months and 

f i r s t  year ,  r e spec t ive ly ,  and the ICRP (1979) value of 0.05% be used 

a f t e r  nine months of age. For a l l  chemical forms of neptunium, he 

recommends t h a t  average va lues  of 3% and 0.5% absorp t ion  be used f o r  the 

f i r s t  t h ree  months and f i r s t  yea r ,  r e spec t ive ly ,  and 0.1% be used a f t e r  

nine months of age -- note  t h a t  t h i s  l a t t e r  value,  which i s  1/10 t h a t  

recommended by the ICRP (1980) fox workers, is based l a r g e l y  on da ta  

publ ished a f t e r  the ICRF made i t s  recommendations, Bar r i son  (1983a, p. 

38) s t a t e s  t h a t  in "evaluating the  enhancement i n  the  absorp t ion  of the 

a c t i n i d e s  in newborn animals, e x t r a p o l a t i o n  of the  ava i l ab le  animal d a t a  

t o  absorp t ion  i n  the human is  p a r t i c u l a r l y  tenuous." We agree with t h i s  

s ta tement  and agree t h a t  h i s  proposed values  axe reasonable es t imates ,  

given cu r ren t  knowledge. The Nat ional  Radiological  P r o t e c t i o n  Board of 

the U.K. has adopted these recommended values  f o r  p r o t e c t i o n  of the 

pub l i c  (NRPB 1984). 



For a d u l t s  we xeco end a s l i g h t l y  more conservative es t imate  of 

aments in  Chapter 2 ,  t h i s  Value f o r  gill f O X w S  Qf 

i n  the environment ( s e e  Table 12). 

These es t ima tes  will seed t o  be reviewed periodically as the  

(0.1% 'irs 0 .05%) .  based on the 

mechanisms ~f absorp t ion  o f  a c t i  i des  i n  part ica lar  and i n  heavy 

i n  germanal becomsa b e t t e x  mderstoad.  These e s t i  ates are proba*-Iy 

conserva t ive ,  except perhaps f o r  ch i ld ren  ~ 1 d e . r  than nine months. The 

ques t ion  whether ch i ld ren  o lde r  than nine nxonths absorb a c t i n i d e s  and 

other r ad i snnc l ides  more r e a d i l y  than do adsalts has not been adequately 

addressed in r a d i a t i o n  protection. children ;appear to  absorb several 

times more iron and l ead  than do adnlts (Gorten et al. 1963; Zieg lea :  e t  

a i .  1978) , but  whether t h i s  horn t rue  for a c t i n i d e s  ana o the r  

unknown. We suggest t h a t  assuming rabsoxption of a c t i n i d e s  by c h i l d r e n  

o l d e r  than wine raonths i s  2-3 t i  e s  t h a t  i n  adnlts ( see  Table 12) w 

be prudent  until t h i s  qaes t ion  has been t e s t e d  i n  an animal with  a 

p r o t r a c t e d  j u v e n i l e  period similar t o  t h a t  in  humans ( i t  may be 

necessaxy t o  use R primate model). 

Strontium follows calcium pathways c lose ly ,  and it i s  s f t e ~  lnsed as 

a maxker f o r  c a l c i w  i n  intestinal absorp t ion  s t u d i e s  (Gmaj and 

1984). Strontium absorption i s  nearly 10 in sackling rets,  dec l ines  

t o  about 25% i n  weaned j u v e n i l e s  and t o  about 10 i n  a d u l t s  (Taylor e t  

a l .  1962). H an infants o m  month t o  one year old  absorb about 25 

strontiim i n  t h e i r  norm 1 d i e t s ,  as weasaaed i n  n e t a b o l i c  balance 

s t u d i e s ,  which is wi th in  t h e  range: of absorptioa b~f PQ- 

adalts (Kahn e t  a l .  1969). Kahn e t  a l .  a l s o  ssgorte a2 percentage 

calcium absorption i s  s i m i l a r  in i n f a n t s  and adults (about 48 

Harrison (19591 reached B d i f f e r e n t  conclusion, based on metabolic 

balance s t u d i e s  Bith human subjects with high efa lc im i n t akes ,  The 

i n f a n t s  i n  these studies absorbed 40-50% of the c a 5 c i m ,  whereas 

chi ldren 3-5 years o l d  and adults absorbed l e s s  than 20 Premature 

i n f a n t s  ahsorbed about 7 

e have ronclnded t h a t  absorp t ion  of stao9atiunn hy infants i s  

probably between one and two times that by a d n l t s ,  and the amrunt af 

dietary c w l c i m  may a f f e c t  the percentage absorbed. Absorption hy 

ne5nates may approach I.QO9bO 
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DEVELOPMENT OF THE G.I. TRACT 

The ep i the l ium of the  small  i n t e s t i n e  of mammals i s  imnature a t  

b i r t h ,  and the r e l a t i v e  ma tu r i ty  v a r i e s  widely from spec ies  t o  spec ies .  

There a r e  a number of s t r u c t u r e s ,  enzymes, and processes  t h a t  change 

(mature) during the f i r s t  few days, weeks, o r  months a f t e r  b i r t h  

(Koldovsky 1969). We s h a l l  focus on the process  of p inocytos is  (or 

endocy tos i s ) ,  which i s  a s soc ia t ed  wi th  the uptake of immunoglobulins and 

o t h e r  macromolecules, because i t  has been suggested by many authors  t h a t  

the high absorp t ion  of meta ls  may be v i a  t h a t  mechanism. However, it 

should be caut ioned t h a t  t he re  axe many o the r  d i f f e rences  between the 

immature and mature i n t e s t i n e ,  many l e s s  well  understood than 

p inocy tos i s ,  t h a t  may a f f e c t  absorp t ion  of metals ;  and f o r  some meta ls  

i n  some spec ie s ,  t he re  is  evidsnce f o r  high absorp t ion  independent of 

p inocytos is .  

Uptake and Transport  of Macromolecules by the I n t e s t i n e  

Newborn mammals become immunized t o  c e r t a i n  pathogens pas s ive ly  by 

rece iv ing  maternal immunoglobulins e i t h e r  p r e n a t a l l y ,  p o s t n a t a l l y ,  o r  

both,  depending upon spec ies  (Table 2 ) .  P r e n a t a l l y  immunoglobulins a r e  

passed from the maternal c i r c u l a t i o n  through the yolk-sac or p l a c e n t a l  

membranes, and p o s t n a t a l l y  they a r e  passed from colostrum or milk 

through the i n t e s t i n a l  epi thel ium. Guinea p igs ,  r a b b i t s ,  and man 

rece ive  immunity p rena ta l ly ;  r a t s ,  mice, c a t s ,  and dogs receive immunity 

both p r e n a t a l l y  and p o s t n a t a l l y ;  ruminants, swine, and horses  receive 

immunity only p o s t n a t a l l y .  The colostrum of those spec ies  i n  which 

t ransmiss ion  of immunity occurs a f t e r  b i r t h  i s  cha rac t e r i zed  by i t s  high 

content  of immunoglobulins, i n  con t r a s t  t o  those i n  which sach 

t ransmiss ion  does not occur;  when t ransmission cont inues f o r  a long 

per iod  a f t e r  b i r t h  the  milk a l s o  has a high immunoglobulin conten t ,  bu t  

when t ransmiss ion  is confined t o  a b r i e f  neonatal  per iod  the  i n i t i a l  

high c o l o s t r a l  conten t  f a l l s  very r a p i d l y  t o  a low l e v e l  i n  the milk 

(Brambell 1970). The major immunoglobulin i n  these  spec ies  i s  IgG 

an t ibod ies ,  the  predominant immunoglobulin in serum. In human colostrum 

and milk most of the immunoglobulin is IgA an t ibod ies ,  which a r e  



Tabk 2. T~B: smd 
....... . . ...... ----- .... - - - ~  ....... ~ _ _ _  ........- ___ ...... --.___ 

..... ....... ___ II______ 
_I 

.... .... Postnatal - ~ 

C'!a.ssificatio?I -..- Prenatal ....... - ~ l l l _  ~ 

Infraclass Ordm SpiCS Route Transmission Route Transmission 
_II_ ____ ...-__l...... ___ ....... ............................................... ........... 

Metatberia Marsupialia Wallaby None 0 Gut + 3- 4- (18Bd) 
Eutberia InsmtivcPra Hedgehog Unknowm 4- 

Rodentia" Rat Yolk-sac f Gut. f+- (2M) 
Mouse Yolk-sac? f Gut I-+ 4166) 
Guinea pig Yolk-sac 3- .-t-- t None 0 

Lagnmnrpha Rabbit Yolk-sac + f +  None 0 
Artiodactylab Swine None 0 G u ~  +31- (24-3Sh) 

Cattle, goat, sheep None 0 Gut f -t- -C- (24h) 
Perissodactyla Horse None 0 Gut $- -t- + (24h) 

Primates Monkey, human Placenta +++ CNniVQPa Cat, dog Unknown 3- Gut ++ (1-2d) 
None 0 

_. ...... ~ - - - ~  .... -._-.I__ --.. ...... __x__ _-__ ........ ......I__.- 

"The guinea pig is in a different suborder from that of rats and mice. 
bCattle, goats, and sheep are all in the family hvidae of the suborder Ruminaatia (ruminants). Swine are in a 

different suborder. 

hypothesized to co bat entenis:  pathagens in the Hmen o f  the neonatal 

u t  n 

The pro~ess by which y - g l o b u l i ~ s  and other macromolecnles are taken 

ap by the immature epithelium of the small in te s t ine  and t r a n s p r t e d  to 

h circulation is shown in Figure 1. Material i s  

engulfed by me r a m  of the microvilli and th i s  membrane pinches off to 

form vesicles (phagosames) containing the macsomole6a~les. These 

phagosomes migrate  to  the supranac%ea.c region of tho c e l l ,  where the  

phagolysesomes. Within these structlares  intracellular digestion may 

vesicles coalesce with ~YSQSOEWS to form large vacuoles c a l l e d  

O C C U E ~  and smaller molecullss nay pass through the v e s i c u l a r  membrane 

iata the cytoplasm of the c e l l .  wbcre it m y  be thcn transported to the 

circulation in the normal way. Those p a r t i c l e s  which escape digestion 

are extrndcd into the iatescellalwr space by reverse endocytosis 

(PXOCytOSis). 

Inn animals such a5 ruminants and swine, in  which absorption of 

macromsolecnlcs i s  limited t~ a short per iod  a f t e r  birth (24-36 h), t b c r e  

i s  an intense and ~ o n s o l @ ~ t i v e  uptake and t r anspor t  (P igare  2 ,  r i g h t ) .  

A wide variety of macromolecules such as allbazsnins, globalins, insu l in ,  

enzymesc and the synthetic moleoale  polyvinylpyrroPidone (PW) have been 
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Figure 1. General mechanisms for the uptake and transport 
of macromolecules by the intestine. InhrEettslar optake: 
After adsarption and endocytosis by the microvillous mem- 
brane, macromolecules are transported in small vesicles and 
larger phagmomes. Intracellular digestion occurs when lym- 
some6 combine to form pbagolysosomes. Intact mdecules that 
remain after digestion are deposited in the intercellular space 
by a reverse endocytosis (exocytosis). IntercdttlLrr uptake 
Altcmatively, macromolecules may moss the 'tight junction" 
barrier between cells and diffuse into the intercellular space. 
(Figure and caption from Walker, 1981.) 

Figure 2. Mechanisms of macromolecular 
absorption in the neonatal mammalian intes- 
tine. L& Selective transport of maternal 
Y-globulins in colostrum occurs in thc jejunum 
of newborn rats via a spedfic receptor site (R) 
prc%ent on the microvillous membrane. 
7-Giobulins arc presumed to be protected from 
intracellular lysosomal digestion because of 
attachment to the rcoeptor site and are trans- 
ported in large quantities out of the ell. ftiw 
A nonselective uptake and transport of other 
macromolecules mcurs throughout the small 
intestine of most ownatal animals. Immature 
intestinal absorptive cells engcalf large quanti- 
ties of macmmalecules. After intracellular 
digestion in phagdysosmnes, very small quanti- 
ties are deposited in the intercellular space. 
(Figure and caption from Walker, 1981.) 



18 

In rats and micer which have a prolonged period of absosption o f  

acro99xolecnlas a f t e r  birth 616-20 days), there is a selective absorption 

of 7-globalias (Pigune 2, left). Other large molecules are taken into 

the epithelial cells by pinocytosis, bat y-globulin is transported 

selectively. I t  has been hypothesized that the y-globulin binds to 

receptors within the vesicles and th is  protects it from digestion. 

It is important to distinguish between the processes of uptake OB- 

internalization of macromolecales into the epithelial cells and the 

subsequent transport. into the blood or lymph. The p h 0 1 ~ ~ 1 e a 0 ~  of 

"closu~e" has been variously defined as the cessation of of 

macromolecules or the cessation of uaDtake, and these two processes do 

not necessarily occnr at the same time (Leccc an Broughton 1973). For 

example, the goinsa pig, like man, does not absorb macromolecales after 

birth (Table 2) and its intestine is said t o  bo closed at birth m d e r  

the farmer definition, Howevers its intestinal epithelium does take up 

macromolecales by pinocytosis for 1-2 drays after birth (Clarke and Hardy 

1978; Lecce and Broughton 19731, and its intestine is said t o  be closed 

st 1-2 drays of age under the latter definition. The rabbit, which also 

receives passive immunity prenatally only, can take up macromolecules 

until aboat 23 days o f  ago (Clarke and Bardy 1970; L ~ G c ~  and Bsoughtan 

1973). In the swine;, which receives passive immunity after birth ,  the 

entire small intestine exeopt the proximal duodenum caw both take up and 

transport macromolecules during the first 24-36 h of life. Aften this 

time the ability to transport is l a s t ,  but  the epithedianrn can still take  

olecules by pinocytosis until aboat 18-20 days of age. 

Starting at the time the ability to transport ceases, there i s  also a 

gradual l a s s  of the ability to internalize macro the 

proximal small intestine lases this function first and the loss proceeds 

distally toward the ileum8 which is the last to loss the function (Lecce 

1973). En rats and ice, cells in the jejlnauap and ileum take up 

o lecu les  nonselectively ( C l a r k  1959; Clarke and Hardy 1969; S ~ l a r i  

a t  al, 19841, but only in the jejunal c e l l s  is thesk: selective transport 

of y-globulin (Rodewald 1970, 1973; Hackennie 19721. This distinction 
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between uptake and t r a n s p o r t  may be important i n  absorp t ion  of metals. 

For example, we may specu la t e  t h a t  i n  c e l l s  where ma te r i a l  i s  taken up 

by p inocy tos i s  but  t r a n s p o r t  of macromolecules i s  absent ,  a metal  could 

s t i l l  be absorbed i n t o  the  c i r c u l a t i o n  by pass ing  through vacuolar  

membrane with d i g e s t i v e  breakdown products  and then pass ing  through the 

c e l l  membrane; a l t e r n a t i v e l y ,  the  metal  could be t i g h t l y  bound t o  

m a t e r i a l  t h a t  does not pass  out of the  vacuole or c e l l  and be excre ted  

a f t e r  the senescent  c e l l  i s  sloughed i n t o  the i n t e s t i n a l  lumen. 

the 

A m l i c a t i o n  to & 

Lecce and Broughton (1973) have hypothesized t h a t  nonse lec t ive  

uptake of macromolecules is  a genera l  phenomenon i n  immature mammalian 

i n t e s t i n a l  epi thel ium. They specula te  t h a t  t h i s  process  a l s o  occurs  i n  

human neonates from the  fol lowing evidence: p inocy to t i c  processes  have 

been seen i n  e l e c t r o n  micrographs of human f e t a l  i n t e s t i n e ;  neonates fed  

cow's milk may develop c i r c u l a t i n g  an t ibod ie s  t o  cow's milk p r o t e i n s  o r  

they may develop an a l l e r g y  t o  these  p r o t e i n s ,  which suggests  t h a t  small 

amounts of these p r o t e i n s  were absorbed. Others have repor ted  t h a t  a 

l a r g e r  percentage of i n f a n t s  under 3 months of age have serum samples 

conta in ing  an t ibod ie s  t o  food an t igens  than  do those exposed t o  an t igen  

a f t e r  3 months, which suggests  t h a t  food p r o t e i n s  a r e  absorbed i n t o  the 

c i r c u l a t i o n  more r e a d i l y  during the f i r s t  t h ree  months of l i f e  than 

l a t e r  on ( s e e  Walker, 1981). What e f f e c t  t h i s  may have on absorp t ion  of 

metals  is unknown, but  i t  suggests  t h a t  human neonates could a l s o  show 

enhanced absorpt ion.  

ABSORPTION OF METAL RADIONUCLIDES AND SELECTED mHER METALS 

The absorp t ion  by young mammaLs of plutonium, americium, neptunium, 

and s t ront ium -- rad ionucl ides  present  in high-level waste -- i s  

reviewed here .  Because cusium is s imi l a r  t o  americium in many 

p r o p e r t i e s ,  it i s  a l s o  included, and the sparse  d a t a  on o the r  a c t i n i d e s  

i s  reviewed b r i e f l y .  Although the mechanisms of absorp t ion  of metals  in 

general  is beyond the  scope of t h i s  review, the  work on severa l  metals  

o t h e r  than those found i n  high-level  wastes g i v e s  usefu l  i n s i g h t s .  Thus 



the absorp t ion  of i r o n  and l ead  by ~ Q X D ~  ma a l s  w i l l  be reviewed 

b ~ i e f l y .  I r o n  is of i n t e r e s t  becaase fEV) and, t~ a l e s s e r  ex ten t ,  

(111) have some pkysical. and chemical s i n i l a r i t i e s  t o  

Pe(III), Absorption of i ron  and lead is  e l eva ted  (compared w i t h  a d u l t s )  

long a f t e r  the rrealaataal period i n  c h i l d r e  and t h i s  r a i s e s  ques t ions  

sbaaat poss ib l e  incneased absorp t ion  of o the r  metals  i n  c h i l d r e n  daring 

the period from infancy t o  ada l thos  II Experiments on absorp t ion  of lead 

i n  the m c n a t a l  r a t  and mome iar tes t ine y i e l d  i n s i g h t s  QP ~ ~ ~ ~ ~ n i ~ ~ s  and 

s i t e s  of sbsorption t ha t  may or ay not  apply t o  other metals ,  

An excellent review of the  absorp t ion  of p lmton iw,  americium, and 

by adult and neonatal. mmaLs has been published by Harrison 

I s  and h i s  ~ e c o ~ ~ ~ d e d  values  f o r  absorp t ion  of t 

rad ionncl ides  by i n f a n t s ,  ch i ld ren ,  and s d a l t s  have been adopted by the  

Nat ional  Radiological  P ro tec t ion  Board of the  TI.$. ( B 1984). oar 

Tables 3-5 and 7-8 a r e  s i m i l a r  t o  h i s  t a b l e s  but are arranged 

d i f f e r e n t l y  t o  h igh l igh t  cer ta in .  r e l a t i o n s h i p s  ( a s  f a r  as possible, the  

t a b l e s  are arranged by chemical fo rms spec ies ,  and age3 i n  t h a t  o r d e r ) ;  

some add i t iona l  information is  included i n  o w  t a b l e s ,  and r ecen t ly  

publ ished resalts  have been added. 

Data an the  absorp t ion  of the  n i t r a t e ,  the  c i t r a t e  complex, and 

71 i o l a g i s a l  l y  incorporated I' forms af p lu ton i  

given in Tables  3-5. Data on the  more inso luble  oxides a r e  given i n  

ie 7. NQ a t a  are  ava i l ab le  f o r  absorpt ion by i u f a n t s  OF ch i ld ren ,  

bat t he re  axe data. f o r  a v a r i e t y  o f  species -- r a t s ,  hamsters,  guinea 

p i g s ,  swine, c a t t l e ,  and dogs -- e s p e c i a l l y  i n  the  immediate p o s t n a t a l  

pe r iod ,  

The most s t r i k i n g  aspec t  of t he  da t a  is  t h a t ,  f o r  bhe soluble 

formso absorp t ion  i s  very much higher i n  neonatal  animals than i n  a d u l t s  

(Tables; 3-51. Retent ion of plataninna i n  the i n t e s t i n a l  wal l  and 

contents i s  also much higher  and longer  l a s t i n g  than in a d a l t s  ( t h e  



TaMe 3. Absorption of pImtoniUm nitrate by young rats 

Isotope Dose Number Total 9b 46 retained in intestine 

Contents 
and of *g= Reference (days) retained" Wall oxidation state Mass Activity animals 

238(IV) 

238(IV) 

238 

238 

239(VI) 
23761V) 
238(IV) 
238(VI) 
239(iV) 
239tVX) 

237 
239 

237/239 
239 

238 
239 

241(IV) 

238 

6 ~ C i  

0.037pCi 
0.39 
4.1 
0.037 
0.39 
4.1 

60pCi/kg 

SOpCi/ kg 

3pCi 

2.0pCi 
0.05 
2.0 
2.0 
2.0 
2.0 

3.'IpCi/kg 
240 

0.9pCi/kg 
120 

23OpCi/kg 
130 

2.8pCi 

220#Ci/kg 

35 

2 
3 
3 
1 
3 
3 

3 

3 

11 
4 
3 
7 

17 
5 
8 
9 
9 

6 
10 
8 

10 

6 

13 

1 
2 
7 

10-13 
21 
33 
39 
45 
56 
84 
4h 
4h 
4h 
1 
1 
1 

1 
1 

1 

1 
2 
2 
2 
2 
2 

2 
2 

2 
2 

2 
2 

3 

4 

0.25 
0.18 
0.10 
0.1 1 
0.019 
0.002 
0.003 
0.002 
0.013 
0.004 

5.1 
4.7 
5.9 
2.9 
1.6 
2.4 

1.6 
1.8 

2.8 

1.4 
2.8 
2.2 
3.6 
0.4 
0.7 
1.7 
0.3 
2.4 
1 .O 
2.3c 
0.9 

1.6 

3.0 

47 28 
21 24 
1.6 6.1 
61 30 
32 28 
1.3 6.8 

34 26 

40 26 

11 I1  
40 11 
0.75 0.55 
9.5 1.7 
4.6 3.0 
4.7 3.6 

(67Ib 
(36)b 

(4.2)b 
(23)' 

46 27 

Ballou (I958) 

Sullivan (1980b) 

Sullivan (1980b) 

Sullivan and Gorham (1982) 

Sullivan and Gorham ( 1982) 

Sullivan ( 1980b) 

Sullivan and Gorham (1982) 

Sullivan, Miller, and Ryan (1983b) 

Sullivan et al. (1985b) 

Sullivan (1980b) 

Sullivan and Gorham ( 1982) 

"Amount retained in body, except GI tract, at 21 days (Ballou) or 7 days (all others) after administration. Results by Sullivan, Miller, 

bWall and contents combined. 
This experiment is apparently identical with one reported in Sullivan, Milier, and GoebeJ (1984). 

and Ryan also exclude skin. 



Isotope Dose Number Interval between Tatal % % retained in intestine 

Contents 
Referen% retained" Wail Species and of (dayyj Age gavage and 

oxidanion state. Mass Acliviry animals necropsy (days) 

Guinea. pig 238 

Dog 238 

Dei: 239 

Swine 238 

Swine 238 

Swine 238 

Swine 239IIV) 
(vu 
(IV) 
(VU 

Swine 238 

Swirie 23% 

Swine 238 

Swine 238 

Swine 238 

23pglkg 4OOpCi/kg 

1.5/rg/kg 25pCilkg 

20pCiJkg 

24pCi 
17 
24 
17 
15-20pCi/kg 

15pCi 

65pCi 

14pCil kg 

14pCiJkg 
7 
4 
4 

2 0.5 
2 1 
5 2 

2 2  3 

2 2h 

I 0.5 
1 0.5 
2 0.5 
a 0.5 
2 1 
2 I 

2 1 

2 1 
2 1 
2 1 
2 1 

3 1 
3 1 
3 2 

2 5 

2 5 
2 10 
4 14 
3 21 

3.5 
3 

7 

1 

36hC 

3.5 
7.5 

12.5 
21.5 
10 
9 

7 

7 
7 

21 
21 

1 

2-4 

7 

7 

7 
7 
7 
7 

3.3 
2.3 

6 

0.14* 

41 

3Ic 
3oc 
26c 
29c 
42f 
79f 
1 3  

11 
16 
11 
17 
i 80 

15 
22 

7.4 

5.4 
1.9 
0.3 

32 

8.1 9 
0.8 23 
1.2 8.3 

up to 56 

32d 0.8d 

4 
1.4 0.08 
0.3 0.W2 
21 
15 9 

25 36 

43 1.4 
51 6.3 

619 
64g 

3 7 h  

54 I I  
42 13 
6.5' 25 
0.05' 0.3 

Sullivan and C;orh%m (1982) 

Buldakov et al. ( 1970) 

Sullivan (1979) 

Sullivan ( 1930b) 

Sullivan and Gorham (1982) 

Sullivan and Gorham 6,1982) 

ha 
h, 

Sullivan and Gorham (1982) 

Sullivan and Gorham (1982) 

Sullivan, Miller, and &bel (1984) 

Sullivan and h r h m  (1982) 
Sullivan and Gorham (1982) 

"Amount retained in M y ,  except GI tract, at various times after administration. Values of Sullivan and co-workers for dog and swine, except the one labeikd with footnote 

bArnount retained in skeleton and liver. An additional 1% was retained in ?he remaining carcas8 (artefact?). 
%esser amounts were retained at 6, 12, and 24h, in part due lo substantial retention in contents of stomach, but retention in stomach was only 3% at 36h. 
dSrnall intestine only. Retention in large intestine wall and contents war 5%. 

/Nursed by sow. 
CNot clear whether this includes the contents aim. 
"Small intestine only. 
iSSmall intestine only. Retention in small intestine wail of the 5- and I0-day-old swine in this experiment was 51 and 40%. respectively. 

a, also exciude skin. 

synthetic diet after birth. 



Table 5. Absorption d citrate complexes and "Moto~caUy iecorporrte8" forms of plptoaiua by young wmmlla. 
~ ~ ~ ~ ~~ ~ 

Interval between Total Z 
Age gavage and retained Reference 

Number Isotope Dose 
Species and of 

chemical form Mass Activity animals (days) necropsy (days) or absorbed" 

Rat 239 citrate 3 1 4h6 0.46 Mahlum and S i o v  (1967) 
3 20 0.14 
3 21 0.10 
3 35 0.16 

Rat 237 /239 citrate 0.6pgIkg 0.9&i/kg 1 1  2 7 1.8 Sullivan, Miller, and Ryan 
237 citrate 1900 120 7 2 2.8 (1983b) 

Rat 238 citrate 1 1 4  kg 2oOfiCi/kg 8 2 7 2.2 Sullivan et al. (1985b) 
239 citrate 2040 130 I 2 1.7 

Rat 238 citrate lOrg/kg 170&i/kg 6 

1 40 6 238 citrate added 8.4 
to liver 

238 incorporated 
in liver 5.7 

Rat 239 citrate 80ng 
180 
340 
290 
370 

239 incorporated in 
goat milk 38 

85 
130 
180 

0.3 
Hamster 239 citrate 0 . 3 ~  

0.7 
3 
7 

Dog 239 citrate 

Swine 239 citrate 5 30% 

95 

5.OnCi 
11 
21 
18 
23 

2.4 
5.3 
8.4 
11 
0.02pCi 
0.02 
0.04 
0.2 
0.4 

3 3rCi 

6 

6 
11 
10 
10 
10 

11 
12 
IO 
10 

5 
6 
9 
6 
6 

3 2  

3 

7 7 
7 

7 

7-16 2-1 1 
27-36 
46-55 
76-85 

245-254 

7-16 
27-36 
62-7 1 

230-239 

1 
4 
7 

22 
30 
3 1 

75c 1 

3.3 Sullivan et al. (1985b) 

2.3 

1.9 

2.w Finkel and Kisideski (1976) 
0.08c 
oe 
oe 
oc 
3.2' 
0.24' 
0.3c 
OE 

3.5 Harrison and David (1984) 
1.4 
0.02 
0.007 
0.003 

0.7$ Buldakov et al. (1970) 

0.19 Buldakov (1968) 

o.4g Sutton et al. (1977) 2-8 Cattle 239 citrate added to cow milk 4pg/kg/d 0.3pCilkgjd 3 4-7 to 10-13 
239 incorporated in 

cow milk 4 7-8 to 13-14 0.56 

"Amount retained in body, except GI tract and skin. Results of Mahlum and Sikov include skin. Results of Harrison and David are by a dif- 

6Approximately the same amount was retained after 6 days for the I- and 20-day old rats, but only half as much for the 21- and 35-day olds. 
'"Amount retained 2 days after last dose. Animals were administered Pu for 10 successive days. 
d0.7% was retained in skeleton and liver; 5% WQS retained in the remaining carcass (artefact?). 
eStill suckling. 
fAmount retained 2 days after last dose. Animals were administered Pu for 7 successive days. 

ferent method, wherein retention in certain tissues is compared with retention after injection of Pu citrate and thus is an estimate of absorption. 

h, w 
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longer  presence i n  the  con ten t s  is  probably due: t o  s lou  

senesoeat  e p i t h e l i a l  c e l l s  t h a t  have r e t a i n e d  plutonium t enac ious ly ) ;  

t h i s  phenomenon could have important consequences on r a d i a t i o n  doses t o  

the r a d i o s e n s i t i v e  c ryp t  c e l l s  o f  t he  i n t e s t i n a l  e p i t h e l i  

E f f e c t  of spec ie s .  Rats ,  hamstersI  guinea p i g s ,  and dogs absorb a s  

of so lub le  forms o f  plutonium adminis tered by stomach tube 

i n  the  f i r s t  f e r  hours o r  days 0f l i f e ,  which i s  about 108 t imes 

than  i s  absorbed by a d u l t s  o f  these  spec ie s ,  C a t t l e  1-2 weeks o ld  

of plutonium adminis tered over  a seven-day per iod;  no da t a  

on absorp t ion  by ca lves  younger than  t h i s  a r e  ava i l ab le .  Swine absorb 

10-80% during the  f i r s t  s eve ra l  days o f  l i f e ,  abont 10,000 times more 

than the: 0.001-0.003% repor ted  t o  be absorbed by a d u l t s .  (This  f i g u r e  

for t he  adu l t  i s  based on the  n i t r a t e ,  and abso rp t ion  of the  c i t r a t e  

complex and o the r  organic  forms mag be h igher  i n  a d u l t s ;  neve r the l e s s ,  

abso rp t ion  by neonata l  swine i s  very  much h igher  than by o t h e r  spec ies ;  

see Harr i son ' s  review f o r  da ta  on absorp t ion  by a d u l t s . )  Swine and 

o the r  spec ie s  of the  Order Ar t iodac ty la  absorb l a rge  q u a n t i t i e s  of 

unoglobnlins during the  f i r s t  24-35 hours of l i f e  (Table 2 ) .  The 

extremely laxge percentage of plutonium. absorbed by swine ay be r e l a t e d  

t o  t h i s  phenomenon and probably has no re levance t o  hman 

However, among the  spec ie s  t h a t  absorb 3-6% of so luble  plutonium 

compounds neonatal  r a t s ,  hamsters,  and dogs absorb moderate amounts of 

immunoglobulins while  neonatal  guinea p i g s  absorb no i 

(Table 2 ) .  (Although guinea p igs  absorb no i unoglobulins p o s t n a t a l l y ,  

uptake of macromolecules i n t o  the  i n t e s t i n a l  c e l l s  by p inocy tos i s  does 

occur  f o r  1-2 days a f t e r  b i r t h  (Clarke and Bardy 1970; Lccce and 

Bronghton 1973). S u l l i v a n ' s  (1980b) work was with  guinea p i g s  8.5-1 

days old, but  r e c e n t l y  Harr ison (1985) has found t h a t  guinea p igs  o lde r  

than 2 days absorb plutonium a t  a s i m i l a r l y  h igh  r a t e . )  Absorption o f  

plutonium by o thes  spec ie s  t h a t  absorb no inmanoglobalins p o s t n a t a l l y  

(primates, r a b b i t s )  has not been t e s t e d .  

E f f e c t  of g ~ .  This extremely h i  h abso rp t ion  l a s t s  f o r  only a 

very short per iod .  S u l l i v a n  (1980b) r epor t ed  t h a t  i n  r a t s  absorp t ion  of 

238Pu n i t r a t e  decreased from 5-6 a t  age four hours t o  2-3% a t  one day. 

Rallou ( 1 9 5 8 )  r epor t ed  t h a t  i n  r a t s  abso rp t ion  o f  239Pu n i t r a t e  decreased 
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s t e a d i l y  from 0.25% a t  age one day t o  0.18, 0.10, 0.11, 0.02, and 

0.002-0.004% a t  ages 2, 7, 10-13, 21 (age of weaning), and 33-84 days, 

r e s p e c t i v e l y ;  t he  l a t t e r  a r e  s i m i l a r  i o  a d u l t  values  measured by hint 

( t h e  lower absorp t ion  a t  age one day found by Ballou may r e s u l t  from the 

h igher  masses of plutonium t h a t  he adminis tered -- see  d i scuss ion  of 

mass e f f e c t s  below). Mahlum and Sitov (1967) repor ted  t h a t  0.46% of 

*39Pu c i t r a t e  was absorbed by r a t s  one day o ld  (mass in tuba ted  not 

r e p o r t e d ) ,  whereas r a t s  20-35 days old absorbed O.lO-O.P5%. F inkel  and 

K i s i e l e s k i  (1976) repor ted  t h a t  absorp t ion  by r a t s  of 239Pu as the 

c i t r a t e  complex or in goat milk was very  much lower a f t e r  weaning ( see  

Table 5 ) .  

Hamsters a r e  a l s o  weaned a t  about t h ree  weeks of age, bu t  uptake of 

macromolecules by p inocy tos i s  ceases  a t  about 5 days of age (Lecce and 

Broughton 1973). Absorption of a3sPu c i t r a t e  dec l ined  from 3.5% a t  age 

one day t o  1.4, 0.02, 0 . 0 0 7 ,  and 0.003% a t  ages 4,  7, 22, and 30 days,  

r e spec t ive ly  (Harr i son  and David 1984) -- note  the 70-fold dec l ine  

between 4 and 7 days of age. In swine absorp t ion  of immanoglobulins and 

o t h e r  macromolecules oGcurs only during the f i r s t  24-36 h a f t e r  b i r t h  

(Table 2); l o s s  in p inocy to t i c  uptake,  however, occurs  gradual ly  -- i t  

begins  a t  the duodenum a t  24-36 h and proceeds caudal ly  toward the  ileum 

a s  the p i g l e t  ages t o  about 3 weeks (Lecce 1973). Absorption of a3 rPu  

n i t r a t e  dec l ined  from 12% a t  age f i v e  days t o  5.4, 1.9,  rand 0.3% a t  ages 

10,  14, and 21 days,  r e spec t ive ly ;  absorp t ion  a f t e r  weaning 16-8 weeks) 

was not measured (Su l l ivan  and Gorham 1982). 
E f f e c t  of mass. For a d u l t  mammals there  a r e  c o n f l i c t i n g  r e s u l t s  on 

the  e f f e c t  of mass o r  concent ra t ion  of plutonium adminis tered.  Su l l ivan  

r e p o r t s  t h a t  a smaller  percentage of plutonium is absorbed when high 

masses a r e  given, bu t  o the r  workers r epor t  no d i f f e sences  aver  wide 

ranges ( see  Harr ison,  1983a). Sul l ivan  has repor ted  t h a t  severa l  

experiments on the absorp t ion  of plutonium n i t r a t e  i n  neonatal  r a t s  four  

hours t o  two days o ld  a l s o  show a mass e f f e c t ;  furthermore.  the 

percentage of plutonium r e t a i n e d  tenac ious ly  i n  the i n t e s t i n a l  wal l  and 

conten ts  is a f fec t ed  by mass adminis tered (see Table 3,  r e s u l t s  of 

Sul l ivan ,  1980b; Sul l ivan  and Gorham. 1982; and Su l l ivan ,  Mi l l e r ,  and 

RyanB 1983b). The r e s u l t s  from these  experiments and o t h e r s  l i s t e d  i n  



Table 3 t h a t  p e r t a i n  t o  one- o r  two-day-old rats a r e  combined and 

p l o t t e d  i n  Figure 3 .  The percentaga of plutonium absorbed was f a i r l y  

from doses of about t o  10 pg/kg and f e l l  t o  lower v a l u e s  

The plerGentsge r e t a i n e d  i n  the: i n t e s t i n a l  w a l l  and 

c o n t e n t s  one week a f t e r  a d m i n i s t r a t i o n  was 45-80% from t o  4. p g l k g  

d f e l l  t o  lower values above 10 pglkg .  For t h e  purpose of a s s e s s i n g  

r a d i a t i o n  doses t o  t h e  p u b l i c  from e n v i r s  e n t a l  contaminat ion ,  t h e  

lues of absorp t ion  and r e t e n t i o n  a t  the lower masses m e  of 

i n t e r e s t .  

of chemical form. Adult mammals absorb s u b s t a n t i a l l y  

platoraiam c i t r a t e  than n i t r a t e  and o t h e r  inorganic  formsp probably  

because the c i t r a t e  complex i s  hydrolyzed l e s s  r e a d i l y  i n  the  i n t e s t i n e  

(Hebfrison 18 SUlliYall and Co-ViorkerS have r e p o r t e d  four 

experiments  w i t h  n e o n a t a l  r a t s  t h a t  t e s t  t h e  a b s o r p t i o n  o f  c i t r a t e  v s  

t e  foxms, and they axe c o l l e c t e d  i n  Table  6 and arsranged by mass of 

dose adminis te red .  A t  h igh  doses  (2040 and 1875 p g l k g )  the 

data snggest  t h a t  m ~ r e  of the c i t r a t e  form is absorbed,  b u t  i t  is n o t  

conclus ive :  a t  2048 pg/kg t h e  c i t r a t e  a b s o r p t i o n  was about twice t h a t  

of n i t r a t e  a b s o r p t i o n ,  b u t  the  d i f f e r e n c e  is not s t a t i s t i c a l l y  

s i g n i f i c a n t ;  a t  1875 pg/kg t h e  c i t r a t e  absorption i s  about t h r e e  t imes 

t h a t  of n i t r a t e  a b s o r p t i o n ,  and t h e  d i f f e r e n c e  i s  a t  the  b o r d e r l i n e  o f  

s i g n i f i c a n c e  (pE0.05) when t e s t e d  w i t h  a t - t e s t  modif ied t o  take  i n t o  

account  the  h i g h l y  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  v a r i a n c e s  i n  the two 

samples (Sokal wad Rohlf 1960, p .  37.6). A t  t h e  dose of 11-13 pg/kg9 

a b s o r p t i o n  of t h e  two forms was v i r t u a l l y  i d e n t i c a l ;  a t  the  dose of 0 . 6  

pglkgp a b s o r p t i o n  of t h e  n i t r a t e  form was s l i g h t l y  h i g h e r  (2 .4  vs 1.8%), 

but the  d i f f e r e n c e  i s  a g a i n  apt t h e  b o r d e r l i n e  of s i g n i f i c a n c e .  There 

were no s i g n i f i c a n t  d i f f e r e n c e s  between the c i t r a t e  and n i t r a t e  forms a t  

any doss  l e v e l  i n  the O U A ~  of plutonium r e t a i n e d  i n  the  i n t e s t i n a l  

w a l l  and c o n t e n t s  seven days a f t e r  a 

Two experiments  have been performed t o  t e s t  t h e  e f f e c t  of 

bio logica l .  i n c o r p o r a t i o n  of plutonium i n  milk ( s e e  Table  5 ) .  Calves 4-8 

days old at t h e  s t a r t  of an experiment  absorbed 0.5% of zs9Pu 

adminis te red  over  a seven-day per iod  when. given e i t h e r  as the c i t r a t e  

lex added BO cow's milk 03: i n c o r p o r a t e d  i n  cow's milk ( S u t t o n  a t  a l .  

19793. Rats seven days o l d  a t  t h e  s t a r t  of an experiment absorbed 2,O 
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Figure 3. Amount of plutonium nitrate absorbed (above) or retained in wall and contents of GI 
tract seven days after administration (below) in one- and two-day-old rats. Amounts are given as 
percentages of gavaged dose. Plutonium was administered as a single dose. Results for the 4h-old 
rats and for Pu(V1) are omitted because of demonstrated age effects between four hours and one 
day and demonstrated effects of oxidation state. 
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IsotopF 239Pu 238Pu 2371239~~ 
.._ 

Chemical farm Nitrate Citrate Nitrate Citrate Nitrate Citrate Nitrate Citrate 

Dose ( L C g / W  2040 2040 1875 1375 13 11 0.6 0.6 
Mse (cCi/kg) 125 125 115 115 230 200 0.9 0.9 

No. of animals 10 7 10 7 8 8 6 11 

% absorbdb 0.9k0.1 1.7k0.8 1.OkO.1 2.8i0.8 2.3k0.2 2.2k0.1 2.4-tO.3 1.820.1 
'vo retained in 

Cil tract' 
22.522.6 25.0zk3.6 36-+3 2 7 k 6  4.211.5 4.4k0.8 6 7 k 1  6 2 k 2  

'Res~lts of S ~ l i ~ a n ,  Miller, and Ryan (1983b) and Sullivan et al. (198Sb). 
bMulean f standard error of the mean. 
'In wall plus contents seven days after gavage. 

of 239Pu c i t r a t e  given over a ten-day p e r i o d ,  and they  absorbed 3.2% of 

z39Pu incorpora ted  i n  goat's milk;  r a t s  o f  age 27 days absorbed 0.08% and 

0.24%, r e s p e c t i v e l y  (Pinkel and K i s i e l e s k i  19766). Howeves, t h e  c i t r a t e  

was a p p a r e n t l y  slot given wi th  m i l k . ,  which complicates  t h e  i n t e r p r e t a t i o n  

o f  t h i s  experiment ,  and the s t a t i s t i c a l  s i g n i f i c a n c e  of t h e s e  

d i f f e r e n c e s  vas not s t a t e d .  Thus t h e r e  i s  no good evidence t h a t  

b i o l o g i c a l  i n c o r p o r a t i o n  i n t o  milk i n c r e a s e s  a b s o r p t i o n  over  t h a t  o f  the  

c i t r a t e  complex., and the  experiment wi th  c a l v e s  sugges ts  t h a t  it does 

not. 

The e f f e c t  o f  b i o l o g i c a l  i n c o r p o r a t i o n  i n t o  l i v e r  has been t e s t e d  

by S u l l i v a n  e t  a l .  (1985231. Seven-day--old r a t s  were avaged w i t h  e i t h e r  

23aPu c i t r a t e ,  23aPu c i t r a t e  added t o  l ivez . ,  or z38Pu b i o l o g i c a l l y  

incorpora ted  i n  r a t  l i v e r  and suspended in a 5% c i t r a t e  s o l u t i o n .  The 

amounts absorbed were 3.3 2 0.3%, 2,3 2 0.2 * and I,!? 5 O.lW, 

r e s p e c t i v e l y ;  t h e  amounts r e t a i n e d  i n  the i n t e s t i n a l  wal l  and c o n t e n t s  

S B V B P X  days a f t e r  gavage v e r ~  3.3 5 3.5%., 52 5 6 # and 5 5  2 3%, 

r e s p e c t i v e l y  (wean 5 S.E.M.; six animals  i n  each group) .  There appears 

t o  be no e f f e c t  of b i o l o g i c a l  i n c o r p o r a t i o n ,  b o t  some e f f e c t  of the 

l i v e r  meal, e s p e c i a l l y  i n  r e t e n t i o n  in the  i n t e s t i n e .  

Thus fox p r o t e c t i o n  of t h e  p u b l i c  from environmental  conta  

at low l e v e l s ,  i t  should be a s s w e d  t h a t  i n  the  neonata l  p e r i o d  t h e r e  

a r e  no d i f f e r e n c e s  i n  a b s o r p t i o n  among r e l a t i v e l y  soluble: inorganic  

f o m s  swch as  n i t r a t e s ,  o rganic  complexes such as c i t r a t e s ,  or 

b i o l o g i c a l l y  incorpora ted  plutonium. 
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Reported absorp t ion  of plutonium oxides  by a d u l t  m a m m a l s  ranges 

from 0.000003% t o  0.02%; t h e  wide range i s  probably i n d i c a t i v e  of a wide 

range i n  the s o l u b i l i t y  of the oxide p repa ra t ions  (Harr ison 1983a).  

Two-day-old ra t s  absorbed 0.OP-O.079b of plutonium oxide i n  va r ious  

forms; one-day-old swine absorbed 0.04-0.2%; and one-day-old dogs 

absorbed 0.5% (Table 7 ) .  These values  a r e  higher  than f o r  a d u l t s ,  bu t  

they a r e  cons iderably  lower than the amounts of so luble  plutonium 

compounds absorbed by neonates.  Retent ion wi th in  the i n t e s t i n a l  wal l  

and conten ts  i s  a l s o  very much l e s s  f o r  the  more inso luble  oxides of 

plutonium (Table 7 ) .  
E f f e c t  of ox ida t ion  s t a t e .  I n  a d u l t  mammals '@under normal non- 

f a s t i n g  condi t ions  the absorp t ion  of plutonium is independent of the 

valence s t a t e  i n  which it is  ingested probably because the higher  

ox ida t ion  s t a t e s  a r e  reduced in the  ac id  condi t ions  of the  stomach" 

(Harr i son  1983a, p .  2 6 ) .  Plutonium n i t r a t e  is  absorbed by two-day-old 

r a t s  and one-day-old swine about 40-70% more when given i n  the 

hexavalent s t a t e  than i n  the t e t r a v a l e n t  s t a t e  (Su l l ivan  1980b; Su l l ivan  

and Gorham 1982). The r a t s  were given 0.12 pg of llasPu n i t r a t e  or 32 pg 

of 239Pu n i t r a t e  i n  each ox ida t ion  s t a t e .  A t  the  lower mass 2.2% of the 

Pu(IV) and 3.6% of the  Pu(VI1 were absorbed; and a t  the higher  mass 0.4% 

and 0.7% were absorbed. A t  the lower mass Q.89 of the Pu(IV) 

adminis tered was r e t a ined  i n  the i n t e s t i n a l  wal l  a f t e r  seven days, 

whereas 9.5% of the  Pu(V1) was so r e t a ined .  A t  the higher  mass, 

however, about 5% was r e t a i n e d  f o r  each oxida t ion  s t a t e .  The swine were 

given 380 pg af 2 f 9 P ~ ( I V )  o r  270 pg of 2s9Pu(VI) n i t r a t e ;  11% of the 

Pu(IV) and 16% of the Pu(VI) were absorbed. About 25% of the  plutonium 

was r e t a ined  a f t e r  seven days i n  the wal l  of the  small i n t e s t i n e ,  and 

about 209b was r e t a ined  i n  the wal l  of the  l a rge  i n t e s t i n e ,  independent 

of ox ida t ion  s t a t e .  

Harr i son  (1983a, p. 30)  suggests  t h a t  i t  is  "possible  t h a t ,  while 

Pu(V1) i s  reduced i n  the  a c i d  medium of the  a d u l t  stomach, t h i s  does not 

occur i n  the milder  condi t ions  of the neonatal  gu t . "  The acid-producing 

c e l l s  i n  the stomach of neonates of some spec ies  a r e  not wel l  developed 

during the  time t h a t  immunoglobulins a r e  absorbed (Koldovsky 1969, pp. 

88-180). He a l s o  p o i n t s  out t h a t  the e f f e c t  of ox ida t ion  s t a t e  on 

absorp t ion  i s  small compared wi th  the  o v e r a l l  increase  i n  absorp t ion  i n  

neonates .  



Isotope Dose Number Age Total 96 % retained in intestine 
Species and of Reference 

chemical form Mass Activity animals Contents 
(days) retainedQ Wall 

Rat 

Rat 

Rat 

Dog 

Swine 

238 polydispersed 
2.8pm GMDb 

238 monodispersed 
0.2pm GMD 

238 monsdispersed 
0.9pm GMD 

239 plydispersed 
239 weapons grade, 

plydispersed 

238 

238 polydispersed, aged 
in water 5 days 

238 supernatant from 
PuOJung 
homogenate 

238 

238 
239 

2.9pCi 

1 .o 

3.5 

4.0 

3.4 

3OOpCilLg 

37OpCilkg 

22 

SOpCi/ kg 

38pCi/kg 
56 

10 

8 

12 

10 

11 

10 

10 

11 

2 

6 
4 

2 0.068 

2 0.03 I 

2 0.008 

2 0.016 

3 0.023 

2 0.05 

2 0.038 

1 0.060 

1 0.51 

1 0.19 
1 0.044 

1 .O 0.5 Sullivan ( 1980b j 

8.3 8.06 

0.2 0.08 

0.03 0.06 

0.4 0.1 

0.0T 

(0.46)d 

w 
0 

Sullivan and Gorharn (1982) 

Sullivan et al. (1985b) 

(1.1)d 

0.02 0.02 Sullivan and Gorham (1982) 

1.3 2.3 Sullivan and Gorham ( 1982) 
0.4 1.3 

~~ 

'Amount retained in body, except GI tract, after 7 days, except last item (9 days). 
bGMD = geometric mean diameter. 
'Not clear whether this includes the contents also. 
'%escribed as "GI Content," but probably wall plus contents. 



- &?=rot ioe valaes. For the purpose of radiation 

protection from environmental contamination by all chemical forms of 

plutonium other than the insoluble oxides and hydroxide, Harrison 

(1983a) recommends that an average value of 1% absorption be applied t o  

infants 0-3 months of age who are fed exclusively with a milk diet. He 

recommends that absorption be assumed to decline steadily during weaning 

from 3-9 months, and that absorption be assumed to be 0.05% after 9 

months. (The 0.05% is his recommended value for adults; the ICRP (1979) 

recommends 0.01% for workers.) For an average value to apply to the 

entire first year of life, he recommends 0.5%.  For the oxides and 

hydroxide, he recommends average values of 0.1% and 0.05% absorption be 

applied to the first three months and first year of life, respectively, 

and a value of 0.001% be applied to children after 9 months of age. 

(The 0.001% is his recommended value for adults and is the same as that 

recommended by the ICRP (1979) for workers.) These values have been 

adopted by the National Radiological Protection Board of the U.K. (NRPB 

1984). 

Harrison (1983a, p. 5 0 )  states that in "evaluating the enhancement 

in the absorption in newborn animals, extrapolation of the available 

animal data to uptake in the human is particulary tenuous" and that 

"neither the duration nor the extent of the enhanced absorption can be 

predicted with certainty." He further states that "absorption is likely 

to be declining rapidly in the immediate post-natal period,'' suggesting 

that his values for absorption of the actinides for the first three 

months and first year of life may be conservative. We agree with these 

statements and agree that his recommended values for  plutonium and the 

othen: actinides (Harrison 1983a,b; NRF'B 1984) are reasonable, given 

current knowledge. However, we question the assumption that children 

from nine months of age to adulthood absorb actinides no more readily 

than do adults. Children past infancy appear to absorb several times 

more iron and lead than do adults (see sections on iron and lead, pp. 

46-56). Whether children also absorb more of the actinides i s  unknown, 

and it has not been tested adequately in laboratory animals nor in an 

animal whicb has a protracted juvenile period similar to that i n  humans. 

Additional work comparing absorption of actinides by growing, juvenile 

animals after weaning with absorption by adults would be useful; but 

this question might need to be tested also in a primate model. 
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ended absorp t ion  va lues  for p l u t o a i  (Table 12) a r e  

s i m i l a r  t o  Har r i son ' s ,  except t h a t  our value f o r  absorp t ion  of so lub le  

s by a d u l t s  i s  s l i g h t l y  more conserva t ive  (0.1% vs O . Q S W ,  based on 

arguments given i n  Chapter 2 ;  and we reco end an absorp t ion  va lue  for  

c h i l d r e n  o l d e r  than nine months t h a t  is  twice t h a t  for adu l t s .  

ericium and sari- have not been inves t iga t ed  as  ex tens ive ly  as  

has  plutonium. The e f f e c t  o f  chemical fo rm has not  been s tud ied  

sys t ema t i ca l ly .  but  t he  d a t a  suggest t h a t  i n  neonates t h e r e  a r e  no l a r g e  

d i f f e r e n c e s  i n  abso rp t ion  due t o  chemical torm (Tables  8-91.  

One- and two-day-old r a t s  and one-day--old hans t e r s  absorbed 5-693 of 

americium n i t r a t e  and c i t r a t e ,  and one-day-old swine absorbed 2% of 

americium n i t r a t e  (Su l l ivan  198Qb; S u l l i v a n  e t  a l .  1985b; Harr ison and 

David 1984; Su l l ivan  and Gorhaln 1982) .  One-day-old r a t s  absorbed 0.3% 

of m e r i e i m  oxide (Su l l ivan  1980b).  In hamsters absorp t ion  of 

americium n i t a a t e  dec l ined  from 4.5% a t  age 1 day t o  1 .7 ,  0.5. 0.OQ6, 

a t  ages 4 ,  I ,  22, and 30 days,  r e s p e c t i v e l y  (Harr i son  and 

David 1 9 8 4 ) .  

Two-day-old r a t s  absorbed 2-341, of curium n i t r a t e  and c i t r a t e ,  and 

one-day-old swine absorbed 6 of curium n i t r a t e  (Su l l ivan  1980b; 

Su l l ivan  e t  a l .  198581. Two-dag--old r a t s  absorbed 2% of curium oxide 

( S u l l i v a n  and Crosby 1975; Sul l ivan  198Ob). I n  r a t s  abso rp t ion  o f  

cnriwhl ch lo r ide  dec l ined  from 4% a t  age 7 days t o  0 .  and 8.0'741, a t  ages 

30 days and 6-7 monthsd r e s p e c t i v e l y  (Semenov e t  a l .  6 9 7 3 ) .  

Ehett2ngiQII Of e r i c iwn  and curium i n  the  i n t e s t i n a l  t r a c t  va r i ed  

considerably from experiment t o  experiment, a s  it d i d  wi th  plutonium, 

but  l ack  o f  systematic  s t u d i e s  on a s s  adminis tered or  chemical form 

makes i n t e r p r e t a t i o n  of these d i f f e r e n c e s  impossible a t  p re sen t .  

Reten t ion  i n  wall and contents  of the i n t e s t i n e  seven days a f t e r  

admin i s t r a t ion  ranged from 2-2696 f o r  americium compounds and 3-25 

curium compounds. 

There is no information on the s i t e  o r  mechanism of absorp t ion  f o r  

e i t h e r  americi  o r  caariurm in neonates.  

For the purpose of r a d i a t i o n  p r o t e c t i o n  f r o  e nv i r o m e  n t a 1 

contarninatinn by americium or curium, Harr ison (1983a) recommends t h a t  



Table 8. Absorption of americium compounds by young mammals. 

Isotope Dose Number Totai 8 5% retained in intestine 
and Species of Age retained Reference 

chemical form Mass Activity animals (days) or absorbedu Wall Contents 

241 nitrate 

241 nitrate 

241 nitrate 

241 nitrate 

241 chloride 

241 citrate 

241 oxide 

241 oxide, 
plydispersed 

Rat 

Rat 

Hamster 

Swine 

Rat 

Rat 

Rat 

Rat 

1 SpCi 

290&i/kg 

0.07pCi 
0.3 
0.7 
1 
0.3 

15-20pCi/kg 

8pCi 
8 
30 

310pCi/kg 

2.0pCi 

8 2 4.6 15 11 

9 2 5.7 (3.3)b 

5 1 4.5 
5 4 1.7 
5 7 0.5 
6 22 0.006 
6 30 0.02 

3 1 2.1 5.3c 

7 0.88 
30 0.34 

adult 0.07 

9 2 5.9 (3.3)b 

10 2 l.l?d 0.8 0.8 

10 1 0.32d 0.8 0.8 

Sullivan (1980b) 

Sullivan et al. (1985b) 

Harrison and David (1984) 

Sullivan and Gorham (1982) 

Moskalev et ai. (1973) w 
w 

Sullivan et al. (1985b) 

Sullivan and Crosby (1975) 

Sullivan ( 1980b) 

"Amount retained in body, except GI tract, after 7 days (Sullivan and co-workers) or 1-4 days (Moskalev et al.). Results of Harrison and David 
are by a different method, wherein retention in certain tissues is compared with retention after injection of Am and thus is an estimate of absorp 
tion. 

bDescribed as "Retained in GI Tract;" probably wall and contents combined. 
'Not clear whether this includes the contents also. 
dNumerical comparison of experimental details suggests that these two are the same experiment, in spite of the differences in reported age and 

percentage retained. The amount of americium in the liver and skeleton suggests that the Iower value (0.32%) is the better estimate. 



Table 9. A b ~ ~ ~ ~ o ~  of curium c o m ~ o ~ ~ $  by young m m a i 5 .  

h O t Q p  Dose Number % retained in intestine 

chemical form Mass Activity animals (days) retaineda Wall Contents 

Total % 
Reference and Species of Age 

244 nitrate Rat 

244 nitrate Rat 

244 nitrate Swine 

244 chloride Rat 

244 citrate Kat 

244 oxide 

Rat 
-poly dispersed, 

soaked 4 h 
-plydispersed, aged 

in water 4 months 

0.025bg 2.0pCi 7 2 
0.06 5 3 6  adult 

3.4pg/kg 28OpCi/kg 6 2 

-0.2pg/kg 15-20pCi/kg 4 1 

4 
30 

6-7 months 

3.6pg/ kg 29OpCi/ kg 8 2 

0.024pg 2.0pCi 5 2 

4 2 

-2b 
0.15‘ 

Sullivan ( 198Ob) 

2.9 (2.7)d Sullivan et al. (1985b) 

5.6 25e 

4 . 6  
0.42f 
0.87f 

Sullivan & Gorham (1982) 

Semenov et al. (1973) 

2.8 (3.2)d Sullivan et 81. 1198%) 

Sullivan lk Crosby (1975); 
Sullivan ( 1980b) 1.7 2.2 2.8 

1.8 7.0 11 

“ A m ~ ~ i n t  retained in b d y ,  except GI tract, after 7 days, except as noted. 
‘Amount retained in liver and skeleton. This experiment was also reported in Sullivan (1974) and 

reported as 6.3% and 270, respectively. Table 10 of Harrison’s review (1983a) lists this as two separate 
curium oxide. 

“Includes amount excreted in urine (0.07%). 
%escribed as “Retained in GI Tract;” probably wall and! contents combined. 
‘Not clear whether this includes the contents also. 
fProto!xl  was not described. 

Sullivan i& Ctosby 
experiments, which 

(1975), with retention 
are also miskibelled as 

w 
P 
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value  of 1% absorp t ion  be appl ied  t o  i n f a n t s  0-3 months of age who a r e  

f e d  exc lus ive ly  wi th  a milk d i e t ,  the  adu l t  va lue  of 0.05% be appl ied  

a f t e r  9 months of age, and an averaged value o t  0.5% be appl ied to 

i n f a n t s  0-12 months old.  These va lues  a r e  for a l l  chemical zorms of 

americinm and curium, including the oxides and hydroxides.  The value 

f o r  adu l t  members of the  pub l i c  is t he  same as t h a t  recommended by the  

ICRP f o r  r a d i a t i o n  workers (ICWP 1979).  

Our recommendations (Table 12) a r e  s i m i l a r ,  except t h a t ,  as  f o r  

so luble  forms of plutonium, we recommend 0.1% absorp t ion  f o r  a d u l t s  and 

0.2% absorp t ion  f o r  c h i l d r e n  o lde r  than nine months be used for 

r a d i a t i o n  p ro tec t ion .  

Nep t unium 

Absorption of neptunium compounds i n  young and adu l t  mammals has 

been reviewed r e c e n t l y  by Harr ison (1983b) ,  and his  recommended 

absorp t ion  values  have been adopted by the National Radiological  

P r o t e c t i o n  Board of the U.K. (NRPB 1984) .  Neptunium absorp t ion  has a l s o  

been reviewed by Thompson (1982). The ava i l ab le  da t a ,  including some 

r e s u l t s  publ ished s ince  Harr i son ' s  review, a r e  l i s t e d  i n  Table 10. 

It once appeared t h a t  neptunium absorp t ion  was an except ion t o  the 

r u l e  t h a t  a c t i n i d e  absorp t ion  was g r e a t l y  enhanced i n  neonates.  Adult 

r a t s  were repor ted  t o  absorb about 1% of neptunium adminis tered,  s i m i l a r  

i n  magnitude t o  t h a t  absorbed by neonatal  r a t s  ( s ee  Harr ison,  1983b). 

However, recent  work i n d i c a t e s  t h a t  the high absorp t ion  of neptunium by 

a d u l t s  i s  an a r t i f a c t  of the high mass doses adminis tered,  and t h a t  

absorp t ion  by a d u l t s  of the  lower masses of concern i n  r a d i a t i o n  

p r o t e c t i o n  is much lower. For example, a d u l t  r a t s  absorbed 2.7,  1.5, 

0.06, and 0.05% of the n i t r a t e s  of rt7Np, aJ7Np, =35Np, and =3*Np, 

r e s p e c t i v e l y ,  when gavaged a t  doses of 4.3 x lo4, 2,2 x lo4, 1.3 x 10-3, 

and 2.2 x 1O-I pg/kg, r e s p e c t i v e l y  (Su l l ivan ,  Miller, and Ryan 1983b).  

Th i s  e f f e c t  of mass adminis tered on absorp t ion  i n  a d u l t s  i s  reviewed by 

Harr i son  (1983b). 

Absorption of neptunium cornpounds a t  low masses i s  much g r e a t e r  i n  

neonates than i n  a d u l t s .  One-day-old r a t s  absorbed 3.5% of z35Np n i t r a t e  



Table PO. A b ~ r p t h n  of inephurium comp~unds by YQUng r n ~ ~ ~ ~ ~ .  

Isotope Dose Number Total % 46 retained in intestine 

chemical form Mass Activity animals (days) or absorbed” Wall Contents 
and Species Qf Age retained Reference 

237 nitrate 

237 nitrate 
235 nitrate 
239 nitrate 
239 nitrate 

237 nitrate 
Oxidizing or reducing 
agent administered 

(dose, mg/kd 
----(0) 
Fe3 + (50 j 
Fe3+(90j 
Fe3+( 180) 
Fez+( 190) 

237 nitrate 

239 nitrate 

239 bicarbonate 

Rat 2 . 8 ~  103pg 2.0pCi 

Rat 1.7~ 105pg/kg 120pCi/kg 
3.5x 10-2 50 
8.0~ 190 
4 . 3 ~ 1 0 - ~  100 

Rat 9 . 5 ~  104pg/kg 68rCilkg 

Swine - 2 . 5 ~  104pg/kg 15-2QpCifkg 

Hamster 4x IO-’pg 3x 10-8pCi 

3 
4 
9 
3 

10 

6 
9 
9 

11 

15 
10 
10 
9 
8 

4 

6 
6 

10 
10 

5 
5 
5 
5 
5 

1 

2 
4 

2 
4 

0.15 7.5 7.2 
0.60 22 17 
0.37 14 14 
0.64 7.7 3.6 
1.26 5.5 7.5 

0.43 (6.1)‘ 
3.5 (56Y 
1.3J (73Y.d 
0.9od { 60)fsd 

0.9 1 (12Y 
1.10 
1.13 (24)‘ 
2.7 
0.12 

6.1 4.1e 

2.5 
1.7 

5.5 
2. ii 

Sullivan (1980b) 

Sullivan, Miller, and Ryan 
(1983b) 

Sullivan, Ruemmler, and 
Ryan (1984) 

Sullivan and Gorham ( 1982) 

Harrison and David (1984) 

Harrison and David (1984). 

‘Amount retained in body, except 61 tract, after 7 days except as noted. Results of Harrison and David are by a different method, wherein retention in 

bThis experiment is apparently the same as that reported in Sullivan and Crosby (1975,19761, with retention reported as 6.6% and 1.295, respectively, and 

‘Wall and contents combined. 
dAnimals were sacrificed 4 days after gavage. 
‘Not clear whether this inciudes the contents aiso. 

certain tissues is compared with retention after injection of neptunium and thus is an estimate of absorption. 

age reported as 8 days. Table 2 of Harrison’s review (1983b) lists this as two separate experhents. 



administered at 3.5 x l W 1  pg/frg; two-day-old rats absorbed 1.3% of 139Np 

nitrate at 8.0 x lo-‘ pg/kg; and two-day-old hamsters absorbed 2.5 and 

5.5% of a3JNp nitrate and bicarbonate, respectively, at about lo-’ pg/kg 

(Sullivan, Miller, and Ryan 1983b; Barrison and David 1984). Thus 

neptunium is similar to plutonium, americium, and curium in this regard. 

The percentage of neptuniu3 absorbed by neonates appears to 

decrease with increasing mass administered, contrary to the pattern seen 

in adults. One-day-old rats absotbed 3.5% of ssrNp nitrate administered 

at 3.5 x lo-% yg/kg but only 0.4% of 23qNp nitrate administered at 1.7 x 

lo5 pgikg (Sullivan, Miller, and Ryan 1983b). The percentage of 

neptunium retained tenaciously in the intestine may also be sensitive to 

the mass administered -- in these two groups 56% and 6%, respectively, 

was retained in the intestinal wall and contents seven days after 

gavage. Two- and nine-day-old rats also given low mass doses retained 

73% and 60% in their intestinal wall and contents four days after 

gavage. Rats of ages 1-9 days given a high mass dose of a37Np nitrate 

( 2 * 8  x l o a  pg) retained 11-3- in their intestine and contents seven 

days after gavage (Sullivan 1980b). This retention is similar in 

magnitude to that seen for plutonium. However, this effect has not been 

studied systematically. 

The effects of oxidizing and reducing agents and fasting on 

absorption of neptunium in adults are consistent with the hypothesis 

that at low mass doses in fed adult animals Np(V) is reduced t o  Np(1V) 

in the intestine, and this Np(IV) is not absorbed as readily as Np(V) 

(Sullivan, Ruemmler, and Ryan 1984). At high mass doses the capacity of 

the intestine to redwe  Np(V) is then overwhelmed. In the neonate less 

is known about the effect of intestinal contents on absorption, and the 

experimental results of oxidizing and reducing agents on absorption i n  

neonates are also less clear. Absorption of zs7Np nitrate by five-day- 

old rats at a high mass dose ( 9 . 5  x lo4 pg/hg) decreased from 0.91 to 

0.12% when a reducing agent ( ferrous ion)  was added. When an oxidizing 

agent (ferric ion) was added at a mass of 18 x lo4 pg/kg,  absorption, 

estimated as retention in lung, liver, and carcass, was said to increase 

from 0.91 to 2.7%. However, reported retentions in lung, liver, and 

femur were approximately the same in the two groups (0 .002  v s  0.002%, 

0.024 vs 0.03%, and 0.016 vs 0.02%, respectively). 
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The effect of chemical form on absorption has been little studied. 

Tws-drsy-oLd hamsters absorbed 2.5  It 0.3% (mean 2 S.E.M.1 of ""Np nitrate 

and 5.5 +- 1.71 of a r 9 N p  hicarbonete, suggesting that bicarbonate may be 

more readily absorbed (Harrison and David 1984). HOW~VCE, the 

difference; is not significant at the 5 level when tested with a t-test 

modified to take into account the highly significant difference in the 

variances of the two samples (Sokal  and Boblf 1969, p. 374) .  

6 effect of sage daring the suckling period has also been little 

s tadied. In hamsters absorption of ltrNp nitrate decreased from 

2.5 -+ 0.3% at age 2 days to 1.1 2 0.3 at age 4 days; absorption of =19Np 

bicarbonate decreased from 5.5 2 le7% at age 2 dags to 2.1 9 0.4% at age 

4 days (Harrison and David 1984). These results suggest a decreasing 

absorption with age, similar t o  that seen with plutonium; howeverr 

neither of these differences was significant statistically. In rats 

absorption of r37Np nitrate was measuked at ages 1, 2, 3, 4,  and 9 days 

(Sullivan 1980b), bat no pattern is apparent and a high mass was 

administered (see Table 10). 

There is no information on the site or mechanism of absorption for 

neptunium in neonates. 

For the purpose of radiation protection from environmental 

contamination by neptunium, Harrison (1983b) recommends that a value of 

1% absorption be applied to infants 0-3 months o f  age who are fed 

exGlusively with a milk diet, a value of 0.1 be: applied after 9 months 

of age, and an averaged val.ae of 0.5% be applied to infants 0-12 months 

old. These v a l u e s  are for all chemical forms of neptunium. Harrison's 

value for children older than nine months and adults is one-tenth that 

surremtly reco ended by the ICRP (1989) for radiation workers. 

Harrison (1983b), Thompson (19821, and Sullivan, Ruemmler, and Ryan 

nded that the value for workers be redaced. 

ations (Table 12) are similar, except that we 

end 0.2% absorption by children older than nino months. 

Other Actinides 

The scant data available oa absorption of other actinides by 

neonates i s  given in Table 11. There is no information on site or 

e-chanism. of absorption for any o f  these actinides. 
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Table 11. Absor~tion d other actinides by young mammals. 

9% retained in intestine 

Wall Contents 

Age Total 96 
Of (days) retainedD 

Element Dose Number 

chemical Form Mass Activity animals 
Reference and Species 

~~~ ~ - ~ 

Th-228 nitrate Rat 8pg 0.1 pci  

Th-228 nitrate Rat 8OOOpglkg 1OOpCi/kg 

Pa-233 nitrate Rat 0.0001pg/kg 18pCi/kg 

U-232 (uranyl) nitrate Rat 0.12pg 2.5pCi 

U-233 (uranyl) nitrate Swine 2400pglkg 23pCi/kg 

210 2.0 

U-233 oxide (U,O,), Rat 220kg 2.lpCi 

Cf-252 nitrate Rat 0.0045pg 2.5pCi 

Es-253 nitrate Rat 0.0002pg 5.0pCi 

poly dispersed 

11 

18 

28 

5 
5 

3 
3 
3 

11 

7 

8 

2 1.2 

2 1.1 

2 2.6 

2 6.7 
2 1.3 

1 35 
1 38 
1 37 

2 0.36 

2 2.5‘ 

1 4 . 9  

6.8 5.0 

(Wb 
(60Ib 

4.5 2.5 
0.97 0.32 

4.1 8.7 
1.7 0.07 
1.2 0.03 

0.25 0.070 

0.77 6.8 

Sullivan (1980b) 

Sullivan, Miller, and Ryan (1983a) 

Sullivan, Miller, and Ryan (1 983a) 

Sullivan ( 1980b) 

Sullivan and Gorham (1982); 
Sullivan (1 979) 

Sullivan ( 1980b) 

Sullivan (1980b) 

Sullivan (l980b) 

‘Amount retained in body, except GI tract, after 7 days except in the swine, which were sacrificed 12, 21, and 25 days, respectively, after gavage. 

bWall and contents combined. 
‘Amount retained in skeleton and liver. 
%evere damage to intestinal epithelium. 

Retention excludes skin also for swine and for rats of Sullivan, Miller, and Ryan. 

w w 
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Two-day-old r a t s  absorbed 1.1-1. of  a o V h  n i t r a t e  given i n  doses 

00 pg/kg;  12-1 % was r e t a ined  i n  the i n t e s t i n a l  wal l  and 

contents S ~ V ~ A  days a f t e r  admin i s t r a t ion  ( S u l l i v a n  1980b; Sul l ivan ,  

i l l e r ,  and Ryan 1983a) ,  Adult r a t s  absorbed Q.OOS% of aacTh n i t r a t e  

given i n  8 dose o f  1000 pag/kg, and a d u l t  mice absorbed 0.06% of a t V h  

n i t r a t e  given i n  a dose oE 8000 pg/Srg (Su l l ivan  1980 ; Sul l ivan ,  Mi l l e r ,  

an 1983a). Adult r t s  absorbed 0.6% of a3zTh n i t r a t e  given i n  a 

higher  dose of 2 x 10' pg/k (Traikovich 1970). These data  suggest t h a t  

abso rp t ion  of t h o r i  y be about 100 times h igher  i n  neonatal  

rats than i n  a d u l t  rat sB  s i m i l a r  to the  r e s u l t s  wi th  p l u t o n i  

(1979) nses a value of 0.0 abso rp t ion  f o r  a11 compounds 

of thorium. This value i s  based p r i m a r i l y  on a study i n  a d u l t  h 

which absorp t ion  of a34Th s u l f a t e  was i n  the  range o f  0.01-0.0695, with 

an average value of about Q.02%e We suggest t h a t  Harr ison 's  xeco 

values  f o r  absorp t ion  of so luble  compounds of plutonium sand a l l  chemical 

f o r m  of americium, curium, and neptuni  i n  the f i r s t  year  o f  l i f e  a l s o  

be appl ied  t o  a l l  chemical forms of thorium ( see  Table 121, 

Pro tac  t i n  ium 

Only one experiment on absorp t ion  of pro tac t in ium by neonates has 

been reported. Two-day-old r a t s  absorbed 2.6 o f  a33Pa n i t r a t e  given i n  

a dose of IQ-4 pg/hg;  6 was r e t a ined  i n  the i n t e s t i n a l  nab1 and 

contents seven days a f t e r  gavage (Su l l ivan ,  Mi l l e r ,  and Ryan 1983a).  

These workers a l s o  reposted t h a t  adu l t  r a t s  bsorbed 0.03% of 'Pa 

given in a dose of 6 x lo-$ bg/kg,  suggest ing t h a t  pro tac t in ium 1 s  

s i m i l a r  to the  o the r  a s t i n i d e s  i n  a g r e a t l y  increased absorp t ion  by 

neonates B 

Other experiments wi th  a d u l t  r a t s  and hamsters ,  wi th  d i f f e r e n t  

chemical rorms and a t  d i f fe ren t .  masses ad i n i s t e r e d ,  i nd ica t e  Ithat it  i s  

too  soon es ske any s t rong  conclusions abolat the d i f f e r e n c e s  i n  

absorption between neonates and a d u l t s .  Hamilton (1948) r epor t ed  tha t  

absorp t ion  by r a t s  of %3IPa i n  i so ton ic  s a l i n a  was less than 0 .05  

amount adminis tered was not given. %]l ikiQ repsated t h a t  r e t e n t i o n  by 
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r a t s  of i n  c i t r i c  ae id  s o l u t i o n  "does not exceed l-2%" when 

adminis tered a t  1.4 I 10' pg/kg ( Z a l i k i n  1966a, p. 42) .  
t h a t  0.02-0.03% was r e t a ined  when z33Pa c i t r a t e  was given i n  a Q.2W 

s o l u t i o n  and 0.2% was r e t a i n e d  when given in a 2% s o l u t i o n  (Za l ik in  

1966b; t o t a l  amount adminis tered was not  spec i f i ed )  , Daily 

admin i s t r a t ion  of 7 x 10' pg/kg of l t 3 P a  i n  c i t r i c  ac id  s o l u t i o n  r e s u l t e d  

i n  r e t e n t i o n  of about 0.1% a f t e r  8 days ( Z a l i k i n  1969). Harrison and 

S t a t h e r  (1981) r epor t ed  t h a t  hamsters absorbed 3.9% of 231Pa c i t r a t e  and 

0.22% of 331Pa f l u o r i d e  when adminis tered a t  approximately 300 pg/kg, 

and they suggest t h a t  the lower absorp t ion  of the  f l u o r i d e  was probably 

a r e s u l t  of hydrolys is  i n  the i n t e s t i n e .  

Be a l s o  repor ted  

On the basis of the work by Hamilton and by Za l ik in ,  the  ICRP 

(1981) has recommended t h a t  absorp t ion  by workers be taken as  0.1% f o r  

a l l  chemical forms of protact inium. Harr ison and S t a t h e r  (1981) 

suggest ,  on the b a s i s  of t h e i r  work wi th  hamsters,  t h a t  the ICRP value 

may be too l o r  and t h a t  a value of 1% may be more appropr ia te .  Since 

l i t t l e  sys temat ic  work on the e f f e c t s  of chemieal fom,  mass 

adminis tered.  spec ies ,  and age has been done t o  expla in  these 

d i f f e rences  i n  absorp t ion ,  it would be prudent t o  use a value of 1% f o r  

a l l  ages ( see  Table 12). 

Uranium 

For absorp t ion  by workers, t he  ICRP (1979) has recommended a value 

of 5% f o r  the water-soluble hexavalent inorganic  compounds o f  uranium, 

such as uranyl n i t r a t e  and uranyl f l u o r i d e ,  and a value of 0.2% f o r  the 

r e l a t i v e l y  inso luble  ( u s u a l l y  t e t r a v a l e n t )  compounds such as  UF,, DO,, 

and U,O,. On the  b a s i s  of t h e i r  r e s u l t s  f o r  absorp t ion  of z33U (u rany l )  

n i t r a t e  i n  adu l t  hamsters and t h e i r  review of the  l i t e r a t u r e ,  Harrison 

and S t a t h e r  (1981) recommend a value of 1% for  the  so luble  hexavalent 

forms. Wrenn e t  a l .  (1985) have reviewed the l i t e r a t u r e  -- for both 

a d u l t s  and neonates -- r e l e v a n t  t o  de r iv ing  dr inking water standards. 

They recommend a value of 1-2% f o r  the so luble  hexavalent forms, and 

they s t a t e  t h a t  it is "probably reasonably independent of age or the  

mass of U inges ted"  ( p .  601). We do not  be l ieve  t h a t  present  

information i s  s t rong  enough t o  support t h i s  s ta tement ,  however. 



Moreover, i t  appears t h a t  the  absorp t ion  f r a c t i o n  for laranima way depend 

on the  l e v e l  o f  i n t ake ,  p a r t i c u l a r l y  near  t y p i c a l  environmental l eve l s .  

The value recommended by Wrenn e t  a l .  may be reasonable  f o r  adults a t  

in take  levels seve ra l  times the normal background l eve l .  Our own 

pre l iminary  ana lys i s  o f  urani i n  autopsy samples ( l i v e r ,  kidneys) of 

pers~ns apparent ly  exposed O S ~ L Y  t o  normal background l e v e l s  i nd ica t e  an 

abso rp t ion  f r a c t i o n  i n  the range 10-3 

The scant  da ta  on absorp t ion  of uranium compounds by neonates i s  

g ives  i n  Table 11. When two-day-old r a t s  were gavaged with  a 3 a U  

(u rany l )  n i t r a t e  a t  a dose o f  about 12 pg/kg,  6.7 was r e t a ined  in  the  

body (excluding the i n t e s t i n a l  wal l  and con ten t s )  seven days a f t e r  

adminis t ra t ion .  When the  dose was abont 2.1 x 104 pg/kg,  1.3% was so 

r e t a i n e d  (Su l l ivan  1980b; a body weight of 10 g was assumed i n  der iv ing  

mass-pee-kg adminis te red) .  In ~ o ~ i t r a s t . ,  a d u l t  r a t s  r e t a ined  0.01-0.02% 

of  many1 n i t r a t e  i n  the ske le ton  and l i v e r  seven days a f t e r  

admin i s t r a t ion  o f  doses of 2 x loo t o  3 x IO4 pg/%g; adding excretion i n  

u r ine  QWP” the seven days l e d  t o  an es t imate  of absorp t ion  of 0.04-0.09% 

(Su l l ivan  198Qa; Sul l ivan ,  M i l l e r ,  and Ryan 1984; and see 

1985). These da t a  suggest t h a t  as much as 25-303b of uranyl n i t r a t e  

could be absorbed by the neonate a t  the lower dose adminis tered,  if 
r e t e n t i o n  exc re t ion  i n  u r ine  e s i m i l a r l y  r e l a t e d  i n  the  neonate.  

However, exexet ion i n  ur ine  by the  neonate Bas not been measuredt and i t  

i s  p l a u s i b l e  tha t  r e t e n t i o n  o f  uraniuna in the growing skeletoK1 of the  

neonate could be h igher  than i n  the a d u l t ,  r e l a t i v e  t o  encnstion, 

Two--day-old ra t s  r e t a ined  0.3 of a33U oxide (U,O,) seven days 

a f t e r  gavage wi th  a dose o f  about 2.2 x 104 pg:/%g (Su l l ivan  198Ob3). 

Adult r a t s  r e t a i n e d  0.006% of a 3 3 U  oxide i n  the ske le ton  and Liver seven 

days aften: gavage with a dose of about 2.6 pg/kg;  adding exc re t ion  i n  

ur ine  over the seven days l ed  tQ an es t ima te  of absorp t ion  o f  0.03745 

(SnLlivan 1 8 8 0 ~ 3 ,  These r e s u l t s  suggest t h a t  absa rp t ion  ~f the  oxide 

may be s u b s t a n t i a l l y  h igher  i n  neonatal r a t s ,  bat the  d i f f e rence  i n  

doses adminis tered prec ludes  any s t rong  conc lus ion ,  

I n  t h e i r  review Wrenn e t  a3 .  (1985) presen t  da t a  t h a t  suggest t h a t  

abso rp t ion  o f  so lub le  compounds o f  uraniwra by the  r a t  is  s u b s t a n t i a l l y  

d i f f e r e n t  fxom t h a t  by o the r  ~~~~~~s (hamster ,  r a b b i t ,  dog, baboon, and 



man). A r eg res s ion  l i n e  with the r a t  da t a  suggests  t h a t  absorp t ion  

f a l l s  from 0.15 t o  0.0SW a s  the  uranium in take  r i s e s  from 10-2 t o  106 

pg/kg i n  a s i n g l e  dose o r  in d a i l y  doses .  A r eg res s ion  l i n e  with d a t a  

from a l l  o the r  spec ies  suggests  t h a t  absoxption f a l l s  from 3 t o  0.3% 

over the  same range i n  intake.  Wrenn e t  a l .  conclude t h a t  the r a t  is  

not  a good model spec ies  fo r  absorp t ion  of so luble  uranium compounds. 

The s ign i f i cance  of the enhanced absorp t ion  by neonatal  ra t s  t o  human 

i n f a n t s  is thus  even more problematical  f o r  uranium than it i s  f o r  o the r  

a c t i n i d e s .  

One-day-odd swine r e t a ined  35-38% of a 3 3 U  (uranyl )  n i t r a t e  i n  t h e i r  

bodies  12-25 days a f t e r  gavage with a dose of 2400 pglkg (Su l l ivan  1979; 

Sul l ivan  and Gorham 1982). This  r e s u l t  i s  similar t o  t h a t  wi th  

plutonium n i t r a t e  i n  neonatal  swine {Table 41, and t h i s  bu lk  absorp t ion  

may be r e l a t e d  t o  the  bulk  absorp t ion  of macromolecules i n  the immediate 

p o s t n a t a l  per iod  i n  t h i s  spec ies .  Thus t h i s  f ind ing  probably has no 

s ign i f i cance  f o r  absorp t ion  by humans. 

Calfornium g& Einsteinium 

For workers the  ICRP (1979, 1981) recommends an absorp t ion  value of 

0.05% fox a11 compounds of ca l i forn ium and einsteininm. This  

recommmendation i s  based on the a v a i l a b l e  da t a  i n  a d u l t  mammals, which 

suggest t h a t  absorp t ion  of these two elements i s  similar t o  t h a t  of 

ame r i c  iurn . 
The scant  da t a  (one experiment fox each element -- see  Table 11) 

suggest t h a t  the  n i t r a t e s  of ca l i forn ium and e ins te in ium a re  absorbed 

more r e a d i l y  by neonatal  r a t s  than by a d u l t  r a t s ,  and the  magnitude of 

the increased absorp t ion  is s i m i l a r  t o  t h a t  fo r  the n i t r a t e s  of 

plutonium, americium, and curium. We suggest t h a t  Harr i son ' s  

recommended values  f o r  absorp t ion  of so luble  compounds of plutonium and 

a l l  chemical forms of americium, curium, and neptunium i n  the f i r s t  year  

of l i f e  a l s o  be appl ied  t o  a l l  chemical forms of ca l i forn ium and 

e ins te in ium ( see  Table 1 2 ) .  These va lues  a r e  t e n t a t i v e ,  because 

poss ib l e  confounding e f f e c t s  of chemical form, mass adminis tered,  age, 

and spec ies  have not  been s tudied .  They a r e  e s p e c i a l l y  t e n t a t i v e  f o r  

e ins te in ium,  in which the re  was severe damage t o  the i n t e s t i n a l  

ep i the l ium i n  the  neonata l  r a t s  s tud ied .  
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Our recowended values for absorption of c a l i f o r n i  ana 

e ins te in ium compounds by a d u l t s  and by ch i ldren  a lder  than nine months 

(Table 12) are the same as f o r  s o l u b l e  forms o f  plutoni  and a l l  foms  

of americium, curium, and neptunium. 

Chemical Publicb 
_.__I Workera 

Element 

Infants Infants 
0-12 mod 0-3 moe 

form 
Adults Children' 

Pu 0.001 0.001' 0.002 0.05' 0.1' Oxides, 
hydroxide 

All other forms 0.01 O.lg*h 0.2 0.5' 1' 

An,  Cm All forms 0.05 0.1g 0.2 0.5' I f  

Np All forms 0.1 a. 1' 0.2 0.5' I f  

'II'h AI] li)rms 0.02 0.02 0.05 0.5 1 

Pa All forms 1 1 1 1 1 

Cf, Es All forms 0.05 0.1 0.2 0.5 1 

U hexavalent 5' ?' ?' ?' ?' 
All other forms 0.2' ?' ?' ?' ?' 

_ _ _ I _ _ ~  -___II.. _____ 
"ICWP (1979,1980,1981) values for inorganic forms, except for Np, which i s  that 

recommended by the NRPB (1984), and Pa, which is that recommended by Harrison 
and Stather (198 1 ). 

bValws for radionuclides in food and water. 
'Children older than nine months. 
dAverage absorption for the first year of life (after NRPB, 1984). 
=Average absorption when infants are assumed to be fed exclusively with a milk 

'Same as that recommended by the NRPB (1954). 
 TWO times that recornmended by tbe 
hThe NRPB (1984) recommends that 0.01% absorption be used when inorganic 

forms of Pu are adsorbed to food, and 0.05% 5e used when PU is biologically incor- 
porated in the hod  or the relative amounts of adsorbed and incorporated Pu are not 
known. 

'The experimental evidence for uranium is not clear. See text. The recommended 
value for a worker assumes an intake that i s  several times the normal intake for 
nonoccupational exposures. 

diet (after NRPR, 1984). 



Strontium 

Suckling r a t s  absorb nea r ly  a l l  the  s t ront ium given by gavage. In 

an  experiment wi th  r a t s  weaned a t  age 28 days,  Taylor e t  a l ,  (1962) 

repor ted  t h a t  r a t s  14-18 days o ld  absorbed 95% of 85Sr ch lo r ide ,  r a t s  22 
days old absorbed 74%, r a t s  6-8 weeks o ld  absorbed 25%, and a d u l t s  60-70 

weeks o ld  absorbed 11%. Note t h a t  the  weaned j u v e n i l e  r a t s  absorbed 

twice as  much s t ront ium as  d id  the a d u l t s ,  and t h i s  d i f f e rence  was 

h ighly  s i g n i f i c a n t  (24.6 2 1.0% vs 11.1 4 Q.8%; these  a r e  

means 5 S.E.M., anti n=4§ and n=24, r e s p e c t i v e l y ) .  They repor ted  s i m i l a r  

r e s u l t s  wi th  the  chemically similar element calcium, except t h a t  the 

weaned j u v e n i l e s  and the  a d u l t s  absorbed a g r e a t e r  percentage of calcium 

than  s t ront ium -- absorp t ion  by r a t s  of ages 14-18 days, 6-8 weeks, and 

60-70 weeks was 98, 63, and 32%, r e spec t ive ly .  (Strontium fol lows 

calcium pathways c lose ly ,  and i t  is o f t e n  used a s  a marker for calcium 

i n  i n t e s t i n a l  absorp t ion  s t u d i e s  -- Gmaj and Murer, 1984.) 

In an experiment wi th  ra ts  weaned a t  age 22 days,  Forbes and Reina 

(1972) repor ted  t h a t  absorp t ion  of 85Sr ( ch lo r ide? )  dec l ined  from 85% a t  

age 15 days t o  7 9 ,  73, 5 4 ,  36, 15,  and 8% a t  ages 17, 2 0 ,  22, 24, 39, 

and ‘?Z9+” dags,  r e spec t ive ly .  The d i f f e rence  in absorp t ion  between the 

l a s t  two groups -- the  39-day-old weaned j a v e n i l e s  and the ‘%99+”-day-old 

r a t s  -- i s  s i m i l a r  t o  the two-fold d i f f e rence  between the 6-to-8-week- 

old and 60-to-70-week-old r a t s  above, bu t  the d i f f e rence  i s  not  

s i g n i f i c a n t  s t a t i s t i c a l l y  a t  the 5% l e v e l  (15.3 2 4,8% vs 8.2 2 3.6%; 

these  a r e  means +- S.E.M., and n=6 and n=5, r e s p e c t i v e l y ) .  

Metabolic balance s t u d i e s  wi th  90Sr and s t a b l e  s t ront ium i n  normal 

d i e t s  by human i n f a n t s  of ages one month t o  one pear  have been repor ted  

by Kahn e t  a l .  (1969). Apparent absorpt ion,  measured a s  in take  minus 

f e c a l  l o s s ,  was 2591, which i s  wi th in  the  range of 10-35% repor ted  by 

o t h e r s  €or  a d u l t s ;  and t r u e  absorp t ion  was 41%, which is s i m i l a r  t o  the 

“approximately 40%’’ absorp t ion  repor ted  by o t h e r s  f o r  a d u l t s  ( s ee  Kahn 

e t  a l .  f o r  r e fe rences ) .  They concluded t h a t  the percentage absorp t ion  

of both s t ront ium and calcium is s i m i l a r  in human i n f a n t s  and adu l t s .  

Harr i son  ( 1 9 5 9 )  reached a d i f f e r e n t  conclusion on calcium 

absorp t ion  by i n f a n t s ,  based on seve ra l  s t u d i e s  wi th  s u b j e c t s  s a i d  t o  

‘!have been inges t ing  h igh  calcium in takes ,  wi th  a calcium t o  phosphorus 



r a t i o  i n  the: range of normal d i e t s  [and wi th]  adequate: a 

i n  D'# ( p .  1 8 8 9 ) .  Apparent: a b s o r p t i o n  ( i n t a k e  - fect t l  e x c r e t i o n )  

was about  70% i n  premature i n f a n t s ,  abont 5 i n  i n f a n t s  l e s s  than s i x  

months o l d ,  and about 4 i n f a n t s  ten months o l d .  However, apparent 

absorption was l e s s  t h a  i n  c h i l d r e n  3-5 years  o l d  and in adalts. 

In c a t t l e  aad r a t s  t r u e  a b s o r p t i o n  of calcium, a s  c a l c u l a t e d  from 

s imul taneous  chemical and r a d i o i s o t o p e  ba lance  s t u d i e s  and c o r r e c t e d  f o r  

f e c a l  e x c r e t i o n  0f endogenous calcium, i s  much h i g h e r  in neonates  than 

i n  older animals (Hansard e t  a l ,  1954; Hansard and Crowder 1957). 

Absorpt ion by 10- and 30-day-old unweaned c a l v e s  was 98%; i n  6-month-old 

weaned calves a b s o r p t i o n  was 41%; i n  1- and 2-year-old and i n  'hnature" 

c a t t l e  a b s o r p t i o n  was about 35%; and i n  tQdtged'' c a t t l e  a b s o r p t i o n  was 

e Absorpt ion by 4-week-old weanling r a t s  was 98%, which d e c l i n e d  t o  

57 ,  46,  41,  and 24 i n  r a t s  of ages 12, 24,  48-72, and 106 weeks, 

re speot  i v e  ly . 
8 coraclnde t h a t  a b s o r p t i o n  of s t r o n t i u m  by i n f a n t s  is probably 

be$ween one and two t imes t h a t  by a d u l t s ,  and t h e  amount o f  d i e t a r y  

calcium may a f f e c t  t h e  peacentage absorbed. Absorpt ion by neonates may 

approach 100% 

Iron 

Enhanced a b s o r p t i o n  o f  i r o n  by t h e  young i s  o f  i n t e r e s t  because of 

t h e  s i m i l a r  chemical and p h y s i o l o g i c a l  p r o p e r t i e s  of Fe(III) and II"u(IV1 

and t h e  p o s s i b i l i t y  t h a t  f a c t o r s  t h a t  i n f l u e n c e  a b s o r p t i o n  o f  i r o n  may 

a l s o  i n f l u e n c e  a b s o r p t i o n  of plutonium. *?%me 0% the most s t a b l e  

complexes known r e  farmed by Fe(III[), and i n  t h e  chemical p r o p e r t i e s  

t h a t  l a r g e l y  determine co %ex s t a b i l i t y  "-- h i g h  p o s i t i v e  ~haxge.. small 

i o n i c  s i z e ,  and high  a G i d i t y  -- Pu(HV) and Fe(III) arc silillilar. T h e i r  

charge:  aadLns x a t i o s  are 444 and 460 elpm, r e s p e c t i v e l y  ISIP;BATIBP~ f.9461. 
Thus l i g a n d s  w i t h  donor groups favoring format ion  of s t a b l e  Fe(TIII1 

complexes a r e  l i k e l y  t o  be e f f e c t i v e  f a r  Pu(1V)" (Durbin e t  a l .  1980, p .  

172). PPutonitm fo l lows  iron pathways i n  t h e  body, a t  l e a s t  i n  p a r t .  

Pla(IV) cornhiass w i t h  the  i r o n - t r a n s p o r t  p r o t e i n ,  t r a n s f e r r i n ,  i n  t h e  

blood of r a t s ,  dogs, and humans (Bo@icock and Popplewell  1965; Popplewell 

and Hoocock 1967; Tuscnxsr and T a y l o r  1968; S t o v e r ,  Brnenger, and Stevens  

1368; Stevens, Bruenger, and S t o v e s  1968) .  Plutonium i s  a s s a c i a t a d  with 
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the iron-storage proteins ferritin in hepatic cells and hemosiderin in 

reticuloendothelial cells in dogs (Taylor et al. 1966, 1967; Bruenger, 

Stover, and Stevens 1971). Plntoniam and iron appear to share cornon 

pathways of metabolism in macrophages in rats (Priest and Eaiaes 1982). 

Iron-deficient mice, which are known t o  absorb more iron than iron- 

replete mice, also absorb 4-5 times more plutonium citrate than do 

iron-replete mice (Ragan 1974). Whether plutonium is absorbed in whole 

or in part by the same mechanism as non-heme iron is not known, however. 

Several studies on the absorption of J*Pe by human infants and 

children have been reported. Absorption was measured as the difference 

between the mount of radioiron ingested and that found in the feces. 

Garby and Sjolin (1959) gave a solution containing S6Fe citrate and tracer 

59f;e with a milk meal to nine infants of age 10-90 days (Figure 4 ) .  There 

appears to be a rapid decrease in absorption with increasing age; the 

four infants younger than 1.5 months absorbed 56-91% of the 59Fe, and the 

five infants 1.5-3 months old absorbed 15-38%. In another study 15 

infants and children 4-52 months old were given either 59Fe sulfate added 

to COW'S milk (milk labelled "& vitm") or milk from cows which had 

been given 59Fe  (milk labelled "a ViVQ") (Schulz and Smith 1958). The 

amount of 59Fe absorbed by these subjects is also shown in Figure 4. 

Absorption was 10.6 t 2.7% (mean 2 S.E.M.) and 9.1 21.1% €or the milk 

labelled a vitrg. and A*, respectively. The milk labelled &vivo 

was also fed to s i x  adult males, who absorbed 2,8 2 0.9%, or about one- 

third of what the young children absorbed. 

Absorption of s*Fe by 14 healthy premature infants of age 1-10 weeks 

has been reported by Gorten e t  al. (1963). 59Fe chloride was reduced with 

asoorbic acid and added to a prepared milk formula (ascorbic acid 

enhances absorption of iron [Underwood 1977, p. 251) .  Absorption varied 

from 6 . 8  t o  74% with a mean of 32%. There was some Correlation between 

absorption and chronological age, but it was not statistically 

significant. NQ correlation between absorption and gestational age, 

birth weight, or weight of infant at time of administration of the iron 

was observed. However, there was a strong and highly significant 

correlation between absorption and rate Qf weight gain (in g f k g  body 

weight/day), with the faster growing infants absorbing a greater 
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ORNL--DWG 85-48493 

TE GIVEN WITH MILK 
(GARBY AND SdOLJN 11959) 

o 59Fe SULFATE ADDED TO MILK 

@ 59Fe INCORPORATED IN MILK 
A (SCHULZ AND SMITH i958) 

(SCWULZ AND SMITH 11958) 

Figure 4. The absorption of '9Fe administered with milk as a function of age. 
(Adapted from Carby and Sjolin, 1959). 

percentage  o f  i r o n ;  and i n  t h e i r  P i g .  1 t h e  l o g a r i t h m  of  percentage  

a b s o r p t i o n  and the: r a t e  o f  weight g a i n  appear t o  be l i n e a r l y  r e l a t e d ,  

These v a l a a s  f o r  premature infants a r e  somewhat lower than those  

r e p o r t e d  f a x  the  normal-term i n f a n t s  of Garby and S j o l i n  (above) when 

comparsd on the: b a s i s  of c h r o n o l o g i c a l  age, but they  a r e  

c o m p a ~ e d  on a graph of l o g  ( W  a b s o r p t i o n )  vs r a t e  of w e i  

P i p .  4 of Gortsn a t  al.; note, however, t h a t  t h e  r a t e  o f  weight g a i n  

used f o r  t h e  premature i n f a n t s  was measuredE but the r a t e  far the  o t h e r  

i m f a a t s  s t u d i e d  by Garby and S j o l i n  was assumed t o  be the  average va lue  

f o r  t h e  c h r o n o l o g i c a l  age r epor t ed ;  no te  a l s o  t h a t  t h e  weight gain i n  

t h e i r  P i g ,  4 i s  g iven  i n  g/day instead of g/kg/day,  w i t h  t h e  

re Bat ionsh  i p  s t  ill  appear ing  1 i n e a r  e ) 

Also p l o t t e d  i n  F i g .  4 of Gortan e t  a l .  BIX data  o f  Schul~ and 

Smith (1958) on absorption of 5*Fe i n  milk, c e r e a l ,  o r  e g by infants and 
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c h i l d r e n  4 months t o  15 years  o ld .  Both absorp t ion  and (assumed) r a t e  

of weight ga in  a r e  lower than f o r  the  neonates,  bu t  we axe not convinced 

t h a t  a c o r r e l a t i o n  between the  two v a r i a b l e s  can be shown f o r  t h i s  

pe r iod  of age us ing  these  da ta .  

In an attempt t o  determine the d i f f e rences  i n  iron absorp t ion  i n  

c h i l d r e n  of d i f f e r e n t  ages ,  Schulz and Smith (1958) f ed  eggs l a b e l l e d  

_I_ vivo wi th  SgFe t o  5 2  c h i l d r e n  of ages 1-15 years .  

1-4.5 years  absorbed 11.0 t 1.4% (mean 2 S.E.M.) and the  23 c h i l d r e n  of 

ages 5-15 years  absorbed 5 . 5  5 0.996. They compared t h e i r  r e s u l t s  wi th  

those of Moore and Dubach (19511, who fed  s i m i l a r l y  l a b e l l e d  eggs t o  

hea l thy  young a d u l t s .  The s i x  males i n  t h i s  study absorbed 2.7 5 0.9% 

and the th ree  females absorbed 6.9 5 1.3%, with  the d i f f e rence  between 

the  males and females s i g n i f i c a n t  a t  p<0.05. However, d i r e c t  comparison 

between these  r e s u l t s  and those f o r  c h i l d r e n  i s  problemat ica l ,  because 

absorp t ion  i n  the  a d u l t s  was est imated by incorpora t ion  of S9Fe i n t o  

c i r c u l a t i n g  hemoglobin, and absorp t ion  i n  the c h i l d r e n  w a s  es t imated a s  

the  amount of s9Fe not appearing i n  f eces .  

The 2 9  c h i l d r e n  of ages 

Absorption of 59Fe by c h i l d r e n  7-10 years  of age was s tudied  by Darby 

e t  a l .  (1947). An a l i q u o t  of 2-3 mg of f e r r o u s  ch lo r ide  conta in ing  59Fe, 

reduced wi th  a s l i g h t  excess  of ascorb ic  ac id ,  was fed  in lemonade t o  

176 c h i l d r e n  a t  l e a s t  an hour before  or a f t e r  lunch (both  ascorb ic  a c i d  

and c i t r i c  ac id  enhance iron absorp t ion  [Underwood 1977, p. 251) .  The 

r e s u l t s  a r e  shown i n  Table 13. The eight-year-old g i r l s  and the  nine- 

and ten-year-old boys and g i r l s  absorbed s u b s t a n t i a l l y  more 59Pe than d id  

the seven-year-old boys and g i r l s  and the  eight-year-old boys. There 

was no c o r r e l a t i o n  between absorp t ion  and hemoglobin concent ra t ion  i n  

the  blood measured i n  these  s u b j e c t s ,  bu t  there  was a c o r r e l a t i o n  

between absorp t ion  and t o t a l  yea r ly  i r o n  requirement fox boys and g i r l s  

es t imated  by o the r s .  I f  the  y e a r l y  i r o n  requirement i s  normalized p e r  

kg body weight,  the  c o r r e l a t i o n  s t i l l  holds .  Absorption by a d u l t s  with 

t h i s  pro tocol  was not  measured. 

Conclusions 

I r o n  absorp t ion  i n  i n f a n t s  f a l l s  r a p i d l y  from a h igh  of 50-100% i n  

the  f i r s t  month of l i f e  t o  about 10% by four  months of age. Premature 
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YGX male female male female male female male female 
Number 17 24 26 34 26 23 17 9 
Mean 9.3 7.8 10.4 15.8 16.1 16.9 16.7 14.5 

Median (9%) 7.8 7.0 8.3 12.0 15.0 13.8 17.8 12.8 
Estirnatcd total 

1 S.E.M. (%Io) k 1 . 4  cO.8 t 1.2 k 2 . 2  kl.0 12.0 k1.9 rt2.4 

yearly iron 
requirement (rng)b TO 67 72 108 152 120 130 163 

'From Darby et al. (1947); note that the iron was reduced by a slight excess of ascorbic acid and 

bData of Heath and Patek (1937), as quoted by Darby et al. (1947). 
fed in lemonade -- both ascorbic acid and citric acid enhance iron absorption. 

infants o f  a given c h r o n o l o g i a l  age t h a t  are growing more s lowly t h a n  

nosma1 i n f a n t s  of t h e  same age appear  t o  absorb l e s s  i r o n ,  b u t  

a b s o r p t i o n  is s i m i l a r  i f  t h e  a b s o r p t i o n  i s  compared on the  basis of 

growth r a t a .  From t h e  d a t a  af Schulz and Smith (19581, it appears  t h a t  

absorption remains a t  about 10% from f o u r  months t o  4-5 years of age ba t  

f a l l s  t o  about 5% i n  c h i l d r e n  5-15 years of age. Prom the d a t a  o f  Darby 

e t  al. (194'81, it appears  t h a t  c h i l d r e n  9-10 years o l d  absorb more i r o n  

t h a n  do c h i l d r e n  7 y e a r s  o l d ,  and t h e  d i f f e r e n s e  may be r e l a t e d  t o  

growth reqaafrg: c n t s  fo r  i r o n .  It i s  not h o  n whether a b s o r p t i o n  i s  

i n c r e a s e d  st ill f u r t h e r  dur ing  t h e  a d o l e s c e n t  growth spuxt e The 

p e r c e n t a g e  absorbed by c h i l d r e n  w i l l  be h i g h e r  than  t h e s e  v a l u e s  if 

s u b s t a n t i a l  m o u n t s  of reducing  agents a r e  consunned w i t h  t h e  i r o n .  It 

appears  t ha t  children past infancy probably absorb more i r o n  than do 

adults, Xoweve~, i n  on ly  one eXIpeEiment  w i t h  59Fe d i d  t h e  au thoss  study 

b o t h  c h i l d r e n  and a d u l t s  w i t h  the  same p r o t o c o l .  

Becanse o f  t h e  s i l a r i t i e s  between i r o n  and plutanium and because 

absorption of pllatoni  and o t h e r  a c t i n i d e s  i n  c h i l d r e n  i s  not hown,  i t  

mny be prudent t o  a s s m e  t h a t  a c t i n i d e  a b s o r p t i o n  i s  bou t  t h r e e  times 

the adaBlt l m e 4  in cbiLdmmn from weaning t o  f i v e  years of age and abanl; 

two times the adult  l e v e l  from f i v e  years t o  adalthood. 
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Le ad 

Absorption of l ead  by the  young i s  of i n t e r e s t  for the  following 

reasons:  (1) Human i n f a n t s  and c h i l d r e n  w e l l  p a s t  weaning absorb much 

more lead  than  do a d u l t s .  Absorption of l ead  by young r a t s  decreases  

r ap id ly  a t  01: s h o r t l y  a f t e r  weaning t o  much lower l e v e l s ,  s i m i l a r  t o  the  

p a t t e r n  f o r  o the r  metals  inc luding  a c t i n i d e s .  However. i t  is not  c l e a r  

whether absorp t ion  of l ead  by weaned j u v e n i l e  r a t s  i s  a t  adu l t  l e v e l s ,  

a s  has been repor ted ,  or whether absorp t ion  may be as  much as  2-3 t imes 

higher  than i n  a d u l t s .  The r a t  may not be a goad mode1 f o r  lead  

absorp t ion  i n  humans between weaning and adulthood. Whether the weaned 

juven i l e  r a t  i s  a good model f o r  absorp t ion  of o the r  metals  during l a t e  

infancy and childhood and whether it i s  sa fe  t o  assume t h a t  absorp t ion  

of a c t i n i d e s  by humans reaches a d u l t  l e v e l s  soon a f t e r  weaning need t o  

be inves t iga t ed  nore c r i t i c a l l y .  (The high absorp t ion  of lead  i n  

s h i l d r e n  may be r e l a t e d  only t o  the high demand f o r  calcium [Task Group 

19731, and the mechanism f o r  high calcium absorp t ion  may have no e f f e c t  

on a c t i n i d e  absorpt ion;  bu t  i t  i l l u s t i a t e s  the  weakness of the  r a t  model 

for ch i ld ren . )  (2) The mechanisms and s i t e s  of absorp t ion  of l ead  

during the neonatal  per iod  are: b e t t e r  charac te r ized  than f o r  o the r  

metals .  It i s  not c l e a r  how much of these  r e s u l t s  w i l l  apply to o the r  

metals ,  bu t  the experimental  methods might be used t o  study the  

aechanism(s)  and s i t e ( s )  of absorp t ion  of a c t i n i d e s ,  where the 

experimental  evidence is  l e s s  c lear -cu t .  

Absorption I n f a n t s  Chi ldren 

Z i e g l e r  e t  a l .  (1978) performed 8 9  metabolic balance s tud ie s  with 

12 normal i n f a n t s  and c h i l d r e n  ranging i n  age from 2 weeks t o  2 years .  

The amoant of s t a b l e  lead  i n  the food f ed  t o  t hese  c h i l d r e n  was measured 

(no l ead  was added t o  food) ,  and the amounts of lead  i n  feces  and Brine 

were a l s o  measured. Net (or apparent)  absospt ion  was def ined  as the 

in take  minus the f e c a l  exc re t ion  of lead ,  and net r e t e n t i o n  was defined 

a s  the ne t  absorp t ion  minus the u r ina ry  exc re t ion  of lead .  Xn some 

sub jec t s  wi th  low in t akes  of l ead ,  ne t  absorp t ion  and ne t  r e t e n t i o n  were 

negat ive;  and ne t  absorp t ion  and n e t  r e t e n t i o n  of lead ,  expressed as 

percentage of in take ,  increased s i g n i f  i c a n t l g  wi th  increas ing  l ead  



i n t a k e .  These r e s u l t s  were i n t e r p r e t e d  as r e s u l t i n g  from r e l a t i v e l y  

h i g h  f e c a l  e x c r e t i o n  of endogenous l e a d .  Thus a t  h i g h e r  i n t a k e s  of 

l e a d ,  met a b s o r p t i o n  should approach t r u e  a b s o r p t i o n ,  In those s t t b j w t s  

with i n t a k e s  of l e a d  greater t h a n  5 p g l k g l d a y ,  n e t  a b s o r p t i o n  ~ v ~ r a  

42% s f  i n t a k e  and n e t  r e t e n t i o n  averaged 32% of i n t a k e ,  and t h e r e  were 

no s i g n i f i c a n t  d i f f e r e n c e s  w i t h  age.  Alexander e t  a l .  (1974) r e p o r t e d  

s i m i l a r  r e s u l t s  fro e l e v e n  ba lance  s t u d i e s  with e i g h t  c h i l d r e n  r a n g i n g  

i n  age from t h r e e  m ~ n t h s  to e i g h t  y e a r s :  w i t h  i n t a k e s  rangirmg from 5-17 

pglkg lday ,  met a b s o r p t i o n  averaged 53% o f  i n t a k e  and n e t  r e t e n t i o n  

averaged 18% of i n t a k e .  Average net a b s o r p t i o n  i n  adults, r e p o r t e d  by 

o t h e r s ,  i s  much lower, ranging  from 4 t o  1 ( s e e  Z i e g l e r  e t  a l . ,  1978 , 
i91es  e t  a l a ,  19'84, f o r  r e f e r e n c e s ) .  

Absor~tion J u v e n i l e s  of Other  Spec ies  

In c o n t x a s t  Forbes and R c i m  (19721 r e p o r t e d  t h a t  a b s o r p t i o n  of 

l e a d  by j u v e n i l e  r a t s  may reach  a d u l t  l e v e l s  s h o r t l y  a f t e r  weaning, 

Average a b s o r p t i o n  of z z z P b  ( t h e  n i t r a t e  mired w i t h  s a l i n e )  was 83-902 

when i t  was a i n i s t e r e d  a t  16,  18, o r  20 days o f  age, f e l l  t o  74% a t  22 

days ( a g e  of weaning) ,  and f e l l  f u r t h e r  t o  42%, 37 

and 32 days of a g e J  r e s p e c t i v e l y .  The l a t t e r  va lue  i s  s i m i l a r  t o  t h e  

p e r c e n t a g e  absorbed by r a t s  of age '%9+"days  i n  t h e i r  experiment (16 

riowever, t h e  experiment WRS not aes ig l lea  t o  t e s t  for d i f f e r e n c e s  o f ,  

say, 2-to-3-fold between weaned j u v e n i l e s  and a d u l t s .  The numbers of 

animals axe small  and the  95% confidencs linaits are l a r g e  i n  the l a t t e r  

two groups: a t  age 32 days a b s o r p t i o n  was 95% with 95% C,L. of 2-289b 

(n=S) and a t  age 89+ days a b s o r p t i o n  was I 6  C.L.  of  10-222 

( n . 4 ) .  In a d d i t i o n ,  t h e  animals  of B e 89+ days may s t i l l  have been 

growing and may not  have reached a d u l t  values of a b s o r p t i o n ,  even though 

they  map have been s e x u a l l y  mature (for example, c pare the r e s u l t s  of 

Taylor  e t  a l .  (1962), where a b s o r p t i o n  sf c a l c i m ,  s t roa t im ,  and radium 

was 2-3 t imes h i g h e r  i n  r a t s  6-8 weeks old t h a n  i n  r a t a  60-78 weeks 

hether weaned j u v e n i l e  rata  are 80 ~~~~~a~~ 

o f  l ead  by c h i l d r e n  a f t e r  in fancy  is not  c l e a r  from these  results. 

W i l l e s  et a l .  (19773 have demonstrated t h a t  infant,  and javernils 

ankeys ( s p e c i e s  Nacacm. f a s c i c u l a r i s )  may be a good model for l e a d  

a b s o r p t i o n  by h an infants and children,  They adminis8Grec-l 2xaPb 
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n i t r a t e  (10 pg/kg by gavage) t o  monkeys of ages 10 days and 150 days and 

t o  a d u l t s ;  t h e r e  were four  animals i n  each age group, and the animals 

had f a s t e d  12 hours before  adminis t ra t ion .  The 10-day-old i n f a n t s  

rece ived  a d i e t  of i n f a n t  formula; the 150-day-old i n f a n t s  received 

i n f a n t  formula, a commercial pr imate  d i e t ,  and f r e s h  f r u i t s  (i.e., they 

were p a r t i a l l y  weaned); and the  a d u l t s  received the primate d i e t  and 

f r e s h  f r u i t s .  (There were no s u b s t a n t i a l  d i f f e rences  among the th ree  

groups i n  calcium, vi tamin D, o r  phosphate in take .  For a d i scuss ion  of 

o t h e r  d i e t a r y  f a c t o r s  t h a t  can a f f e c t  l ead  absorp t ion ,  see  Wil les  e t  

a l . )  Urine and f eces  were c o l l e c t e d  f o r  96 hours a f t e r  dosing,  and the 

monkeys were s a c r i f i c e d  a t  96 hours f o r  a n a l y s i s  of tissues. The 10- 

and 150-day-old i n f a n t s  r e t a ined  65 2 2.5% (mean 5 S.E.M.1 and 70 

- + 2.5%, r e spec t ive ly ,  of t he  lead  adminis tered,  and the  a d u l t s  r e t a ined  

3.2 5 3.3% (absorp t ion  was only s l i g h t l y  h igber ,  a s  u r ina ry  excre t ions  

were measured as 2.2, 1.6, and 0.8%, r e spec t ive ly .  of the adminis tered 

dose ) .  The r e s u l t s  from one monkey discarded  from the s t a t i s t i c a l  

comparisons suggest t h a t  absorp t ion  of lead  may remain high throughout 

t he  j u v e n i l e  per iod:  t h i s  monkey had been c lassed  as  an adu l t  a t  the  

s t a r t  of the experiment, bu t  it showed a nonadult d i s t r i b u t i o n  p a t t e r n  

of l ead  i n  bone and it  had immature ova r i e s  and open epiphyseal 

j unc t ions  in the  humerus and femur. This  l a t e - juven i l e  monkey, fed  the 

a d u l t  d i e t ,  r e t a ined  56% of the 2*oPb adminis tered.  

Small o r  no d i f f e rence  between a d u l t  and in fan t  monkeys i n  

absorp t ion  of lead  has been repor ted  by Pounds e t  a l .  (19781,  however. 

They adminis tered 210Pb a c e t a t e  (10 tng/kg by gavage) t o  four  in fan t  (5-7 
months of age) and four  a d n l t  (7-10 years  of age) rhesus monkeys (Macaca 

mula t t a ) .  A l l  monkeys were fed a commerical chow and water.  The 

i n f a n t s  absorbed 38 2 3.5% (mean 5 S.E.M.) and the a d u l t s  absorbed 26 

- f 4.7%; the  d i f f e rence  i s  a t  the bo rde r l ine  of s ign i f i cance  (p(0.1) .  It 

i s  not c l e a r  why the  r e s u l t s  of t h i s  experiment a r e  so d i f f e r e n t  from 

the r e s u l t s  of Wil les  e t  a l .  -- spec ie s ,  age, d i e t ,  w e  of f a s t e d  

animals,  and amount and chemical form of lead  adminis tered a l l  var ied  

between experiments.  

It may be necessary t o  use a pr imate  model t o  answer with more 

confidence the ques t ion  of when a c t i n i d e  absorp t ion  f a l l s  t o  a d u l t  

l e v e l s  i n  humans. However, even with pr imates  the re  may be se r ious  
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exper imenta l  d i f f i c u l t i e s  i n  o b t a i n i n g  a c l e a r - c u t  answeri, as t h e  

d i f f e r e n c e s  between t h e  r e s u l t s  of W i l l e s  e t  s l .  (1943) and Pounds e t  

a l .  (1878) with l e a d  demonst ra te ,  

cchanisms e S i t e s  of Absorpt ion jn- Meonsates 

The b e s t  in format ion  a v a i l a b l e  on t h e  mechanisms and s i t e s  o f  

a b s o r p t i o n  o f  l e a d  by neonates comes from a s t u d y  i n  the mouse by K e l f e r  

and Doherty (1988a) and a s tudy  i n  t h e  r a t  by Henning and Leeper (19 

There appear  t o  be important  d i f f e r e n c e s  i n  t h e  mechanisms and s i t e s  of 

a b s o r p t i o n  i n  t h e s e  two rodent  s p e c i e s .  P i n o c y t o s i s  appears  t o  be an 

important  p a r t  of a b s o r p t i o n  by t h e  s u c k l i n g  moase, b u t  t h e r e  i s  a l s o  

another a b s o r p t i v e  p a t h  independent of p i n o c y t o s i s ,  In t h e  s u c k l i n g  

r a t ,  t h e r e  i s  a correlation between p i n o c y t o s i s  rand r e t e n t i o n  w i t h i n  t h e  

e p i t h e l i a l  c a l l s  of t h e  i leum, b u t  t h e  l e a d  so r e t a i n e d  appears  no t  t o  

be t r a n s f e r r e d  t o  t h e  c i r c u l a t i o n  but i n s t e a d  i s  probably r e t u r n e d  t o  

t h e  lumen when the e p i t h e l i a l  c e l l  is  shed; a b s o r p t i o n  occurs  i n  t h e  

duodenurts by a d i f f e r e n t  mechanism independent of p i n o c y t o s i s .  I n  t h e  

mouse, t h e  a b s o r p t i o n  sf l e a d  t h a t  i s  not a s s o c i a t e d  w i t h  p i n o c y t o s i s  

OCCUES i n  t h e  jejunum, The n a t u r e  of t he  non-pinocytot ic  uptake ( e . g . ,  

a car r ie r -media ted  p r o ~ e s s  a s s o c i a t e d  w i t h  cialoiuaar o r  iron uptake ,  or 

simple d i f f u s i o n )  is  unknown, 

K e l l e t  and Iloherty (1988a3 a d m i n i s t e r e d  l e a d  a c e t a t e  ( 5  mglkg) w i t h  

t r a c e r  amounts of 210Pb and r a d i o i o d i n e - l a b e l l e d  p o l y v i n y l p y r r o l i d o n e  

(am) by stomach i n t u b a t i o n  t o  12-day-old s u c k l i n g  mice and t o  a d u l t  

m i c e ,  (PVP i s  a macromolecule shown t o  be a marker for p i n o c y t o s i s  i n  

r a t s  (Clarke and IIardy 1969, 1975);  i t  i s  taken  up by p i n o c y t o s i s  into 

t h e  e p i t h e l i a l  c e l l s  o f  t h e  d i s t a l  smal l  i n t e s t i n e  b u t  n o t  t r a n s f e r r e d  

t o  bllood,) The mice were k i l l e d  a t  v a r i o u s  i n t e r v a l s  from 0 . 5  B t o  3 

days a f t e r  a d m i n i s t r a t i o n  and the  small  i n t e s t i n e  was d i v i d e &  i n t o  24 

segments of equal  l e n g t h  f o r  a n a l y s i s  of l e a d  and PVP c o n t e n t  i n  t h e  

i n t e s t i n a l  t i s s u e .  The d i s t a l  jejunum and ileum conta ined  t h e  

q u a n t i t i e s  of b o t h  l e a d  and P W ,  and t h e  duoden conta ined  almost  no 

l e a d  ox PW. Lead c o n t e n t  was g r e a t e s t  a t  0.5  Is a f t e r  a 

(the f i r s t  time s t u d i e d ) ,  was l a s s  a t  3 la and was v e r y  rraanch l e s s  a t  5 . 5  

h and a t  1 and 2 days;  t h i s  p a t t e r n  is  c o n s i s t e n t  w i t h  l ead  be ing  
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t r a n s f e r r e d  t o  the  c i r c u l a t i o n .  Pre t rea tment  of suckl ing mice with 

co r t i sone ,  which induces premature c losure  of the  i n t e s t i n e  i n  r a t s  and 

mice, r e s u l t e d  i n  decreased content  of l ead  and PVP wi th in  t i s s u e  of the  

i n t e s t i n e  and a l s o  decreased whole-body lead  r e t en t ion .  In a d u l t  mice 

lead  and PVP uptake i n t o  the  i n t e s t i n a l  t i s s u e  was much l e s s  than i n  

suckl ing  mice and there  were no r eg iona l  d i f f e r e n c e s  i n  uptake; 

co r t i sone  admin i s t r a t ion  had no e f f e c t  on uptake of lead  o r  PVP or  on 

whole-body r e t e n t i o n  of fesd .  This  evidence s t rong ly  suggests  t h a t  i n  

the  neonatal  mouse lead  i s  being taken up i n t o  the e p i t h e l i a l  c e l l s  by 

p inocy tos i s  and is  then  t r a n s f e r r e d  i n t o  the c i r c u l a t i o n .  However, the  

r e s u l t s  of another  experiment suggest t h a t  lead i s  a l s o  absorbed by 

another  mechanism i n  neonatal  mice. Lead was i n j e c t e d  d i r e c t l y  i n t o  the 

lumen of e i t h e r  the proximal jejunum, where p inocytos is  does not occur,  

o r  i n t o  the ileum of 12-day-old mice which e i t h e r  had been t r e a t e d  wi th  

co r t i sone  o r  were unt rea ted  con t ro l s .  Mice were k i l l e d  one hour l a t e r ,  

and it was determined t h a t  the i n j e c t e d  s o l u t i o n  remained a t  or near  the 

s i t e  of i n j e c t i o n  during the one-hour per iod.  Absorption of lead i n t o  

the  body from the ileum was s u b s t a n t i a l l y  lower f o r  cor t i sone- t rea ted  

mice than for c o n t r o l s ,  b a t  t he re  was no d i f f e rence  between t r e a t e d  and 

con t ro l  mice f o r  absorp t ion  from the  jejunum. 

Henning and Leepes (1984) adminis tered ao3Pb ch lo r ide  ( c a r r i e r -  

f r e e )  p l u s  nonlabel led l ead  a c e t a t e  (50  mg/kg) by stomach in tuba t ion  t o  

suckl ing  r a t s  10-16 days old and t o  weanling r a t s  24 days old .  The r a t s  

were k i l l e d  a t  var ious  i n t e r v a l s  from 2 t o  24 h a f t e r  adminis t ra t ion  and 

the  small  i n t e s t i n e  was divided i n  12  segments f o r  ana lys i s  of l ead  

content  i n  the i n t e s t i n a l  t i s s u e .  A t  2 h a f t e r  adminis t ra t ion ,  the lead  

content  i n  the proximal i n t e s t i n e ,  e s p e c i a l l y  i n  the duodenum, was h igh  

i n  suckl ing r a t s  but  much lower i n  weanling r a t s .  Lead content  i n  the 

ileum was low i n  a l l  groups, bu t  e s p e c i a l l y  i n  the weanlings. I n  a 

second experiment, f a s t e d  suckl ing r a t s  which were not allowed t o  suckle  

a f t e r  admin i s t r a t ion  of the lead  took up much more l ead  than d id  con t ro l  

r a t s  allowed t o  suckle  af terwards;  t h i s  suggests  t h a t  the presence of 

milk i n  the  i n t e s t i n e  was not the reason f o r  the d i f f e rence  between 

uptakes in the  suckl ing and weanling r a t s  above. The concent ra t ion  of 

l ead  i n  the  blood was much h igher  i n  the f a s t e d  than i n  the suckled 



r a t s  * a r e l a t i o n  between i n t e s t i n a l  sptake and 

t r a n s e p i t h e l i a l  t r a n s p o r t ,  

In a t h i r d  experiment ,  s u c k l i n g  rats were k i l l e d  a t  2, 4, 6, and 24 

In a f t e r  a d m i n i s t r a t i o n  of l e a d .  Laad c o n t e n t  i n  t h e  duoden 

a t  2 and 4 h, lower a t  6 h, and v i r t ~ a l l y  u n d e t e c t a b l e  ab, 24 h. In 

c e ) n t r a s t ,  l e a d  c o n t e n t  i n  the  i leum w a s  lowest  a t  2 h. i n t e r m e d i a t e  a t  4 

and 6 h, and h i g h e s t  a t  24 h, even though the l e a d  c o n t e n t  i n  t h e  i l e a l  

l w e a  was g r e a t e s t  a t  2 h and g r a d u a l l y  d e c l i n e d  t h e r e a f t e r ;  t h i s  

s u g g e s t s  t h a t  t h e  l e a d  i n  tlhe i l e a l  e p i t h e l i u m  is not  be ing  t r a n s p o r t e d  

into the  c i r c u l a t i o n .  

The: d i f f e r e n c e s  i n  these  experimental  r e s u l t s  on mice and r a t s  

i l l u s t r a t e  the  importance o f  d i s t i n g u i s h i n g  between mptake of R 

into the i n t e s t i n a l  e p i t h e l i u m  and t r a n s p o r t  o f  t h e  meta l  from the 

e p i t h e l i u m  i n t o  the c i r c u l a t i o n .  They a l so  i l l u s t r a t e  the importance of 

studying a vas iety  of animal s p e c i e s  b e f o r e  a t t e m p t i n g  t o  e x t r a p o l a t e  t o  

man 0 
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