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CHAPTER 1. INTRODUCLION

This report and e previous one (Eckerman et al. 1984) evaluate the
dependence on chemical forms of estimates of health effects in high-
level waste (HLW). 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 forms of a radionuclide
rather than toward health effects per se.

This study is needed because the chemical species of radioelements
released to the enviromnment 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 30), Our previous report dealt with two main topics:
(1) identifying those chemical forms of radionuclides which are likely
to reach humans after migration from a waste repository and
(2) identifying those aspects of the body'’s metabolism that depend upon
the chemical form.

It was pointed out in the previous report that ome of the greatest
uncertainties now present in estimating organ doses from given
environmental exposures to various chemical forms of radiomuclides 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 <¢ract. In Chapter 2 we derive an upper bound for
the absorption fraction of plutonium for adulis, which is based on data
from adult humans. In Chapter 3 we review the important topic of
absorption of radionnclides (strontium and actinides) by aneonates and
juveniles and present a table of recommended absorption fractioms for

neonates, infants, children, and adults.
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CHAPTER 2. AN ESTIMATE OF THE GASTROINTESTINAL ABSORPTION
FRACTION FOR ENVIRONMENTAL PLUTONIUM IN ADULT HUMANS

INTRODUCTION

For evaluation of occupationsl exposures, the International
Commission on Radiological Protection (ICRP) currently recommends the
value 1()"4 for the fraction f1 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 1879; Harrison 1982;
Johansson 1983; Kocher and Ryan 1983; Larsen et al. 1981; Sullivan et
al. 1879; Sullivan 1980; Sullivan et al, 198G) indicate that chronic
intake of low levels of environmental forms of Pu by laboratory animals
may lead to observed values of f1 substantially larger than 10'4. In
recent reviews, Bair (1979) and Kocher and Ryan (1983) recommended a
value of 10—3, and Harrison (1982) and Johansson (1983) recommended a
value of 5§ x 10~4 for GI uptake of envirommental plutonjum. The value
recommended by Harrison and Johansson appears to be intended as a 'most
likely "™ value 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 uppers
bound of 2 x 10.'3 for fl is estimated from data for a group of adult
humans who had ingested elevated levels of Pu in their normal diet. The
value 1073 may be a reasomable choice for f, for use in assessments of
environmental exposures to plutonium, since it is in close 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,
DERIVATION OF AN UPPER BOUND OF THE ABSORPTION FRACTION FOR ADULT HUMANS
The diet of the Finnish Lapp population is known to contain

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

food chain peculiar to the region. By estimating the guantities of



plutonium ingested and imnhaled by Lapps and their whole-body contents
and comparing these with analogous quantities in Southern Finns,
Mussalo—Rauhemaa and coworkexrs (1984) attempied to determine the
fraction fl of ingested plutonium absorbed to blood. Their approach was

to solve the simultamecus eguations

il

a1X + blY

azx + sz

4 (1)
29 (2)

#

[+

where Eg. (1) is for Southerm Finns and Eg. (2) is for Finnish Lapps, a,
is the lifetime inhalation intake oi Pu, bi is the lifetime dietary
intake, c, is the body burden st death (in 1977-79), and the mnknowns X
and Y are the fractional absorptions from the airways and from the

2

gastrointestinal tract (fl)’ respectively. Their estimates of 2, bi
and ci were 18, 36, and 1.37 pCi, respectively, for Southern Finns and
13, 535, and 1.40 pCi, respectively, for Lapps. An estimate of 9.0 x
10™% was obtained for Y (fl) after a slight adjustment for the fractiom
of activity assumed to be excreted. The authors noted some problems
with this approach, but it does nonetheless yield a valuable preliminary
result since it is the omnly available estimate of fl for plutonium that
is based on data for humans,

The main difficulty with this approach is that the solution for Y
will wvary substantially as estimates of the body burden and the
inhalation inteske vary within their ranges of uncertasiaty. In fact,
since autopsy data do not establish a clear differemce between the
whole~body burdens of the two groups or between their lung burdens, one

canunot wuse this method to rule out the value fl=Y=0, obtained if a
4

1 22

and ¢ =¢ Although the estimate of 9 x 10 ~ agrees well with current

estimitez based om data for non-humans, one must guestion whether the
agreement is fortuitous in view of the uncertainties in the coefficients
in Eqs. (1) and (2). In the following it is shown that, despite the
uncertainties involved, the data and general approach of Mussalo-
Rauhamaa and coworkers may be wused to obtain a reasonably reliable
estimate for amn wupper bound of the GI sabsorption fraction for

environmental plutonium. This upper bound is only a factor of 2 higher

than their estimate for fl‘



The largest error associated with an estimate of the whole-body
burden of Pu based on autopsy datas pgenerally arises from the non—
uniformity of Pu in the skeleton. Mussalo~Ravhamaa and coworkers uséd
rib samples to estimate skeletal burdens. Various resuwlts indicate that
the concentration of Pu in rib wmay be bhigher than average for the
skeleton, but it is probably not lower then average {Mussalo~Revhamaa et
al. 1979). Whatever the direction of error, this should be considered a
systematic error and thus should apply equally to Lapps and Sounthern
Finns, We are seeking a smallest reasonable upper bound for fl, and, as
can be shown, the estimate of this value obtained from the approach used
here will change in proportion to systematic adjustments in estimated
whole-body burdens. Thus, skeletal burdens estimated by Mussalo-
Raphamaa and coworkers should not be adjusted since their error, if any,
would probably be om the high side.

Autopsy data for five adult male Lapps are listed by Mussalo-
Rauhamaa and coworkers (1984). The maximum estimated body burden of
these subjects (three reindeer herde;s, a fisherman, and a farmer) is
1.56 pCi. Because of the relatively small sample of Lapps considered,
this value is adopted here as a conservatively high estimate of the
whole-body burden of a typical adult male Lapp. The average whole-body
burden of 1.37 pCi determined for adult male Southern Finns is based on
2 relatively large number of samples and will be adopted for this
analysis.

The estimated dietary intake of Pu for the Lapps during the period
1954-1978 is 535 pCi (Mussalo—Rauhamaa et al. 1984). There is no way to
determine whethex this is representative of the sample population's
intake, but it should be assumed that some error is involved. Since the
upper—bound estimate will increase as the assumed Pu intake by the
sample population decreases, it will be assumed conservatively that this
estimate is 50% higher than the real vaiue, which would then be about
360 pCi. The relatively small dietary intake for Southern Finns has
little effect on the final estimate of f1 when allowed to vary within a
reasonable range; the original estimate by Mussalo-Rauhamaa and

coworkers (1984) of 36 pCi is used here.



The inhalationm intake for the entire lifetime of the Lapps and
Southern Finns was based on the estimated sixr concentration of Pu in
northern and southern Finland, respectively, and a breathing rate of 20
m3/day (Mussalo~Resubamaa et al., 1984). It was noted that the breathing
rates of the Lapps may mot be the same as those of typical Southern
Finns, simnce the Lapps are generally outdoor workers. The amount of
plutonium inhaled by Lapps was estimated as 13 pCi, compared with 18 pCi
for Southeran Finns, with the difference arising from the fact that the
average concentration of Pu in surface air in the Lapp region was
estimated to be only 72% of the comcemtration in southern Finland. It
is assumed here that the imhalatiom intake by Southern Finns is klﬁ and
that of Lapps is k2(0,72Q), vhere ki denotes the appropriate breathing
rate in esch case and @ is the integrated comcentration of plutonium in

surface air in southern Finland. The following egnations may then be

used to obtain an upper bound for fi' without havimg to assign a
numerical value to the breathing rate:
leX + 36Y = 1.37 (3)
= 1,56, (1)

0.72k2QX + 360Y

From Eq. (4) we kpnow that Y<0.0043, Substituting this into Eq. (3)
yields X>1.22/k1Q, and putting this back into Eq. (4) gives Y<(0.0043-
0.0024k2/k1. There are two reasons why one might suspect that k2>k1:
the Lapps may perform heavier work than Finus, az an average; and the
limited autopsy data did not show a2 lower concentration of Pu in lumgs
of Lapps than in Jlungs of Southeran Finns, despite the lower air
concentrations experienced by the Lapps. An upper bound for Y cam be
found by assuming kzzkl; this gives Y=£1<0.0019. Arp iteration of the
procedure described in this paragraph yields f1<0.0017, and allowance
for the small amount of plutonium lost from the body (ICRP 1979) between
1954 and 1978 would raise this upper bound to sbout 0.002.

A slightly more detailed description of this work appsared in

Health Phvsics (Leggett 1985).
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CHAPTER 3. GASTROINTESTINAL ABSORPTION OF RADIONUCLIDES BY YOUNG ANIMALS
AND THE DEVELOPMENT OF THE G.I. TRACT AS IT RELATES TO THIS PROBLEM

INTRODUCTION

Absorption of several radionuclides present in high-level waste
(plutonium, americium, and neptunium) has been shown to be higher in
neonates than in adults of various species by factors of 10-1000, Less
information is available on absqxption in juvenile animals after weaning
and betore sexual maturity, especially in animals that have a protracted
juvenile period similar to that of humans, Except for stroantium, no
direct information on absorption by human infants and children of
radionuclides present in high-level waste is available, Most of the
information on absorption by neonates is from one animal model, the rat,
but increased absorption by neonates does seem to be a general
phenomenon —— other rodents (hamster, guinea pig) and mammals of other
orders (swine, sheep, cow, dog) show increased absorption of plutonium,
for example.

In fact, neonates seem to absorb metals in general more than do
adults ~~ this is true for nutritional metals such as irom and calcium
and toxic, non—nutritional metals such as lead and cadmiom (Table 1).
The reasons for this general increased absorption are not completely
clear. Many workers have suggested that the high rate of pinocytosis by
the epithelial cells of the villi in the small intestine that occurs in
some species in the immediate postnatal peried (and is associated with
absorption of immunoglobulins and other macromolecules) is the mechanism
or one of the mechanisms involved. However, the evidence is better for
some metals than others, and there may be species differences {(Henning
and Leeper 1984). Neonatal guinea pigs do not  absorb immunoglobulins
postnatally, although they do take up macromolecules into the intestinal
cells by pinocytosis for the first 1-2 days of life (Clarke and Hardy
1970; Lecce and Broughton 1973); Sullivan (1980b) reported that guinea
pigs 0.5-1 days old show increased absorption of plutonium, and Harrison
(1985) recently found that peonatal guinea pigs older than 2 days, where

pinocytotic uptake has ceased, also show increased absorption. Lead is
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Table 1. Metals that are reported to be sbsorbed by young mammals more readily than by adults,

Metal Species References
Actinides
Th Rat Sulfivan (1980%); Sullivan, Miller, and Ryan {1983a)
Pa Rat Sullivan, Miller, and Ryan (1983a)
U Rat Sullivan (198Ch)
Swine Sullivan and Gorham (1982)
Np Rat Sullivan (1980b); Sullivan, Miller, and Ryan (1983b);
Suilivan, Ruemimler, and Ryan (1984)
Hamster Harrison and David (1984)
Swine Sullivan and Gorham (1982)
Pu Rat Ballou (1958); Mahlum and Sikov (1967); Finkel and
Kisieleski (1976); Suilivan (1980b}; Sullivan and Gorham (1982);
Sullivan, Miller, and Ryan (1983b); Sullivan, Miller,
and Goebel (1984); Suilivan et al. (1285b)
Hamster Harrison and David (19284)
Guinea pig  Sullivan (1980b)
Swine Buldakov (1968); Sullivan (1979); Sullivan (1980b);
Sullivan and Gorham (1982); Sullivan, Miller, and Goebe! (1984)
Cattle Sutton et al. (1977)
Dog Buldakov et al. (1970); Sullivan and Gorham (1982)
Am Rat Moskalev et al. (1973); Sullivan (1980b); Sullivan et al. (1985b)
Hamster Harrison and David (1984)
Swine Sullivan and Gorham (1982)
Cm Rat Semenov et al. (1973); Sullivan {1980b); Sullivan et al. (1985b)
Swine Sullivan and Gorham (1982)
Cf Rat Sullivan (1980b)
Es Rat Sullivan (1980b)
Lanthanides
Ce Rat Inabe and Lengemann (1972); Shiraishi and Ichikawa (1972);
Eisele et al. (1980)
Mouse Matsusaka et al. (1969); Naharin ct al. (1969, 1974);
Matsusaka (1971); Feige et al. (1973); Eisele et al. (1980)
Swine Mraz and Eisele (1977¢); Eisele et al. (1980)
Pm Rat Sullivan, Miller, and Goebel (1984)
Swine Sullivan, Miller, and Gocebel (1984)
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Table 1. Metals that are reported to be absorbed by young mammals more readily than by adults.

{Continned).
Metal Species References
Group 2a
Ca Rat Hansard and Crowder (1957); Taylor et al. (1962);
: Ghishan et al. (1980)

Cattle Hansard et al. (1954)

Human Harrison {1959)
Sr Rat Taylor et al. (1962); Forbes and Reina (1972)
Ba Rat Taylor et al. (1962)
Ra Rat Taylor et al. {1962)
Group 4a
Sn Rat Sullivan, Miller, and Goebel (1984) ;
Pb Rat Kostial et al. (1971,1978); Forbes and Reina (1972);

Henning and Leeper (1984)

Mouse Keller and Doherty (1980a,b)

Monkey Willes et al. (1977); Pounds et al. (1978)

Human Alexander et al. (1974); Ziegler et al. (1978)

Transition elements

Cr
Mn

Fe

Co

Zn

Nb

Te

Cd

Hg

Rat

Rat
Cattle

Rat

Human

Rat

Rat
Sheep

Rat

Rat
Swine
Sheep

Rat
Mouse
Rat
Mouse

Guinca pig
Swine

Rat

Sullivan, Miller, and Goebel (1984)

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

Taylor (1962); Ezekiel {(1967); Loh and Kaldor (1971);
Forbes and Reina (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. (1981);
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)

Sasser and Jarboe (1980); Sullivan, Miller, and Goebel (1984)

Kostial et al. (1978,1979); Walsh (1982)
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ong of the best characterized metals. Ian neonatal mice, lead is
absorbed primarily im the ileum (distal small intestine), by
pinocytosis, Abut lead is alsoc absorbed in the jejunum (just proximal to
the ileum} by a different, but unknown, mechanism (Keller and Dokerty
198Ga). In neonatal rats, lead is absorbed primarily in the duodenum
(extreme proximal small intestine), where pinocytosis is wnimportant.
In the idileum, lead is taken ap by the intestinmal wall, probably by
pinocytosis, but 1little of this is absorbed into the general
circulation, Most of this lead is eventually returned to the contents
of the intestime, by sloughing of senescent epithelial cells, and
eliminated with the feces (Hemning and Leeper 1984).

The increased retention of metals in the wall of the neomatal smzll
intestine may be important for radiation protection, since metal
redionuclides may irradiate cells in the intestinal wall, including the
radiosensitive crypt cells, for longer periods, Several actinides have
been showm to be retained temaciously in the intestinal wall of neomnatal
rats and swine (Sunllivan 1980b; Sullivan and Gorham 1982).

Absorption of metals by neomnates appears to be a process with at
least two steps: (1) uptake of the metal by the epithelial cell and
(2) transfer from the epithelial cell to the general circulation. When
uptake is by pinocytosis, differences among metals are probably smaller
than when by other mechanisms., Greater diffences among metals are seen
with transfer to blood or lymph; and for radiation protection, these
differences are important both for irradiation of tissues distant from
the intestine and for irradiation of cells in the intestinal wall, 1In
addition, some metals may be absorbed in part by routes other than
through the epithelial cells, but these routes are anot well
characterized (see Sweeting, 1984). Damage to the intestinal
epithelium, as oeccurs in diseases such as coeliac sprue, may lead to
changes in absorption (Walker 1981). The mechanisms of absorptiom of
heavy metals by adult animals, e¢ither via the epithelial cells or other
routes, are also not well kunown.

How this information on rats and other mammals may be extrapolated
to the human infant and child, for the purpose of estimating gut
absorption factors for radiation protection, is problematical. How

impoxtant pinocytosis 1is for absorption by human infants is not clear,
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slthough it appesrs that infants do absorb macromolecules to a greater
extent than do adults {(Walker and Isselbacher 1974; Walker 1981). The
time period over which the greatly increased absorption seen in neonates
of other species may occur in infants is also not clear —— it may occur
for only a few days or weeks, or it may occur until weaning from a milk
diet. For protection of the public from envirommental contamination
leading to contamination of food and waster, Harrison (1982; 1983a,b) has
proposed increased gut absorption factors for plutonium, americium,
carium, and neptunium that apply to the first year of life (Table 12).
For all chemical forms of plutonium other than the insoluble oxides and
bhydroxide, he recommends an average value of 1% be applied to the first
three months, when the infant is assumed to be on a milk diet; and
absorption is then assumed to decline linearly during the weaning period
to 0.05% (his recommended adult value) at nine months of age and remain
at 0.05% thereafter. (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 insoluble oxides and hydroxide of plutonium,
bhe recommends that average values of 0.1% and 0.05% absorption be used
for the first three months and first year, respectively, and the ICRP
(1979) value of 0.001% be wused after nine months of age. For all
chemical torms of americium and curium, he recommends that average
values of 1% and 0.5% absorption be used for the first three months and
first year, respectively, and the ICRP (1979) value of 0.05% be used
after nine months of age. For all chemical forms of neptunium, he
recommends that average values of 1% and 0.5% absorption be used for the
first three months and first year, respectively, and 0.1% be used after
nine months of age ~— note that this latter value, which is 1/10 that
recommended by the ICRP (1980) for workers, is based largely on data
published after the ICRP made its recommendations. Harrisonm (1983a, p.
30) states that in "evaluating the enhancement in the absorption of the
actinides in newborn animals, extrapolation of the available animal data
to absorption in the human is particulerly tenuwous.” We agree with this
statement and agree that his proposed values are reasonable estimates,
given current knowledge. The Nationsl Radiological Protection Board of
the U.K. has adopted these recommended values for protection of the

public (NRPB 1984).
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For adults we recommend a slightly more comservative estimate of
absorption of soluble forms of plutoniuw (0.1% vs 0.05%), based om the
arguments in Chapter 2. ¥We also recommend this value for 211l forms of
americium and curium in the environment {see Table 12),

These estimstes will neced to be reviewed periodically as the
mechanisms of sbsorption of ectinides im pasrticular amd im heavy metals
in genexral become better wunderstood, These estimstes are probatly
coaservative, except perhaps for children older than nine months. The
question whether children older than nine months absorb actinides and
other radiomuclides more readily than do adults has not been adeguately
addressed in radiation protection. Children appear to absorb several
times more iron and lead than do adults (Gorten et al, 1963; Ziegler et
al. 1978), but whether this holds true for actinides and other metals is
unknown, We suggest that zssuming absorption of actinides by children
older than nine months is 2~3 times that in adults (see Table 12) would
be prudent wuntil this question has Dbeen tested in an gnimal with a
protracted juvenile period similar to that in huwmans (it may be
necessary to use a primate model).

Strontium follows calcium pathways closely, and it is often used as
a marker for calcium in intestival absorption studies (Gmaj and Murxer
1984). Strontivm absorption is mearly 100% in suckling rats, declines
to about 25% in weaned juveniles and to about 10% in adults (Taylor et
al. 1962). Human infants oune month to one year old absorb zbout 25% of
strontium in their normal diets, as measured in metabolic balance
studies, which is within the range of absorption of 10-35% repoxted for
adults (Kahn et al. 196%). Kahn et al. also reported that percentage
calcium absorption is similar im infants and adults (szbout 40%), but
Harrison (1959) reached s different conclusion, based om metabolic
balance studies with human subjects with high calcivm imntakes, The
infants in these studies absorbed 40-50% of the calcium, whereas
children 3-5 years old and adults absorbed less than 20%. Premature
infants absorbed about 70%.

¥e have concluded that absorption of stromtiuwm by infants is
probably Dbetween one and two times that by adults, and the amount of
dietary calciunm may =ffect the perxcentage absorbed. Absorption by

neonates may approach 100%.
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DEVELOPMENT OF THE 6.I. TRACT

The epithelium of the small intestine of mammals is immature at
birth, and the relative maturity varies widely from species to species,
There are a number of structures, enzymes, and processes that change
{mature) during the first few days, weeks, or months after birth
{Koldovsky 1969). We shall focus on the process of pinocytosis (or
endocytosis), which is associated with the uptake of immunoglobulins and
other macromolecules, because it has been suggested by many authors that
the high absorption of metals may be via that mechanism., However, it
should be cautioned that there are many other differences between the
immature and mature intestine, many less well understood than
pinocytosis, that may affect absorption of metals; and for some metals
in some species, there is evidence for high absorption independent of

pinocytosis.

Uptake and Transport of Macromolecules by the Intestine

Newborn mammals become immunized to certain pathogens passively by
receiving maternal immunoglobulins either prenatally, postnatally, or
both, depending upon species (Table 2). Prenatally immunoglobulins are
passed from the maternal circulation through the yolk~sac. or piacental
membranes, and postnatally they are passed from colostrum or milk
through the intestinal epithelium, Guinea pigs, rabbits, and man
receive immunity prenatally; rats, mice, cats, and dogs receive immunity
both prenatally and postnatally; ruminants, swine, and horses receive
immunity only postnatally, The colostrum of those species im which
transmission of immunity occurs after birth is characterized by its high
contenf of immunoglobulins, im contrast to those in which such
transmission does mnot occur; when transmission continues for a long
period after birth the milk also has a high immunoglobulin content, but
when transmission is c¢onfined to a brief neonatal period the initial
high colostral content falls very rapidly to a low 1level in the milk
(Brambell 1970). ’The major immunoglobulin in these species is IgG
antibodies, the predominant immunoglobulin in serum, In human colostrum

and milk most of the immunoglobulin is XgA antibodies, which are
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Table 2. Time and route of passive immunity in mammals (Cless Mammalis) (after Brambeil, 1579).

Classification Prenatal Postnatal
Infraclass Order Species Route Transmission Route Transmission
Metatheria  Marsupialia Wallaby Mone 0 Gut + 4+ (180d)
Eutheria Insectivora Hedgehog Unknown  + Gut + - (40d)
Rodentia® Rat Yolk-sac + Gut. ++ {204)
Mouse Yolk-sac? 4+ Gut + 4 (16d)
Guinea pig Yolk-sac + 4+ None 0O
Lagomorpha Rabbit Yolk-sac ++4++ None 0
Artiodactyla®  Swine None 0 Gut ++ - (24-36k)
Cattle, goat, sheep None 0 Gut + -+ -+ (24h)
Perissodactyla  Horse None 0 Gut + -+ + (24h)
Carnivora Cat, dog Usknown -+ Gut ++ (1-2d)
Primates Monkey, human Placenta ++ 4 None O

*The guinea pig is in a different suborder from that of rats and mice.
®Cattle, goats, and sheep are all in the family Bovidae of the suborder Rurinantia (ruminants). Swine are in a
different suborder.

hypothesized to combat enteric pathogens in the lumen of the neomatal
gut.

The process by which y-globulins and other macromolecules are taken
up by the immature epithelium of the small intestine and transported to
the blood or lymph circulatiom is shown in Figaore 1. Material is
engulfed by membrane of the microvilli and this membrame pinches off to
form vesicles (phbagosomes) containing the macromclecules, These
phagosomes migrate to the supresnuclear region of the cell, where the
vesicles coalesce with lysosomes to form 1large vacuoles called
phagolysosomes. Within these structures intracellular digestion may
occur, and smaller molecules may pass through the vesicular membrane
into the cytoplasm of the cell, where it may be then tramsportesd to the
circnlation im the normsl way. Those particles which escape digestion
are exiruded imto the intercellular space by reverse endocytosis
(exocytosis).

In animals such as ruminants and swine, in which absorption of
macromolecules is limited to a short period after birth (24-36 k), there
is an intense and nomnsslective uptake and transport (Figure 2, wright).
A wide variety of macromclecules such as albumins, globulims, imsulia,
enzymes, and the synthetic molecule polyvinylpyrrolidone {(PVP) have heen

shown to be takem up and transported (see Lecce and Broughton, 1973).
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Figure 1. General mechanisms for the uptake and transport
of macromolecules by the intestine. Intracellular uptake:
After adsorption and endocytosis by the microvillous mermn-
brane, macromolecules are transported in small vesicles and
larger phagosomes. Intracellular digestion occurs when lyso-

o somes combine to form phagolysosomes. Intact molecules that
3 A1 remain after digestion are deposited in the intercellular space
" Phagaiysosome _.,% it by a reverse endocytosis (exocytosis). InterceBiular uptake:
i W K Alternatively, macromolecules may cross the “tight jupction”

3 Undigesied 29 I\ barrier between cells and diffuse into the interccllular space.

(; ) purticles &b Al (Figure and caption from Walker, 1981.)
Exocytosis 1

Figure 2. Mechanisms of macromolecular
absorption in the neopatal mammalian inics-
tine, Left: Selective transport of maternal
y-globulins in colostrum occurs in the jejunum
of newborn rats via a specific receptor site (R)
present on  the microvillous membrane.
y~Globulins are presumed to be protected from
intracellular lysosomal digestion because of
attachment to the receptor site and arc trans-

‘) @.@
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" x_o 1l

E l" S
golysosame

) o oy

ported in large quantitics out of the cell. Right:
A nonselective uptake and transport of other
macromolecules occurs . throughout the small
intestine of most neonatal animals. Immature
intestinal absorptive cells engulf large quanti-
ties of macromolecules.  After intracellular
digestion in phagolysosomes, very small quanti-
ties are deposited in the intercellular space.
(Figure and caption from Walker, 1981.)
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In rats and mice, which have =2 prolounged period of absorption of
macromelecules after birth (16-20 days), there is a selective absorption
of y—globulinz (Figure Z, left). Other large molecules are takem into
the epithelial cells by pinocyvtosis, but y-globulin is transported
selectively. It has been hypothesized that the 7y-globulian Ddinds to

receptors within the vesicles and this protects it from digestion.
losure

It is importamt to distinguish between the processes of uptake or
internalization of macromolecnles into the epithelial cells and the
subsequent trassport imto the blood ox lymph. The phenomenon of
"closure' has been variously defined as the cessatiom of absogrption of
macromolecules or the cessation of uptake, and these two processes do
not necessarily occur at the same time (Lecce and Broughtom 1973). For
example, the guinea pig, like man, does not absorb macromolecules after
birth (Table 2) and its intestine is said to be closed at birth uander
the former definition. However, its intestimal epithelium does take wup
macromolecules by pinocytosis for 1-2 days after birth (Clarke and Hardy
1970; Lecce and Broughton 1973), and its intestine is said to be closed
at 1-2 days of age under the latter defimnition. The rabbit, which also
teceives passive immunity prenatally only, can take up macromolecules
until about 23 days of age (Clarke and Hardy 1970; Lecce and Broughton
1973). 1In the swine, which receives passive immunity after birth, the
entire small intestine except the proximal duodenum canm both take up and
transport macromolecules during the first 24-36 h of life. After this
time the ability to transport is lost, but the epithelium can still take
up macromolecules by pinccytosis until about 18-20 days of age.
Starting at the time the ability to transport ceases, there is also 2
gradual loss of the ability to internalize macromolecules —— the
proximal small intestine loses this function first and the loss proceeds
distally toward the ileum, which is the last to lose the fumction (Lecce
1973). In rxats and mice, cells in the jejusnum and ileum take up
macromolecules nonselectively (Clark 1959; Clarke and Hardy 1969; Solari
et al. 1984), but only in the jejunal cells is there selective tramsporxt

of y-globunlin (Rodewald 1970, 1973; Hackenzie 1972). This distinction
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between uptake and transport may be important in absorption of wmetals.
For example, we may speculate that in cells where material is taken up
by pinocytosis but transport of macromolecules is absent, a metal could
still be absorbed into the circulation by passing through the vacuolar
membrane with digestive breakdown products and then passing through the
cell membrane; alternatively, the metal could be tightly bound to
material that does not pass out of the vacuole or cell and be excreted

after the semescent cell is sloughed into the intestinal lumen.

Application to Man

Lecce and Broughton (1973) have hypothesized that mnonselective
uptake of macromolecules is a general phenomenon in immature mammalian
intestinal epithelium., They speculate that this process also occurs in
human neonates from the following evidence: pimocytotic processes have
been seen in electron micrographs of human fetal intestine; neonates fed
cow's milk may develop circulating antibodies to cow’s milk proteins or
they may develop an allergy to these proteins, which supggests that small
amounts of these proteins were absorbed. Others have reported that a
larger percentage of infants undér 3 months of age have serum samples
containing antibodies to food antigens than dp those exposed to antigen
after 3 months, which suggests that food proteins are sbsorbed into the
circulation more readily during the first three months of 1life than
later on (see Walker, 1981). What effect this may have on absorption of
metals is unknown, but it suggests that human neonates could also show

e¢nhanced absorption.
ABSORPTION OF METAL RADIONUCLIDES AND SELECTED OTHER METALS

The absorption by young mammals of plutonium, americium, neptunium,
and strontium -~ radionuclides present in high-level waste -— is
reviewed here, Because ocurium is similar to americium in many
properties, it is also included, and the sparse data on other actinides
is reviewed briefly. Although the mechanisms of absorption of metals in
general is beyond the scope of this review, the work on several metals

other than those found in high—level wastes gives useful insights. Thus
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the absorption of iron and lead by yovug mammsls will be reviewed
briefly. Irom is of interest because Pu{IV) and, to a 1lesser extent,
An(IYY) snd C(w(III) bave some physical and chemical similarities to
Fe{III). Absorption of iron and lead is elevated (compared with adults)
long =after the mneconetal period in children, and this raises guestions
about possible increased absorption of other metals im children doring
the period from infancy to admithood. Ezperiments on absorptiom of lead
iz the necnatal rat and mouse intestine yield issights on mechanisms amd

sites of asbsorption that may or may not apply to other metals.

Plutoniom, Americium, and Curium

An excellent review of the sbsorption of plutonium, americium, and
curiam by adult and =neomatal mammals has been published by Harrison
(1982,1983a), and his recommended values for absorptiomn of these
radionuclides by infants, children, and adults have been adopted by the
National Radiologieal Protection Board of the U.K. (NRPB 1984). Qur
Tables 3-5 and T7-9 are similar to his tables but are arranged
differently to highlight certain relationships (as far as possible, the
tables are arranged by chemical form, species, and age, in that order);
some additional information is included in our tables, and recently

published results have been added.

Plutoniws

Data on the absorption of the nitrate, the citrate complex, and
viologically incorporated” forms of plutonivm by young mammals are
given in Tables 3-5. Dats on the more imsoluble oxides are given in

Table 7. No data are available for absorption by infants or children,

but there are data for a variety of species —— rats, hamsters, guinea
pigs, swine, cattle, and dogs — especially in the immediate postmatal
period,

The most striking aspect of the data is that, for +the soluble
forms, absorption is very much higher in neonatal animsls than in adults
(Tables 3-5). Retention of plutonium inm the intestinal wall and

contents is also much higher and longer lasting than in adults (the



Table 3. Absorption of plutonium nitrate by young rats.

Isotope Dose Number Age Total % % retained in intestine
and of (days)  retained? Reference
oxidation state Mass Activity animals ¥ Wall Contents
239 100ug 6uCi 25 1 0.25 Ballou (1958)
2 0.18
7 0.10
10-13 0.11
21 0.019
33 0.002
39 0.003
45 0.002
56 0.013
84 0.004
238(1V)  0.0021pg 0.037.Ci 2 4h 5.1 47 28 Sullivan (1980b)
0.023 0.39 3 4h 4.7 27 24
0.24 4.1 3 4h 5.9 1.6 6.1
0.0021 0.037 1 1 2.9 61 30
0.023 0.39 3 1 1.6 32 28
0.24 41 3 1 2.4 1.3 6.8
238(1V) 3.5ug/kg 60uCi/kg 3 1 1.6 34 26 Sullivan (1980b)
238 29ug/kg 50uCi/kg 3 1 1.8 40 26 Sullivan and Gorham (1982)
238 0.2ug 3xCi it 1 2.8 Sullivan and Gorham (1982)
23(VD)  32ug 2.0uCi 4 1 1.4 1l It Sullivan (1980b)
237(IV)  0.000004 0.05 3 2 2.8 40 1t
238(IVy  0.12 2.0 7 2 22 0.75 0.55
238(vl)y 0.12 2.0 17 2 36 9.5 1.7
239(1v) 32 2.0 5 2 0.4 4.6 30
23%(vI) 32 2.0 8 2 0.7 4.7 36
237 0.0003ug/kg  3.7uCi/kg 9 2 1.7 Sultivan and Gorham (1982)
239 3900 240 9 2 0.3
237/239 0.6ug/kg 0.9uCifkg 6 2 24 (67 Suilivan, Miller, and Ryan (1983b)
239 1900 120 10 2 1.0 (36)°
238 13ug/kg 230uCi/kg 8 2 2.3¢ (4.2)¢ Sullivan et al. (1985b)
239 2040 130 10 2 0.9 (23p
241(AVY  0.02ug 2.8uCi 6 3 1.6 46 27 Sullivan (1980b)
238 13pg/kg 2204Ci/kg 13 4 3.0 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,
and Ryan also exclude skin.

byall and contents combined. ,

“This experiment is apparently identical with one reported in Sullivan, Miller, and Goebel (1934).

144



Table 4. Absorption of plutonium nitrate by young of species other than the rat.

. Isotope Dose Number Age Interval between Total % % retained in intestine
Species and of (days) gavage and retainedd Referznce
oxidation state Mass Activity animals ¥e) necropsy {days) Wail Contents
Guinez pig 238 Sug/kg 90uCi/kg 2 0.5 3.5 33 8.1 9 Sullivan {1980b)
2 1 3 2.3 0.8 23
Dog 238 2.6ug/kg  45uCi/kg 5 2 7 6 1.2 8.3 Sullivan and Gorham (1982}
Dog 239 =2 3 1 0.14>  upto 66 Buldakov et al. {1970}
Swine 238 23ug/kg  400uCi/kg 2 24 36h° 41 324 0.84 Sullivan {1979)
Swine 238 L5ug/kg 25uCijkg 1 0.5 35 3le Sullivan (1980b)
1 0.5 7.5 30 4
2 0.5 12,5 26° 1.4 0.08
2 0.5 215 29¢ 0.8 0.002
2 1 10 4/ 27
2 1 9 79 15 9
Swine 238 1.2ug/kg  20uCi/kg 2 1 7 13 25 36 Sallivan and Gorham (1982)
Swine 239(1V) 380ug 24uCi 2 1 7 11 43 7.4 Sullivan and Gorham (1982)
(8] 270 17 2 1 7 16 51 6.3
vy 380 24 2 H 21 11
vD) 279 17 2 1 21 17
Swine 238 ~lug/kg 15-20uCi/kg 3 1 1 18¢ 618 Sullivan and Gorham ({1982)
Swine 238 0.9ug 15uCi 3 i 2-4 135 544 Sullivan and Gorham {(1982)
Swine 238 3.8ug 65uCi 3 2 7 22 37k Sullivan, Miller, and Goebel {1984)
Swine 238 0.8ug/kg  14pCi/kg 2 5 7 1.4 Sullivan and Gorham (1982)
Swine 238 0.8ug/kg  14uCi/kg 2 5 7 12 54 1t Sullivan and Gorham {1982)
G.4 7 2 10 7 5.4 42 15
0.2 4 4 14 7 1.9 6.5! 25
0.2 4 3 2t 7 0.3 0.05* 0.3

4 Amount retained in body, except GI tract, at various times after administration. Values of Sullivan and co-workers for dog and swine, except the one labeiled with footnote
a, also exciude skin.

4 Amount retained in skeleton and liver. An additional 1% was retained in the remaining carcass {artefact?).

°Lesser amounts were retained at 6, 12, and 24h, in part due to substantial retention in contents of stomach, but retention in stomach was only 3% at 36h.

4Small intestine only. Retention in large intestine wall and contents was 5%.

¢Fed synthetic diet after birth.

S Nursed by sow.

ZNot clear whether this includes the contents also.

*Small intestine only.

iSmall intestine only. Retention in small intestine wall of the 5- and 10-day-old swine in this experiment was 51 and 40%, respectively.

(44



Table 5. Absorption of citrate complexes and "hivlogically incorporated” forms of plutonivm by young mammals,

Isotope Dose Number Age Interval between Total %
Species and of @ ag s) gavage and retained Reference
chemical form Mass Activity animals Y necropsy {days} or absorbed?
Rat 239 citrate 3 1 4h? 0.46 Mahlum and Sikov {1967)
3 20 0.14
3 21 0.10
3 5 0.16
Rat 237/239 citrate 0.6pg/kg 0.9uCi/kg 11 2 7 1.8 Sullivan, Miller, and Ryan
237 citrate 1900 120 1 2 2.8 (1983b)
Rat 238 citrate Tlug/kg  200uCi/kg 8 2 7 2.2 Sullivan et al. (1985b)
239 citrate 2040 130 7 2 1.7
Rat 238 citrate 10pg/kg  170uCijkg 6 7 7 33 Sullivan et al. (1985b)
238 citrate added
, to liver 8.4 140 6 7 23
38 incorporated
in liver 5.7 95 6 7 1.9
Rat 239 citrate 80ng 5.0nCi 6 7-16 2-11 2.0¢ Finkel and Kisieleski (1976)
180 1 1 27-36 0.08¢
340 21 10 46-55 0°
290 18 10 76-85 0
370 23 10 245-254 0
239 incorporated in
goat mitk 38 24 11 7-16 3.2
85 5.3 12 27-36 0.24°
130 8.4 10 62-71 0.3¢
180 11 10 230-239 o
Hamster 239 citrate 0.3ug 0.02uCi 5 1 15 Harrison and David (1984)
0.3 0.02 6 4 14
0.7 0.04 9 7 0.02
3 0.2 6 22 0.007
7 0.4 6 30 0.003
Dog 239 citrate =22 3 | 0.7¢ Buldakov et al. (1970)
Swine 239 citrate 530ug 33uCi 3 75¢ 1 0.19 Buldakov (1968)
Cattle 239 ?;r:c:fv amdgid dug/kg/d  0.3uCifkg/d 3 47 10 10-13 2.8 0.49" Sutton et al. (1977)
239 incorporated in
cow milk 4 7-81013-14 0.50

“Amount retained in body, except GI tract and skin.
fercnt method, wherein retention in certain tissues is compared with retention after injection of Pu citrate and thus is an estimate of absorption.

b Approximately the same amount was retained after 6 days for the 1- and 20-day old rats, but only half as much for the 21- and 35-day olds.

‘ Amo\mt retained 2 (days after last dose. Animals were administered Pu for 10 successive days.

40.7% was retained in skeleton and liver; 5% was retained in the remaining carcass (artefact?).

eStill suckling.

Amount retained 2 days after last dose. Animals were administered Pu for 7 successive days,

Results of Mahlum and Sikov include skin. Results of Harrison and David are by a dif-

Y4
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longer presence in the contents is probably due to slcughing of
senescent epithelisl <cells that have retained plutomium tenaciously);
this phenomenon could have important consequences on radiation doses to
the radiosensitive crypt cells of the intestinal epithelium.

Effect of species, Rats, hamsters, guinea pigs, and dogs absorb as

much as 3-6% of soluble forms of plutonium administered by stomach tube
in the first few hours or days of life, which is about 100 times more
than is absorbed by adults of these species. Cattle 1-2 weeks old
absorbed 0.5% of plutonium administered over a seven-day period; no data
on absorption by calves younger than this are available. Swine sabsord
10-80% during the first several days of life, about 10,000 times more
than the 90.,001-0.003% reported to be absorbed by adults. (This figure
for the adult is based on the nitrate, and absorption of the citrate
complex and other organic forms may be higher im adults; nevertheless,
absorption by neonatal swine is very much higher than by other species;
see Harrison's review for data on absorption by adults.) Swine aund
other species of the Order Articdactyla absorb large quantities of
immunoglobulins during the first 24-36 hours of life (Table 2). The
extremely large percentage of plutonium absorbed by swine may be related
to this phenomenon and probably has no relevance to human absorption.
Bowever, among the species that absorb 3-6% of soluble plutonium
compounds neonatal rats, hamsters, and dogs absorb moderate amounts of
immunoglobulins while neonatal guinea pigs absordb mno immunoglobulias
(Table 2). (Although guinea pigs absorb mno immunoglobulims postnatally,
uptake of macromolecules into the intestinal cells by pinocytosis does
occur for 1-2 days after birth (Clarke and Hardy 1970; Lecce and
Broughton 1973). Sullivan’s (1980b) work was with guinea pigs 0.5-1
days old, but recently Harrison (1985) has found that guinea pigs older
than 2 days absorb plutonium at a similarly high rate.) Absorption of
plutonium by other species that absorb no immmnoglobulins postnatslly
(primates, rabbits) has not been tested.

Effect of age. This extremely high absorption 1lasts for oanly a

very short period. Sullivan (1980b) reported that in rats absorption of
238Pu nitrate decreased from 5-6% at age four hours to 2-3% at ome day.

Ballou (1958) reported that in rats absorption of 23°Pu nitrate decreased
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steadily from 0.25% at age one day ¢to 0.18, 0.10, 0.11, 0.02, and

0.002-0.004% at ages 2, 7, 10-13, 21 (age of weaning), and 3384 days,

respectively; the latter are similar to adult values measured by hinm

(the lower absorption at age one day found by Ballou may result from the

higher masses of plutonium that he administered -— see discussion of

mass effects below). Mahlum and Sikov (1967) reported that 0.46% of

239py citrate was absorbed by rats one day old (mass intubated not
reported), whereas rats 20-35 days old absorbed 0.10-0.16%. Finkel and

Kisieleski (1976) reported that absorption by rats of 23%%Pu as the
citrate complex or in goat milk was very much lower after weaninpg (see

Table 5).

Hamsters are also weaned at about three weeks of age, but uptake of
macromolecules by pinocytosis ceases at about 5 days of age (Lecce and
Broughton 1973). Absorption of 23%Pu citrate declined from 3.5% at age
one day to 1.4, 0.02, 0.007, and 0.003% at ages 4, 7, 22, and 30 days,
respectively (Harrison and David 1984) —— note the 70-fold decline
between 4 and 7 days of age. In swine absorption of immunoglobulins and
other macromolecules occurs only during the first 24-36 h after dirth
(Table 2); loss in pinocytotic uptake, however, occurs gradually — it
begins at the duodenum at 24-36 h and proceeds caudally toward the ileum
as the piglet ages to about 3 weeks (Lecce 1973). Absorption of 238Pu
nitrate declined from 12% at age five days to 5.4, 1.9, and 0.3% at ages
10, 14, and 21 days, respectively; absorption after weaning (6-8 weeks)
was not measured (Sullivan and Gorham 1982).

Effect of mass. For adult mammals there are conflicting results on
the effect of mass or concentration of plutonium administered. Sullivan
reports that a smaller percentage of plutonium is absorbed when high
masses are given, but other workers report no differences over wide
ranges (see Harrison, 1983a). Sullivan has reported that several
experiments on the absorption of plutonium nitrate in meonatal rats four
hours to two days old also show a mass effect; furthermore, the
percentage of plutonium retained temaciously in the intestinal wall and
contents is affected by mass administered (see Table 3, results of
Sullivan, 1980b; Sullivan and Gorham, 1982; and Sullivan, Miller, and

Ryan, 1983b). The results from these experiments and others listed in
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Table 3 that pertain to ome- or two-day—o¢ld rats are combined and
plottsed ia Figure 3. The percentage of plutonium absorbed was fairly
uniform from doses of aboui 10° ¢ to 10 ng/kg and fell to lower values
above 103 ug/kg. The percentage retained in the intestinal wall and
contents one weck after administration was 45-90% from 10"4 to 1 ugl/kg
and fell to lower values sbove 10 ng/kg. For the purpose of assessing
radiation doses to the public from environmental contamimation, the
higher values of absorption and retention at the lower masses are of
interest.

Effect of chemical form. Adult mammals sbsorb substantially more

plutonium citrate tham nitrate and other inorganic forms, probably
because the citrate complex is hydrolyzed less readily in the intestine
(Haxrison 1983a). Sullivan and co-workers have reported four
experiments with neonmatal vats that test the absorption of citrate vs
nitrate forms, and they are collected in Table 6 and arranged by mass of
plutonium dose admimistered, At high doses (2040 and 1875 pg/kg) the
data suggest that wore of the citrate form is absorbed, but it is not
conclusive: at 2040 ug/kg the citrate absorption was about twice that
of nitrate absorption, but the difference is not statistically
significant; at 1875 ug/kg the citrate absorption is about three times
that of nitrate absorption, and the difference is at the borderline of
significance (p=0.05) when tested with a t-test modified to take into
account the highly significant difference in the variances in the two
samples (Sokal amd Rohlf 1960, p. 374). At the dose of 11-13 pg/kg,

absorption of the two forms was virtually identical; at the dose of 0.6
ug/kg, absorption of the mnitrate form was slightly higher (2.4 vs 1.8%),

but the difference is again at the borderlime of significance. There
were no significant differences between the citrate and nitrate forms at
any dose level in the amount of plutonium retained in the intestinal
wall and contents seven days after administration.

Two experiments have been performed to test the effect of
biological incorporation of plutomium in milk {(see Table 5). Calves 4-8
days old at the start of an experiment absorbed 0.5% of 239pPy
administered over a seven—day period whem given either as the citrate
complex added to cow’s milk or incorporated in cow's milk (Suttomr et al.

1977). Rats seven days old at the start of an experiment absorbed 2.0%
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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(VI) are omitted because of demonstrated age effects between four hours and one
day and demonstrated effects of oxidation state.



28

Table 6. Absorption of sitrate ¥s citrate forms of plutonium in two-day-old rats.?

Isotope 29p, 28p, 237/239p,,
Chemical form  Mitrate Citrate Nitrate  Citrate Nitrate  Citrate Nitrate  Citrate
Dose {ug/kg) 2040 2040 1875 1875 13 11 0.6 0.6
Dose (pCi/kg) 125 125 115 115 230 200 0.9 0.9
No. of animals 10 7 10 7 8 8 6 11

% absorbed® 09+01 1.7+08 1.0x01 28+08 23+£0.2 22x0.1 24+03 1.8x01

42 4 oa s 3
Bremedin o) 5.6 250436 36+3 2746 42+15 44+08  67+1 622
GI tract

“Results of Suilivan, Miller, and Ryan (1983b) and Sullivan et al. (1985b).
bMean + standard error of the mean.

“In wall plus contents seven days after gavage.

of 23%Pu citrate given over a ten—day period, and they absorbed 3.2% of
239Py incorporated in goat's milk; rats of age 27 days absorbed 0.08% and
0.24%, respectively (Finkel and Kisieleski 1976). However, the citrate
was apparently not given with milk, which complicates the interpretation
of this experiment, and the statistical significance of these
differences was mnot stated. Thus there is no good evidence that
biological incorporatiom into milk increases absorption over that of the
citrate complex, and the experiment with calves suggests that it does
not.

The effect of biological incorporation into liver has been tested

by Sullivan et al. (1985b)., Sevem—day-old rats were gavaged with either

238pPy  citrate, 2*8Pu citrate added to liver, or ?3®Py biologically

incorporated in rat liver and suspended in a 5% citrate solution. The
amounts absorbed were 3,3 + 0.3%, 2.3 + 0.2%, =a2nd 1.9 + 0.1%,
respectively; the amounts retaimned in the intestinal wall and contents
seven days after gavage were 3.3 + 3.5%, 52 + 6%, and 55 + 3%,
respectively (mean + S.E.M,.; six animals in each group). There appears
to be no effect of biclogical incorporation, but some effect of the
liver meal, especially in retention im the intestine.

Thus for protection of the public from environmental contamination
at low 1levels, it should be assumed that in the neonatal period there
are no differences in absorption among relatively soluble inorganic
forms such as nitrates, orgamnic complexes such as citrates, or

biologically incorporated plutonium,.
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Reported absorption of plutonium oxides by adult mammals ranges
from 0.000003% to 0.02%; the wide range is probably indicative of a wide
range in the solubility of the oxide preparations (Harrison 1983a),.
Two—day-old rats absorbed 0.01-0.07% of plutonium oxide in various
forms; omne-day-old swine absorbed 0.04-0.2%; and one~day-old dogs
absorbed 0.5% (Table 7). These values are higher than for adults, but
they are considerably lower than the amounts of soluble plutonium
compounds absorbed by mneonates, Reteantion within the intestinal wall
and contents is also very much less for the more insoluble oxides of
plutonium (Table 7).

Effect of oxidation state. In adult mammals "ander normal non-

fasting conditions the absorption of plutonium is independent of the
valence state in which it is ingested probably because the higher
oxidation states are reduced in the acid conditions of the stomach”
(Harrison 1983a, p. 26). Plutonium nitrate is absorbed by two-day-old
rats and one-day-old swine about 40-70% more when given in the
hexavalent state than in the tetravalent state (Sullivan 1980b; Sullivan
and Gorham 1982), The rats were given 0.12 pg of 23%*Pu nitrate or 32 g
of 239%Pu nitrate in each oxidation §tate. At the lower mass 2.2% of the
Pu(IV) and 3.6% of the Pu{VI) were absorbed; and at the higher mass 0.4%
and 0.7% were absorbed. At the lower mass 0.8% of the Pu(IV)
administered was retained in the intestinal wall after seven days,
whereas 9,5% of the Pu(VI) was so retained. At the higher mass,
however, about 5% was retained for each oxidation state. The swine were
given 380 pg of 23?Pu(IV) or 270 pg of 33%Pu(VI) nitrate; 11% of the
Pu(IV) and 16% of the Pu(VI) were absorbed. About 25% of the plutonium
was retained after seven days in the wall of the small intestine, and
about 20% was retained in the wall of the large intestime, independent
of oxidﬁtion state.

Harrison (1983a, p. 30) suggests that it is "possible that, while
Pu(VI) is reduced in the acid medium of the adult stomach, this does not
occur in the milder conditions of the neonatal gut.” The acid-producing
cells in the stomach of neonates of some species are not well developed
during the time that immunoglobulins are absorbed (Koldovsky 1969, pp.
98-100). He also points out that the effect of oxidation state on

absorption is small compared with the overall increase in absorption in
neonates.



Table 7. Absorption of plutonium oxides by young mammals.

Isotope Dose Number Age Total % % retained in intestine

Species and of . Reference
chemical form Mass Activity animals (days)  retained Wall Contents
Rat 238 polydispersed . . \
2.8um GMD? 0.17ug 2.9uCi 10 2 0.068 1.0 0.5 Sullivan (1980b)
238 monodispersed
0.24m GMD 0.06 1.0 8 2 0.031 0.3 0.06
238 monodispersed
0.9um GMD 0.20 3.5 12 2 0.008 0.2 0.08
239 polydispersed 64 4.0 10 2 0.016 0.03 0.06
239 weapons grads, 54 3.6 11 3 0023 0.4 0.1
polydispersed
Rat 238 18ug/kg  300uCi/kg 10 2 0.05 0.07¢ Sullivan and Gorham (1982)
Rat 238 polydispersed, aged . d Sullivan et al. (1985b)
in water 5 days 22ug/kg  370uCi/kg 10 2 0.038 (0.46)
238 supernatant from
PuO,-lung 1.3 22 11 1 0.060 (1.1)¢
homogenate
Dog 238 4 7ugfkg  80uCi/kg 2 1 0.51 0.02 0.01 Sullivan and Gorham (1982)
Swine 238 2.2ug/kg 38uli/kg 6 i .17 1.3 2.5 Sullivan and Gorham (1982)
239 910 56 4 1 0.044 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.

Described as "GI Content," but probably wall plus contents.
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Recommended absoxption .yalmes. For the purpose of radiation
protection from environmental contamination by all chemical forms of
plutonium other tham the insoluble oxides and hydroxide, Harrison
(1983a) recommends that an average value of 1% absorption be applied to
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 bhis recommended value for adults; the ICRP (1979)
recommends 0.01% for workers.) For an average value to apply to the
entire first year of 1life, 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).

Barrison (1983a, p. 30) states that in "evaluating the enhancement
in the absorption in mnewborn animals, extrapolation of the available
animal data to uptake in the human is particulary tenuous” and that
"neither the duration nor the exﬁent of the enhanced absorptiom can be
predicted with certainty.’” He further states that "absorption is likely

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

snggesting
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
other actinides (Harrison 1983a,b; NRPB 1984) are reasonable, given
current knowledge. However, we question the assuvmption 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 is unknown,
and it has not been tested adequately in laboratory animals nor in an
animal which has a protracted juvenile period similar to that in humans.
Additional work comparing absorption of actimides by growing, juvenile
animals after weaning with absorption by adults would be wuseful; but

this guestion might need to be tested also in a primate model.
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Cur recommended absorption values for plutonium (Table 12) arxe
similar to Harrison's, ezcepi that our value for absorption of soluble
forms by adults is slightly more conservative (0.1% vs 0.05%), based on
arguments given in Chapter 2; and we recommend an absorptiom value for

children older than nine months that is twice that for adults,.

Americium and Curium

Amexicium and curium have not been investigated as extemsively as
has plutonium. The effesct of chemical form bas not been studied
systematically, but the data suggest that in neconates there are no large
differences in absorption due to chemical ftorm (Tables §-9).

One— and two—day-old rats and one—day-—-old hamsters absorbed 5-6% of
americimm nitrate and citrate, and one-day-old swine absorbed 2% of
americium nitrate (Sullivan 1980b; Sullivan et al. 1985b; Harrison and
David 1984; Suilivan and Gorham 1982). One-day-old rats absorbed 0.3%
of americium oxide (Sullivan 19800b). In hamsters absorption  of
apmericium nitrate declined from 4.5% at age 1 day to 1.7, 0.5, 0.006,
and 0.02% at ages 4, 7, 22, and 30 days, respectively (Harrison and
David 1984).

Two—day-o0ld rats absorbed 2-3% of curium nitrate and citrate, and
one—day~old swine absorbed 6% of curium nitrate (Sullivan 1980b;
Sullivan et al., 1985b). Two—day-old rats absorbed 2% of curium oxide
(Sullivan and Crosby 1975; Sullivan 1980b). In rats absorption of
curium chloride declined from 4% at age 7 days to 0.4% and 0.07% at ages
30 days and 6-7 months, respectively (Semenov et sl. 1973).

Retention of americium and curium in the intestinal tract varied
considerably from experiment to experiment, as it did with plutonium,
but lack of systemstic studies on mass administered or chemical form
makes interpretation of these differences impossible at present.
Retention in wall and contents of the intestine seven days after
administration ranged from 2-26% for americium compounds and 3-25% for
curium compounds.

There is no information om the site or mechanism of absorption for
either americium or curium in mneomnates.

For the purpose of radiation protection from environmental

contamination by americium or curium, Harrison (1983a) recommends that 2



Table 8. Absorption of americium compounds by young mammals.

Isotope Dose Number Age Total % % retained in intestine
and Species of ( dag %) retained Reference
chemical form Mass Activity animals Y3) or absorbed® Wall Contents
241 nitrate Rat 0.44pug 1.5uCi 8 2 4.6 15 i1 Sullivan (1980b)
241 nitrate Rat 1400pg/kg  290uCi/kg 9 2 5.7 (3.3 Sullivan et al. (1985b)
241 nitrate Hamster  0.02ug 0.07uCi 5 1 4.5 Harrison and David (1984)
0.08 0.3 5 4 1.7
0.2 0.7 S 7 0.5
0.3 1 6 22 0.006 .
0.1 0.3 6 30 0.02
241 nitrate Swine ~5ug/kg 15-20:Ci/kg 3 1 2.1 5.3¢ Suilivan and Gorham (1982)
241 chloride Rat 2ug 8uCi 7 0.88 Moskalev et al. (1973)
2 8 30 0.34 '
9 30 adult 0.07
241 citrate Rat 1500ug/kg  310uCifkg 9 2 5.9 (3.3 Sullivan et al. (1985b)
241 oxide Rat 10 2 1174 0.8 0.8 Sullivan and Crosby (1975)
241 oxide, . d ,
polydispersed Rat 0.6ug 2.0uCi 10 1 0.32 0.8 0.8 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.

4Numerical 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 fower value {0.32%) is the better estimate.
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Table 9. Absorption of curiem compounds by young mammals.

Isotope Dose Number Age Total % % retained in intestine
and Species of ( dag ) retaine d(:’ Reference
chemical form Mass Activity animals ¥ Wall Contents
244 nitrate Rat 0.025sg  2.0uCi 7 2 ~2° Sullivan (1980b)
0.06 5 26 adult 0.15¢
244 nitrate Rat 3.4ug/kg 280uCi/kg 6 2 2.9 (2.7 Sullivan et al. {1985b)
244 nitrate Swine  ~0.2ug/kg 15-20uCi/kg 4 | 5.6 25¢ Sullivan & Gorham (1982)
244 chloride Rat 7 4.0 Semenov et al. (1973)
30 0.42
6-7 months 0.07
244 citrate Rat 3.6ug/kg 290uCi/kg 8 2 2.8 (3.2¢ Sullivan et al. (1985b)
244 oxide
-polydispersed, . Sullivan & Crosby (1975);
soaked 4 h Rat 0.024ug  2.0uCi 5 2 1.7 2.2 2.8 Sullivan {1980b)
-polydispersed, aged 4 ) 1.8 70 1

in water 4 months

“Amount retained in body, except GI tract, after 7 days, except as noted.

bAmount retained in liver and skeleton. This experiment was also reported in Sullivan (1974) and Sullivan & Crosby (1975), with retention
reported as 6.3% and 2%, respectively. Table 10 of Harrison’s review (1983a) lists this as two separaic experiments, which are also mislabelled as
curium oxide.

“Includes amount excreted in urine (0.07%).

?Described as "Retained in GI Tract;" probably wall and contents combined.

¢Not clear whether this includes the contents also.

fProtocol was not described.
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value of 1% absorption be applied to infants 0-3 months of age who are
fed exclusively with a milk diet, the adult valve of 0.05% be applied
after 9 months of age, and an averaged wvalue of 0.5% be applied to
infants 0-12 months old. These values are for all chemical torms of
americium and curium, including the oxides and hydroxides. The wvalue
for adult members of the public is the same 2s that recommended by the
ICRP for radiation workers (ICRP 1979),

Our recommendations (Table 12) are similar, except that, as for
soluble forms of plutonium, we recommend 0.1% absorption for adults and
0.2% absorption for <children older than nine months be used for

radiation protection,

Neptunium

Absorption of neptunium compounds in young and adult mammals has
been  reviewed recently by Harrisom (1983b), and his recommended
absorption values have been adopted by the National Radiological
Protection Board of the U.K. (NRPB 1984), Neptunium absorption has also
been reviewed by Thompson (1982). The available data, including some
results published since Harrison's review, are listed in Table 10.

It once appeared that neptunium absorption was an exception to the
rule that actinide absorption was greatly enhanced in neomates. Adult
rats were reported to absorb about 1% of neptunium administered, similar
in magnitude to that absorbed by neonatal rats (see Harrison, 1983b).
However, recent work indicates that the high absorption of neptunium by
adults is an artifact of the high mass doses administered, and that
absorption by adults of the lower masses of concern in radiation

protection is much lower. For example, adult rats absorbed 2.7, 1.5,

0.06, and 0.05% of the nitrates of 227Np, 237Np, 2*35Np, and 3*3°Np,

respectively, when gavaged at doses of 4.3 x 104, 2.2 x 104, 1.3 x 10-3,
and 2.2 x 10-% ug/kg, respectively (Sullivan, Miller, and Ryan 1983b).
This effect of mass administered on absorption in adults is reviewed by
Harrison (1983b).

Absorption of neptunium compounds at low masses is much greater im

neonates than in adults. One—day—old rats absorbed 3.5% of 235Np nitrate



Table 10. Absorption of neptunium compounds by young mammals,

Isotope Dose Number e Total % % retained in intestine
and Species of ( dag 9 retained Reference
chernical form Mass Activity animals Y3} or absorbed® Wall Contents
237 nitrate Rat 2.8x10%g 2.0uCi 3 1 0.75 7.5 7.2 Sullivan (1980b)
4 2 0.60 22 17
9 3 0.37 i4 14
3 4 0.64 7.7 3.6
10 9 1.2% 5.5 7.5
237 nitrate Rat 1.7x10%ug/kg  120uCi/kg 6 ! 0.43 (6.1 Sullivan, Miller, and Ryan
235 nitrate 3.5x1072 50 9 1 35 (56) {(1983b)
239 nitrate 8.0x107* 190 9 2 1.3¢ (73)4
239 nitrate 4.3x107* 100 11 9 0.90¢ (60)4
237 nitrate Rat 9.5x10%g/kg 68uCi/kg Sullivan, Ruemmler, and
Oxidizing or reducing Ryan (1984)
agent administered
(dose, mg/kg)
Q) 15 5 0.91 12y
Fe*t(50) 10 5 1.10
Fe*t(90) 10 5 1.13 (24
Fe3t(180) 9 5 2.7
Fe?{190) g 5 0.12
237 nitrate Swine ~2.5x10%g/kg 15-20uCi/kg 4 1 6.1 4.1¢ Sullivan and Gorham {1982}
239 nitrate Hamster  4x10 %ug 3x1073uCi 6 2 2,5 Harrison and David {1984)
6 4 1.7
239 bicarbonate Hamster  5x10 °ug 4x1073uCi 10 2 5.5 Harrison and David (1984).
10 4 2.1

s Amount retained in body, except GI tract, after 7 days except as noted. Results of Harrison and David are by a different method, wherein retention in
certain tissues is compared with retention after injection of neptunium and thus is an estimate of absorption.
bThis experiment is apparently the same as that reported in Sullivan and Crosby (1975,1976), with retention reported as 6.6% and 1.2%, respectively, and
age reported as § days. Table 2 of Harrison’s review (1983b) lists this as two separate experiments.

“Wall and contents combined.
4 Animals were sacrificed 4 days after gavage.
*Not clear whether this includes the contents also.
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administered at 3.5 x 10-2 ug/kg; two~day—old rats absorbed 1.3% of 23°Np
nitrate at 8.0 x 107% pug/kg: and two-day—old hamsters absorbed 2.5 and
5.5% of 23°Np nitrate and bicarbonate, respectively, at about 10~2* g/kg
(Sullivan, Miller, and Ryan 1983b; Harrison and David 1984). Thus
neptunium is similar to plutonium, americium, and curium in this regard.

The pexcentage of mneptunium absorbed by neonates appears to
decrease with increasing mass administered, contrary to the pattern seen
in adults, One~day-old rats absorbed 3.5% of 235Np nitrate administered
at 3.5 x 10-? ug/kg but only 0.4% of 237Np nitrate administered at 1.7 x
10* pg/kg (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 gretained in the intestinal wall and contents seven days after
gavage., ITwo— 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 23%'Np nitrate
(2.8 x 10® |pug) retsined 11~-39% 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 amimals Np(V) is reduced to Np{(IV)
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 reduce Np{(V) is then overwhelmed. In the neonate less
is known abont the effect of intestinal contents on absorption, and the
experimental results of oxidizing and reducing agents on absorption in
neonates are also less clear. Absorption of *3%7Np nitrate by five-day—
0old rats at a high mass dose (9.5 x 104 ug/kg) decreased from 0.91 to
0.12% when a reducing agent (ferrous jon) was added. When an oxidizing
agent (ferric don) was added at a mass of 18 x 10% pg/kg, absorption,
estimated as retention in lung, liver, and carcass, was said to imcrease
from 0.91 to 2.7%. However, reported retentions in lung, liver, and
femur were approximately the same in the two groups (0.002 vs 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.
Two~day—old hamsters absorbed 2.5 + 0.3% (mean + S.E.M.) of 22°Np nitrate
and 5.5 + 1.7% of ??®Np bicarbonate, suggesting that bicarbomate may be
more readily absorbed (Harrison and David 1984). However, the
difference is not significant at the 5% level when tested with s t—test
modified to take into account the highly significant difference in the
variances of the two samples (Sokal and Rohlf 1969, p. 374).

The effect of sge during the suckling period has also beer little
studied, In hamsters absorptiom of 2?3°Np nitrate decreased from
2.5 £ 0.3% at age 2 days to 1.7 £ 0.3% at age 4 days; absorption of %39Np
bicarbonate decreased from 5.5 + 1.7% at age 2 days to 2.1 + 0.4% at age
4 days (Harrisom and David 1984). These results suggest a decreasing
absorption with age, similar to that seen with plutonium; however,
neither of these differences was significant statistically. In rats
absorption of 237Np nitrate was measured at ages 1, 2, 3, 4, and 9 days
(Sullivan 1980b), but no pattern is apparent and & high mass was
administered (sees Table 10).

There is no information om 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 O0-3 months of age who are fed
exclusively with a milk diet, a valune of 0.1% be applied after 9 months
of age, and an averaged value of 0.5% be applied to iunfants 0-12 months
old. These values are for all chemical forms of neptunium. Harrison's
value for children older thanm nine months and adults is one—tenth that
currently recommended by the ICRP (1980) for radiation workers.
Harrison (1983b), Thompson (1982), and Sullivan, Ruemmler, and Ryan
(1984) have recommended that the value for workers be reduced,

Cur recommendations (Table 12) arxe similar, except that we

recommend 0.2% absorption by childrem older than nine months.

Other Actinides

The scant data available on absorption of other actinides by
neonates is given inm Table 11, There is no informatiom on site orx

mechanism of absorption for any of these actinides.



Table 11. Absorption of other actinides by young mammals.

Element Dose Number A % retained in intestine
. ge Total%
and Species of (days) retained® Reference
chemical form Mass Activity  animals o4 Wall Contents
Th-228 nitrate Rat Bug 0.1uCi 1t 2 1.2 6.8 5.0 Sullivan (1980b)
Th-228 nitrate Rat  8000ug/kg  100uCi/kg 18 2 Ll (18) Sullivan, Miller, and Ryan (1983a)
Pa-233 nitrate Rat 0.0001ug/kg 18uCi/kg 28 2 2.6 (60)° Sullivan, Miller, and Ryan (1983a)
U-232 (uranyl) nitrate Rat 0.12ug 2.5uCi 5 2 6.7 4.5 25 Sullivan (1980b)
210 2.0 5 2 1.3 0.97 0.32
U-233 (uranyl) nitrate Swine  2400ug/kg  23uCi/kg 3 1 35 4.1 8.7 Sullivan and Gorham (1982);
3 1 38 1.7 0.07 Sullivan (1979)
3 1 37 1.2 0.03
U-233 oxide (U304), Rat 220ug 2.1xCi i1 2 0.36 0.25 0.070 Sullivan (1980b)
polydispersed
Cf-252 nitrate Rat 0.0045pg  2.5uCi 7 2 2.5¢ Sullivan (1980b)
Es-253 nitrate Rat 0.0002ug 5.0uCi 8 1 4,34 0.77 6.8 Sullivan (1980b)

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

bWall and contents combined.

‘Amount retained in skeleton and liver.

4Severe damage to intestinal epithelium.

6¢
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Thorinm

Two—day-old rats absorbed 1.1-1.2% of 233Th nitrate given in doses
of B80C0-8000 pg/kg: 12-18% was retainmed im the intestimal wall and
contents seven days after administration (Swllivan 1980b; Sullivan,
Miller, amd Ryan 1983a). Adult rats absorbed 0.005% of *2#Th nitrate
given in a dose of 1000 pg/kg, and adult mice absorbed 0.06% of 323#Th
nitrate given im a dose of 8000 pg/kg (Sullivan 1980a; Sullivan, Miller,
and Ryan 1983a). Adult rats abscrbed 0.6% of 2>32Th nitrate given in a
higher dose of 2 x 105 ug/kg (Traikovich 1970). These data suggest that
absorption of thorium nitrate may be about 100 times higher in neomatal
rats than in adult rats, similar to the results with plutonium.

The ICRP (1979) uses a value of 0.02% absorption for all compounds
of thorium. This value is based primerily on a study in adult humans in
which absorption of 234Th sulfate was in the range of 0.01-0.06%, with
an average value of about 0.02%. We suggest that Harrison's recommended
velues for absorption of soluble compounds of plutonium and all chemical
forms of americium, curium, and neptunium in the first year of life also

be applied to all chemical forms of thorium (see Table 12}.

Protactinium

Only ome experiment on absorption of protactimium by mneonates has
been reported., Two-day—old rats absorbed 2.6% of 333Pa nitrate given in
2 dose of 104 pg/kg; 60% was retained in the intestinal wall and
contents seven days after gavage (Sullivam, Miller, and Ryan 1983a).
These workers also reported that adult =rats absorbed 0.03% of 233Pa
given in a dose of 6 x 10-% pug/kg, suggesting that protactinium is
similar to the other actinides inm a greatly increased absorption by
neonaLes.,

Other experiments with adult rats and hamsters, with different
chemical torms and at different masses administered, indicate that it is
too soon to make any strong conclusions about the differemces im
absorption between mneonates and adults, Hamilton (1948) reported that
absorption by rats of 231Pa in isotonic saline was less tham 0.05%; the

amount administered was not given. Zalikin reported that retention by
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rats of 233Pa in citric acid solution "does not exceed 1-2%" when

administered at 1.4 x 10% ug/kg (Zalikin 1966a, p. 42). He also reported
that 0.02-0.03% was retained when %33Pa citrate was given in a 0.2%

solution and 0.2% was retained when given in a 2% solution (Zalikin

1966b; total amount edministered was not specified). Daily

administration of 7 x 10% ug/kg of 233Pa in citric acid solution resulted
in retention of about 0.1% after 8 days (Zalikin 1969). Harrison and

Stather (1981) reported that hamsters absorbed 3.9% of 231Pa citrate and

0.22% of 333Pa fluoride when administered at spproximately 300 pg/kg,

and they suggest that the lower absorption of the fluoride was probably

a result of hydrolysis in the intestine.

On the basis of the work by Hamilton and by Zalikin, the ICRP
(1981) has recommended that absorption by workers be taken as 0.1% for
81l chemical forms of protactinium. Harrison and Stather (1981)
suggest, on the basis of their work with hamsters, that the ICRP value
may be too low and that a value of 1% may be more appropriate. Since
little systematic work on the effects of chemical form, mass
administered, species, and age has been done to explain these
differences in absorption, it would be prudent to use a value of 1% for

all ages (see Table 12).
Uranium

For absorption by workers, the ICRP (1979) has recommended a value
of 5% for the water-soluble hexavalent inorgamnic compounds of uranium,
such as uranyl nitrate and uranyl fluoride, and a value of 0.2% for the
relatively insoluble (usually tetravalent) compounds such as UF,, 00, ,
and U,0,, On the basis of their results for absorption of #33U (uranyl)
nitrate in adult hamsters and their review of the literature, Harrison
and Stather (1981) recommend s value of 1% for the soluble hexavalent
forms, Wrenn et al., (1985) have reviewed the literature —— for both
adults and neonates —— relevant to.deriving drinking water standards.
They recommend a value of 1-2% for the soluble hexavalent forms, and
they state that it is 'probably reasonably independent of age or the
mass of U ingested” (p. 601). We do mnot believe that present

information is strong enough to support this statement, however,
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Moreover, it appears that the absorption fraction for uranium may depend
on the level of intake, particularly mnear typical envirommental levels.
The value recommended by Wrenn et al. may be reasomable for adults at
intske levels several times the mnormal background level, Cur own
preliminary sanalysis of uranium in autopsy samples (liver, kidneys) of
persons apparently exposed only to normal background levels indicate san
absorption fraction in the ramge 10~30%,

The scant data on sbsorption of uranium compounds by mneonates is
given in Table 11. When two—day-o0ld rats were gavaged with 2327
(uranyl) nitrate at a dose of about 12 ug/kg, 6.7% was retained in the
bedy (excluding the intestinal wall and contents) seven days safter
administration. When the dose was about 2.1 x 104 pg/kg, 1.3% was so
retained (Sullivan 1980b; a body weight of 10 g was assumed in derivimng
mass~per-kg administered), Imn contrast, aduolt rats retained 0.01-0.02%
of uranyl nitrate inm the skeletom amd liver seven days after
administration of doses of 2 x 10°® to 3 x 104 pg/kg; adding excretion in
urine over the seven days led to an estimate of absorption of 0,04-0.09%
(Sullivan 1980e; Sullivan, Miller, and Ryan 1984; and see ¥Wremn et al.
1985). These data suggest that as much as 25-30% of uranyl aitrate
could be absorbed by the neonate at the lower dose administered, if

retention end excretion in urine are similarly related in the neonate.

However, excretion im urine by the neonate has not been measured, and it
is plausible that retention of uraniom in the growing skeleton of the
neonate could be higher than in the adult, relative to excretion,

Two-day~old rats retained 0.36% of 233U oxide (U,0,) seven days
after gavage with a dose of about 2.2 x 104 pg/kg (Sullivan 1980b).
Adult rats retained 0.006% of 233U oxide in the skeleton and liver seven
days after gavage with a dose of about 2.6 ng/kg; adding excretion in
urine over the seven days led to an estimate of absorption of 0.037%
(Snllivan 1980a). These results suggest that absorption of the oxide
may be substantially higher inm neomatal rats, but the difference in
doses administered precludes any stromg comclusion,

In their review Wrenn et al. (1985) present data that suggest that
absorption of soluble compounds of uramium by the rat is substantially

different from that by other mammals (hamster, rabbit, dog, baboon, and
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men) ., A regression line with the rat data suggests that absorption
falls from 0.15 to 0.05% as the uranium intake rises from 10-% to 106
pg/kg in a single dose or in daily doses. A regression line with data

from all other species suggests that absorption falls from 3 to 0.3%

over the same range in intake. Wrenn et al. conclude that the rat is

not a good model species for absorption of soluble uranium compounds.

The significance of the enhanced absorption by neonatal rats to human

infants is thus even more problematical for uranium than it is for other

actinides.

One-day—~old swine retained 35-38% of 2330 (uranyl) nitrate in their
bodies 12-25 days after gavage with a dose of 2400 ug/kg {(Sullivan 1979;
Sullivan and Gorbam 1982). This result is similar to that with
plutonium nitrate in neonatal swine {(Table 4), and this bulk absorption
may be related to the bulk absorption of macromolecules in the immediate
postnatal period in this species, Thus this finding probably has no

significance for absorption by humans.

Calforniom and Einsteinium

For workers the ICRP (1979, 1981) recommends an absorption value of
0.05% for all compounds of californium and einsteinium. This
recommmendation is based on the available data in adult mammals, which
suggest that absorption of thése two elements is similar to that of
americium.

The scant data {(one experiment for each element -~ see Table 11)
suggest that the nitrates of californium and einsteinium are absorbed
more readily by neonatal rats than by adult rats, and the magnitude of
the increased absorption is similar to that for the nitrates of
plutonjum, americium, and curium. ¥e suggest that Harrison's
recommended values for absorption of soluble compounds of plutonium and
2ll chemical forms of americium, curium, and neptunium in the first year
of 1life also be applied to all chemical forms of californium and

einsteinium (see Table 12). These values are tentative, Dbecause
possible confounding effects of chemical form, mass administered, age,

and species have not been studied. They are especially tentative for
einsteinium, in which there was severe damage to the intestinal

epithelium in the neonatal rats studied.
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Our recommended values for absorption of californium and
einsteinium compounds by adolts and by children older than nine months
(Table 12) are the same as for soluble forms of plutonium and all forms

of samericium, curium, and neptunium.

Table 12. Recommended values for absorption of actinides from the intestine.

Absorption (%)

Element Chemical Publicb
form Worker?
. ¢ Infants Infants
Adults  Children 0-12 mo®  0-3 mot
Pu oxides, 0.001 0.001f  0.002 0.05! 0.1f
hydroxide
All other forms  0.01 0.18h 0.2 0.5 1f
Am, Cm All forms 0.05 0.18 0.2 0.5 1f
Np All forms 0.1 0.1f 0.2 0.5 1f
Th All forms 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 ) o "‘ "‘ 2%
All other forrns 0.2 9% 27 9 9i

AICRP (1979,1980,1981) values for inorganic forms, except for Np, which is that
recommended by the NRPB (1984), and Pa, which is that recommended by Harrison
and Stather (1981).

bValues for radionuclides in food and water.

°Children older than nine menths.

dAverage absorption for the first year of life (after NRPB, 1984).

€Average absorption when infants arc assumed to be fed exclusively with a milk
diet (after NRPRB, 1984).

fSame as that recommended by the NRPB (1984).

ETwo times that recommended by the NRPB (1984).

"The NRPB (1984) recommends that 0.01% absorption be used when inorganic
forrns of Pu are adsorbed to food, and 0.05% be used when Pu is biologically incor-
porated in the food or the relative amounts of adsorbed and incorporated Pu are not
known.

iThe experimental evidence for uranium is not clear. See text. The recommended
value for a worker assumes an intake that is several times the normal intake for
nonoccupational exposures.
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Strontium

Suckling rats absorb nearly all the strontium given by gavage. In
an éxperiment with rats weaned at age 28 days, Taylor et al. (1962)
reported that rats 14-18 days old absorbed 95% of 25Sr chloride, rats 22
days old absorbed 74%, rats 6-8 weeks old sbsorbed 25%, and adults 60-70
weeks old absorbed 11%. Note that the weaned juvenile rats absorbed
twice as much strontium as did the adults, and this difference was
highly significant {(24.6 +1.0% vs 11.1 + 0.8%; these are
means + S.E.M,, and n=45 and n=24, respectively). They reported similar
results with the chemically similar element <calcium, except that the
weaned juvewniles and the adults sbsorbed a greater percentage of calcium
than strontium ~- absorption by rats of ages 14-~18 days, 6-8 weeks, and
60-70 weeks was 98, 63, and 32%, respectively. (Strontium follows
calcium pathways closely, and it is often used as a marker for calcium
in intestinal absorption studies —— Gmaj and Murer, 1984,)

In an experiment with rats weaned at age 22 days, Forbes and Reina
(1972) zreported that absorption of #5Sr {(chloride?) declined from 85% at
age 15 days to 79, 73, 54, 36, 15, and 8% at ages 17, 20, 22, 24, 39,
and “89+" days, respectively. The difference in absorption between the
last two groups ~— the 39~day-old weaned juveniles and the "89+"-day-old
rats -—— is similar to the two-fold difference between the 6-to-8-week-
old and 60~to-TO-week-old rats above, but the difference is not
significant statistically at the 5% level (15.3 + 4.8% vs 8.2 + 3.6%;
these are means + S.E.M., and n=6 and n=5, respectively).

Metabolic balance studies with ®°Sr and stable strontium in mnormal
diets by human infants of ages one month to one year have been reported
by Kahn et al, {1969). Apparent absorption, measured as intake minus
fecal loss, was 25%, which is within the range of 10-35% reported by
others for adults; and true absorption was 41%, which is similar to the
"approximately 40%"” absorption reported by others for adults {(see Kahn
et al. for references). They concluded that the percentage absorption
of both strontium and calcium is similar in human infants and adults.

Harrison (1959) reached a different éonclusion on calcium
absorption by infants, based on several studies with subjects said to

"have been ingesting high calcium intakes. with a calcium to phosphorus
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ratieo in the «xrange of osormal diets [and with] adeguate amounts of
vitemin D" (p. 1089). Apparent absorption (intake ~ fecal excretion)
was sabout 70% in premature infants, about 50% in infants less than six
months old, and about 40% in infants ten months old, However, appareat
absorption was less than 20% in children 3-5 years old and in adults,

In cattle and rats true absorption of calcium, as calculated from
simultaneous chemical and radioisotope balance studies and corrected for
fecal excretion of endogenous calcium, is much higher in mneonates than
in older amnimals (Hansard et 2l. 1954; Hansard and Crowder 1957).
Absorption by 10—~ and 30-day-old unweaned calves was 98%; in &-month-old
weaned calves absorption was 41%; in 1- end 2-year—old and in "mature”
cattle absorption was about 35%; and in "aged” cattle absorption was
22%. Absorption by 4-week—-old weanling rats was 98%, which declined to
57, 46, 41, and 24% in rats of ages 12, 24, 48-72, and 106 weeks,
respectively.

We conclude that absorption of stromitium by infamts 1is probably
between omne and twe times that by adults, and the zmount of dietary
calsium may affect the percentage absorbed. Absorption by neonates may
approach 100%.

Iron

Enhanced absorption of iron by the young is of interest because of
the similar chemical and physiological propesrties of Fe(III) and Pu(IV)
and the possibility that factors that influence absorptiom of iron may
also influence absorption of plutonium. “Some of the most stable
complexzes known are formed by Fe(III), and in the chemical properties
that largely determine complex stability -— high positive charge, small
ionic size, and high acidity —— Pu(IV) and Fe(III) are sinilar. Theix
charge: radius ratios are 444 and 460 e¢/um, respectively [Shannonm 19761].
Thus ligands with domor groups favoring formationm of stable Fe(III)
complexes are likely to be effective for Pu(IV)*” (Durbin et al. 1980, p.
172). Plutonium follows iron patbhways in the body, at least in part.
Pu{lV) combines with the iron-transport protein, transferrin, in the
blood of rats, dogs, and humans (Boocock and Popplewell 1965; Popplewell
and Boocock 1967; Turuner and Taylor 1968; Stover, Bruenger, and Stevens

1968; Stevens, Bruenger, and Stover 1968). Plutonium is associated with
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the iron—storage proteins ferritin in hepatic cells and bhemosiderin in
reticuloendothelial cells in dogs (Taylor et al. 1966, 19647; Bruenger,
Stover, and Stevens 1971). Plutonium and iron appear to share common
pathways of metabolism in macrophages in rats (Priest and Haines 1982).
Iron-deficient mice, which are known to absorb more irom than iron-
replete mice, also &absorb 4-5 times more plutonimm citrate than do
iron-replete mice (Ragan 1974). VWhether 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 *®Fe by human infants aand
children have been reported. Absorption was measured as the difference
between the amount of radioiron ingested and that found inm the feces.
Garby and Sjolin (1959) gave a solution containing 5¢Fe citrate and tracer
5%Fe 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 ?Fe, and the
five infants 1.5-3 months old absorbed 15-38%. In another study 15
infants and children 4-52 months 0ld were given either 5%Fe sulfate added
to cow’s milk (milk 1labelled "in vitro"”) or milk from cows which had
been given *°Fe¢ (milk labelled 'Zj;gixg") (Schulz and Smith 1958). The
amount of *%Fe absorbed by these subjects is also shown in Figure 4.
Absorption was 10.6 + 2.7% (mean X S.E.M.) and 9.1 % 1.1% for the milk
labelled jipn vitro and in vivo, réspectively. The milk labelled in vivo
was also fed to six adult males, who absorbed 2.8 + 0.9%, or about one—
third of what the young children absorbed.

Absorption of %%Fe by 14 healthy premature infants of age 1-10 weeks
has been reported by Gorten et al. (1963). *9%Fe chloride was reduced with
ascorbic acid and added to a pfepared milk formula (ascorbic acid
enhances absorption of iron [Underwood 1977, p. 25]1). Absorption varied
from 6.8 to 74% with a mean of 32%. There was some correlation between
absorption and chronological age, but it was wmot statistically
significant. No 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 of weight gain (in g/kg body

weight/day), with the faster growing infants absorbing a greater
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Figure 4. The absorption of *Fe administered with milk as a function of age.
(Adapted from Garby and Sjolin, 1959).

percentage of irom; and in their Fig. 1 the logarithm of percentage
absorption and the rate of weight gain appear to be limearly related.

These values for premature infants are somewhat lower than those
reported for the normal-term infants of Garby and Sjolin (above) when
comparsd oun the basis of chromological age, but they are similar whes
compared om a graph of log (% absorption) vs rate of weight gain (see
Fig. 4 of Gorten et al.; note, however, that the rate of weight gain
used for the premsture infants was measured, but the rate for the other
infants studied by Garby and Sjolin was assumed to be the average value
for the chromological age reported; mote also that the weight gsin im
their Fig. 4 is given in g/day instead of g/kg/day, with the
relationship still appearing linear.)

Also plotted in Fig. 4 of Gortem et al. are data of Schulz and

Smith (1958) on absorption of 5%Fe in milk, cereal, or egg by infants and
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children 4 months to 15 years old. Both absorption and (assumed) «rate
of weight gain are lower than for the neonates, but we are not convinced
that a correlation between the two variables can be shown for this
period of age using these data.

In an attempt to determine the differences in iron absorption in
children of different ages, Schulz and Smith (1958) fed eggs labelled in
vivo with $%Fe to 52 children of ages 1-15 years. The 29 children of ages
1-4.5 years absorbed 11.0 * 1.4% (mean + S.E.M.) and the 23 children of
ages 5~15 years absorbed 5.5 + 0.9%. They compared their results with
those of Moore and Dubach (1951), who fed‘similarly labelled eggs to
healthy young adults, The six males in this étudy absorbed 2.7 * 0.9%
and the three females absorbed 6.9 + 1.3%, with the difference between
the males and females significant at p{0.05. However, direct comparison
between these results and those for children is problematical, because
absorption in the adults was estimated by incorporation of $%Fe into
circelating hemoglobin, and absorption in the children was estimated as
the amount of 5?Fe not appearing in feces,

Absorption of ?Fe by children 7-10 years of age was studied by Darby
et al. (1947). An aliquot of 2~3 mg of ferrous chloride containing %°Fe,
reduced with & slight excess of ascorbic acid, was fed in lemonade to
176 children at least an hour before or after lunch {(both ascorbic acid
and citric acid enhance irom absorption [Underwood 1977, p. 25]1). The
results are shown in Table 13. The eight-year—old girls and the nine-
and ten-year-old boys and girls absorbed substantially more *%Fe than did
the seven-year—old boys and girls and the eight-year-old boys, There
was no correlation between absorption and hemoglobin c¢oncentration in
the blood measured in these subjects, but there was a correlation
between absorption and total yearly iron requirement for boys and girls
estimated by others., If the yearly iron requirement is normalized per
kg body weight, the correlation still holds. Absorption by adults with

this protocol was not measured.
Conclusions

Iron absorption in infants falls rapidly from a high of 50-100% in
the first month of life to about 10% by four months of age. Premature
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Table 13, Absorption of *Fe by children 7-16 years old.*

Age 7 years 8 years 9 years 10 years
Sex male  female male  female male  female male  female
Number 17 24 26 34 26 23 17 9
Meana 9.3 7.8 10.4 15.8 16.1 16.9 16.7 14.5
+ S.EM. (%) 1.4 +08 +1.2 %22 +10 £20 19 124
Median (%) 7.8 7.0 8.3 12.0 15.0 13.8 17.8 12.8

Estimated total
yearly iron
requirement (mg)® 70 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
fed in lemonade -- both ascorbic acid and citric acid enhance iron absorption.
®Data of Heath and Patek (1937), as quoted by Darby et al. (1947).

infants of a givem chromologial age that are growing more slowly than
normal infants of the same =age appear to absoxb less iron, but
absorption is similar if the absorption is compared on the basis of
growth rate. From fthe data of Schulz and Smith (1958), it appears that
absorption remains st about 10% from four months to 4-5 years of age but
falls to about 5% in children 5-15 years of age. From the data of Darby
et al, (1947), it appears that children 9-10 years old absorb more iron
then do children 7 years old, and the difference may be related to
growth requirements for iron, It is mot known whether absoxption is
increased still further during the adolescent growth spurt, The
percentage absorbed by children will be higher than these values if
substantial amounts of reducing agents are consumed with the iron. It

appears that children past infamcy probably absorb more iron than do

adults. However, in only ome experiment with *%Fe did the authors study

both children and adults with the same protoesl,

Because of the similarities between iron and plutonium and because
absorption of plutoaium and other sctinides im children is not known, it
may be prudent to assume that actinide absorptionm is about three times
the &adnlt level im children from weaning to five years of age and about

two times the adult level from five years to adulthood.
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Lead

Absorption of lead by the young is of interest for the following
reasons: (1) Human infants and children well past weaning absorb much
more lead than do adults. Absorption of lead by young rats decreases
rapidly at or shortly after weaning to much lower levels, similar to the
pattern for other metals including actinides. However, it is not <clear
whether absorption of lead by weaned juvenile rats is at adult levels,
as haé been reported, or whether absorption may be as much as 2-3 times
higher than in adunlts, The rat may not be a good model for lead
absorption in humans between weaning and adulthood. Whether the weaned
juvenile rat is a good model for absorption of other metals during late
infancy and childhood and whether it is safe to assume that absorption
of actinides by humans reaches adult levels soon after weaning need to
be investigated more <critically. (The high absorption of lead in
children may be related only to the high demand for calcium [Task Group
19731, and the mechanism for high calcium absorption may have no effect
on actinide absorption; but it illustrates the weakness of the rat model
for children.} (2) The mechanisms and sites of absorption of 1lead
during the mneonatal period are better chgracterized than for other
metals. It is not clear how much of these results will spply to other
metals, but the experimental methods might be used to study the
mechanism(s) and site(s) of absorption of actinides, vhere the

experimental evidence is less c¢lear—cut,

Absorption by Infants and Children

Ziegler et al. (1978) performed 89 metabolic balance studies with
12 normal infants and children ranging in age from 2 weeks to 2 years,
The amount of stable lead in the food fed to these children was measured
(no lead wes added to food), and the amounts of lead in feces and urine
were also measured. Net (or apparent) absorption was defined as the
intake minos the fecal excretion of lead, and net retention was defined
as the net absorption minus the urinary excretion of lead. In some
snbjects with low intakes of lead, net absorption and net retention were
negative; and net absorption and net retenmtion of 1lead, expressed as

percentage of intake, increased significantly with increasing lead
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intake. These results were interpreted as resulting from relatively
high fecal ecxcretion of endogenous lead., Thus at higher intakes of
lead, net absorption should approach true absorption. In those subjects
with intakes of lead greaster than § pg/kg/day, net absorption averaged
42% of intake and net retemtion averaged 32% of intake, and there were
no significant djfferences with age, Alexander et al. (1974) reported
similar results from eleven balance studies with eight children ranging
in sage from three months to eight years: with intakes ranging from 5-17
ug/kg/day, net absorption averaged 53% of intake and net <retention
averaged 18% of intake. Aversge net absorption in adults, reported by
others, is much lower, ranging from 4 to 10% (see Ziegler et al., 1978,

and Willes et al., 1977, for references).

Absorption by Juveniles of Other Species

In contrast Forbes and Reina (1272) reported that sabsorption of
lead by juvemile rats may reach adult levels shortly after weaning.
Average absorption of 21%Pb (the nitrate mixed with saline) was 83-20%
when it was administered at 16, 18, or 20 days of age, fell to 74% at 22
days (age of weaning), and fell further to 42%, 37%, and 15% at 24, 27,
and 32 days of age, respectively. The latter value is similar to the
percentage absorbed by rats of age “B9+ " days in their experiment (16%).
However, the experiment was not designed to test for differences of,
58y, 2-to—3-fold between weaned juveniles and adults, The numbers of
animals are small and the 95% confidence limits are large in the latter
two groups: at age 32 days absorption was 15% with 95% C.L. of 2-28%
(n=6) and at age B89+ days absorption was 16% with 95% C.L. of 10-22%
(n=3). In addition, the animals of age 89+ days may still bhave been
growing and may not have reached adult values of absorption, even though
they may have been sexually mature {(for example, compare the results of
Taylox et al. (1962), where absorption of calcium, strontiam, and radium
was 2-3 times higher in rats 6-8 weeks old tham in rats 60-70 weeks
old)., Whether weaned juvenile rats are an adeguate model for absorption
of lead by children after infancy is mnot clear from these results,

Willes et al. (1977) have demonstrated that infant and juvenile

monkeys (species Macacs fascicularis) may be a good model for lead

absorption by human infants ard c¢hildren. They administered 22°Pb
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nitrate (10 pg/kg by gavage) to monkeys of ages 10 days and 150 days and
to adults; there were four animals in each age group, and the animals
had fasted 12 hours before administration. The 10-day-old infants
received a diet of infant formule; the 150-day-old infants received
infant formula, a commercial primate diet, and fresh fruits (i.e., they
were partially weaned); and the adults received the primate diet and
fresh fruits. {(There were no substantial differences among the three
groups in calcium, vitamin D, or phosphate intake. For a discussion of
other dietary factors that can affect lead absorption, see Willes et
al,) Urine and feces were collected for 96 hours sfter dosing, and the
monkeys were sacrificed at 96 bhours for analysis of tissues. The 10-
and 150~-day-old infants retained 65 + 2.5% (mean + S.E.M.,) and 70
+ 2.5%, respectively, of the lead administered, and the adults retained
3.2 + 3.3% (absorption was only slightly higher, as urinary excretions
were measured as 2.2, 1.6, and 0,.8%, respectively, of the administered
dose). The results from one mwonkey discarded from the statistical
comparisons suggest that absorption of lead may remain high throughout
the juvenile period: this monkey had been classed as an adult at the
start of the experiment, but it showed a nonadult distribution pattern
of lead in bone and it had immature ovaries and open epiphysezal
junctions in the humerus and femur, This late-—juvenile monkey, fed the
adult diet, retained 56% of the 23°Pbh agdministered.

Small or no difference between adult and infant monkeys in
absorption of lead has been reported by Pounds et al. (1978), however.
They administered 21°Pb acetate (10 mg/kg by gavage) to four infant (5-~7
months of age) and four adult (7-10 years of age) rhesus monkeys (Macaca
mulatta). All monkeys were fed ‘'a commerical chow and water. The
infants absorbed 38 + 3.5% (mean + S.E.M.) and the adults absorbed 26
+ 4.7%; the difference is at the borderline of ‘significance (p<0.1), 1t
is mot clear why the results of this experiment are so different from
the results of Willes et al. -- species, age, diet, use of fasted
animals, and amount and chemical form of lead administered all varied
between experiments.

It may be necessary to use a primate model to answer with more
confidence the gquestion of when actinide absorption falls to adunlt

levels in hvmans. However, even with primates therxe masy be serious
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experimental difficulties in obtaining a clear-cut answer, as the
differences between the results of Willes et al. (1977) and Pounds et
al. (1278) with lesd demonstrste.

Mechanisms and Sites of Absorption in Neomates

The best information available omn the mechanisms and sites of
absorption of lead by neonates comes from a study in the mouse by Keller
and Doherty (1980a) and a study in the rat by Henning and Leeper {1984).
There appear to be important differences in the mechanisms and sites of
absorption in these two rodent species. Pinocytosis appears to be an
important part of absorption by the suckling mouse, but there is also
another absorptive path independent of pinccytosis. In the suckling
rat, there is a correlation between pinocytosis and retention within the
epithelial cells of the ileum, but the lead so retained eppears mot to
be transferred to the circulation but imstead is probably returmed to
the lumen when the epithelial cell is shed; absorxrption occurs in the
duodenum by a different mechanism independent of pinocytosis. Im the
mouse, the absorption of lead that is mot associated with pinocytosis
occurs in the jejunum, The nature of the non-pinocytotic uptake (e.g..,
a carrier-mediated process associated with calcium or dirom uptake, o1
simple diffusion) is unknown.

Keller and Doherty (1980a) administered lead acetate (5 mg/kg) with
tracer amounts of 21°PH and radioiodine—labelled polyvinylpyrrolidone
(PVP) by stomach intubation to 12-day-old suckling mice and to adult
mice, (PVP is a macromolecule shown to be a marker for pinocytosis in
rats (Clarke and Hardy 1969, 1971); it is taken up by pinocytosis into
the epithelial c¢ells of the distal small imtestime but not tramsferred
to blood.) The mice were killed at various intervals from 0.5 h to 3
days after administration and the small intestine was divided into 24
segments of eqgual length for analysis of lead and PVP content im the
intestinal tissue., The distal jejunum and ileum contained the greatest
quaniities of botbh lead and PVP, and the duodenum contained almost mno
lead ox PVP. Lead content was greatest at 0.5 h after administration
(the first time studied), was less at 3 h and was very much less at 5.5

b and at 1 and 2 days; this pattern is comsistent with lead being



55

transferred to the circulation. Pretreatment of suckling mice with
cortisone, which induces premature closure of the intestine in rats and
mice, resulted in decreased content of lead and PVP within tissue of the
intestine and also decreased whole-body lead retention, In adult mice
lead and PVP uptake into the intestinal tissue was >much less tham in
suckling mice and there were no regional differences in wuptake;
cortisone administration had no effect on uptaske of lead or PVP or on
whole-body retention of lead. This evidence strongly suggests that in
the neonatal mouse lead is being taken up into the epithelial cells by
pinocytosis and is then transferred into the circulation. However, the
results of another experiment suggest that 1lead is also absorbed by
another mechanism in neonatal mice. Lead was injected directly into the
lumen of either the proximal jejunum, where pinocytosis does not occur,
or into the ileum of 12-day-old mice which either had been treated with
cortisone or were untreated controls. Mice were killed one hour later,
and it was determined that the injected solution remained at or mnear the
site of injection during the omne-hour pericd. Absorption of 1lead into
the body from the ileum was substantially lower for cortisone-treated
mice than for controls, but there was no difference between treated and
control mice for abscorption from the jejunum.

Henning and Leeper (1984) administered 2°3Pb chloride (carrier-
free) plus nonlabelled lead acetate (50 mg/kg) by stomach intubation to
suckling rats 10—16ydays old and to weanling rats 24 days old. The rats
were killed at various intervals from 2 to 24 h after administration and
the small intestine was divided in 12 segments for analysis of 1lead
content in the intestinal tissuve. At 2 h after administration, the lead
content in the proximal intestine, especially in the duodenum, was high
in suckling rats but much lower in weanling rats. Lead content in the
ileum was low in all groups, but especially in the weanlings. In a
second experiment, fasted suckling rats which were not allowed to suckle
after administration of the lead took up much more lead than did control
rats allowed to suckle afterwards; this suggests that the presence of
milk in the intestine was not the reason for the difference between
uptakes in the suckling and weanling rats above. The concentration of

lead in the blood was much higher in the fasted than in the suckled
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rats, suggesting a relation  between intestinal uptake and
transepithelial tramsport,

In & third experiment, suckling rsts were killed at 2, 4, 6, and 24
b after administration of lead. Lead content in the duodenum was high
at 2 and 4 h, lower at 6 h, and virtually undetectable at 24 h, In
contrast, lead content in the ileum was lowest at 2 h, intermediate at 4
and 6 h, and highest at 24 h, even though the lead content in the ileal
lumen was greatest a8t 2 h and gradually declined thereafter; this
suggests that the lead in the ileal epithelium is not being transported
into the circulation.

The differences in these experimental results on mice and rats
illustrate the importance of distinguishing between uptake of a metal
into the intestinal epithelium and transport of the metal from the
epithelium into the circulation, They also illustrate the importance of
studying a variety of amimmnl species before attempting to extrapolate to

man.,
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