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ABSTRACT

This report gives a comprehensive summary of the project
literature dealing with the absorption, exccetionr, and body deposi-
tion of plutonium when administered in various forms and by various
routes to the rat,

Additicnal experimental date are preseated regarding tho
metabolism of plutoniumn when administered o the rat by intravenous
injection. The resulte indicated the following:

1. The first day following intravenous injection of
PuOQ(NQ3)2 the urinary excretion of plutonium was 7.5 per cent of
the dose as compared to 0,33, 0.57, and 0.7l per cent when adminis-
tered as PuCl,, Pu(N93)4° and put? citrate ccmplex respectively.
Fecal excretion during the first day wes correspoﬁdingly lower follow-
ing injection of Puog(NQ3)2° Cn the thirtieth day following intra-
venous injection there were no significant differences in either
urinary or fecal excretion of plutonium administered as PuCl30
Pu(NQBDA’ Pd*h citrate complex, and Pu02(NQ3)2, A%t this time the
average urinery excretion was 0,014 per cent of the imjected dose
anC the average fecal excretiocn was 0.22 per cent. The averége ratio
of fecal lo urinery excretion was 16/1. Urinary and fecal excretion
curves are given for a2ll forms of plutenium injected.

2. The skeleton was the principal site of deposition regard-

less of the form in which the plutonium was injected. Four days follow-

ing injection of plutonrium as P“3130 Pu(wcb)l, Pu*h citrate complex&'ggg
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ABSTRACT (Cont’d)

PuO,{NO3), skeletal deposition was 4i.9, 29.3, 56.9, and 56.5 per cent
of the injected dose respectively. Deposition in the liver uader the
above conditions was 22,9, 39.7, 9.6, and 901 per cent of the injected
dose respectively. Deposition of plutonium in kidney, spleen, and in
"balance® was not greatly affected by the form in which the plutonium
was administered.

3, The size of the injected dose of puth citrate complex
did not affect the per cent of the dose excreted in the feces and
urine, Likewise, the size of dose did not alter the per cent of
injected material present in the various tissues six days followe
ing injection.

o When Pu."‘l'L vas administered orelly in 5 per cent sodium
citrate solution, the presence of the citrate seemed to increase
abgorption of the plutonium from the gastro-intestinal tract. Absorp-
tion was still quite low -- only 0.3 per cent of the.administered
dose.

Seventy~eight per cent of the plutonium absorbed from the
gastro-inteatinel tract was depositéd in the skeleton amd 7.3 per
cent in the liver. Body deposition of plutonium absorbed vie this
route seems to resemble that of plutonium injected intravenously

as P“OE(NQB)z or Pu+4 citrate ¢omplex.
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METABOLISM OF PLUTONIUM IN THE RAT

INTRODUCTION

Large scale processing of plutonium was necessary in the !
development and production of the at-omic bomb, The future will un-
doubtedly seo the development of other uses for this material. The
toxic nature of plutonium has made the study of its metabolism in
the animal organism a matter of great importance, Exteﬁsive animal
experimentation is imperative if a full understanding of the toxic
properties of plutonium is to be gained and if suitable means are
to be devised for the protection of the health of persons working with
this material,

The rat has been used extensively at this and other labor-
atories for the study of the metaboliam of plutonium. The results of
many of these studies are scattered through the project literature in
the form of preliminary reparts., The purpose of this ¥eport is to
sunnerize the work on mestabolic studies of plutonium and tc report
additional investigations carried on at this laboratory. These in-
vestigations constitute a rather intensive study of the metabolism of

this material when administered intravenously to the rat.
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A. Effect of Valence State gnd Method of Administration

on the Absorption of Plutonium by the Rat.-- The absorption of

plutonium into the animel body from the site of administration is
greatly affected by the method of administration and the valence
state of the plutonium. Hemiltonts results (CN-2383) indicate that
é solution of Pu()é""2 is most resdily absorbed, P> pext and puth
least. 9The above order seems moxe or less independent of the method
of administration. Table 1 summerizes his resulis on the effect

PABLE l.-- EFFECT OF VALENCE STATE ON ABSORPTION OF PLUTONIUM FROM THE
SITE COF ADMINISTIRATION

Method of Valence Days after administration and
Administration State % remaining unabsorbed at site
L days 16 days 6l days
Intramuscular +3 77 68 39
44 96 88 68
+6 70 29 35
Suhcutaneous +4 - T -
+6 o- 42 -
Intrgpulmonary* +3 45 - -
+4 © 9k - -
+6 32 ~- - .-

»The administered dose minus the amount remaining im the lung is not
a measure of the amount absorbed. Some material was removed from the
lung by cilliaxry action.

of valence on the absorption of plutonium when administered intra-
musculerly, subcutanecusly and intrapulmonerily to rats. The rate
of absorption is very probably directly dependent on the solubility

of the plutonium compound formed by hydrolysis at _,the» pH of uhe =
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tissue fluids ox absorbing surfaces, That absorption from the

site of administration is related to hydrolysis and solubility of
plutenium at the absorbing surfaces is indicated by results ob-
tained by the Chicago group (AM-1653). They found that the absorption
of Pd*h ang Puoéfz from the lung was greatly enhanced by the presence
of citrate ion. Not only was absorption of both walence states in-
creased bui both were absorbted to the same degree in the presence of
a camplexing agent (CN-2740).

The California group made an intersive study of the rate
of absorption and excretion of plutonium oxide smokes from the Jungs
of rats. The Puoé smokes were produced in two ways. In one case
solutions of Pu(N93)h or Pu014 were evaporated on ¢arbon electrodes
after which the electrodes were arced, The other procedure was to
embed small pellets of plutonium metel in carbon electrodes which
were then arced. There sesmed to be litile difference in the
behavicr of the oxide smokes in the lung when preoduced by the above
procedures, In general their results (CN-2132, CN-2238, CN-2312,
ON-2546, CN-2905, CN-3076, AM-1808) indicate a number of important
points regarding the behavior of finely divided PuO, in the lung of
the réto Animals sacrificed immediately after exposure retained
about 80 per cent of the inhaled dose, About 50 per cent of the in-
haled materisl was retained in the upper respiratory iract. In 96 hours
+he majority of the Puoz deposited in the upper respiratory tract was

removed by ciliary action, swallowed and elimineied in the fecese - ——
. — - .

. —_—
b.“'“.n.'ﬂ - e b =
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Lbhout 20 -~ 40 per cent of the inhaled dose was deposited in the al-
veolar areas of the lung where, according to lung radioautographs,.it
was rather uniformly distributed., At 64 days 10 - 25 per cent of the
inhaled activity rem2ined in the lung and at 256 days about 5 per cent
remained, At 6/ days the rate of bronchial excretion of the plutonium
remaining in the lungs was about one per cent per day. They concluded
that the half-life of PuOy in the lung was about six months.

The sbsorption of plutonium deposited in the lung as Pulo
was very slight. aly about one per cent of the inhaled dose was found
in the skeleton and other tissues 6@ days afier exgosure., At 129 days
they reported the highest per gram activity of tissue to lung was 1/800, °
The absorption of pluitonium from the lung vher the plutonium is adminis-
tered as PuO, emcke is much less then the absorption when it is adminis-
tered as a solution of a soluble salt. The above results strongly indi-
cate that exposure io Pul, dusis may result primarily in hazard to the
1§ng tissue rathsr than to the skeletal structures. A urine analysis
for plutonium may not be of appreciable value in indicating deposition
of PuO, in the lung, since its absorption from this region is so
extremely low, It may be necessary to develop other methcds of diag-
nosing exposwre in cases where persons are im contact with PuQ, dust.

Orelly administered plutonium is gbsorbed very slightly by
the rat., Hemilton et al (CN-2383) reported that less than 0.05 per cent

of the administered dose was absorhed Ifrom the gastre~intestinal tract

regerdless of valence state. In a later study (MUC RRS 5 14
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that a series of 4 rats showed an average skeletal upteke of 0.006

per cent of an orally administered dose of 45 of l?uo‘,z(lx}‘vo3 )2., if
the skeletal deposition of plutonium is taken as 60 per cent of the
absorbed dose, then the absorption of orally administered plutonium
would be about 0.01 per cent,

The Chicago group reported (MUC KSC 520) that the mouse
absorbed 0.06 per cent of a 6.15 mg. dose of plutonium administered
crally as Pu(N03)4° They found the body distribution of plutonium
absorbed from the gastro-intestinal tract was essentially the same
as that absorbed from other sites of administration.

We are presenting in this report additional information on
the body distribution of plutonium absorbed from the gastro-intestinal

tract of the ret.

B. Effect of Valence State and Method of Administration on

Distribution of Plutonium in the Body.~- Hamilton and co-workers

(CN-2383) studied the metabolism of Put3, put#, end Puod 2 hen
administered subcutaneously, intramuscularly}, intrapulmonerily, and
intravenously to rats. They found that regerdless of the valence
state of the plutcnium and the route of administration the body deposi-
tion was essentially the same when correction was made for the amount
of material remaining unabsorbed at the site of administration. A
possible excepiion to the above general statement is the retention

of plutonium by the liver following intravenous injection. The

California group found 38, 73, and 29 per cent retention of plutonium
oNCLASsiFiED  EU—. —
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in the liver four days after intravenous injection of Pu*3, Pu"’l’,
and Pu02‘" 2 respectively. The respective amounts of absorbed
plutonium retained im the liver four days after intramuscular ad-
ministration were 5.5, 3.5, and 14 per cent. The high liver re-~
tention following intravenous injection was explained by Hamilton
(CN-2383) as possibly resulting from precipitation of the product
in the blcod and filtering out of the pariticles by the reticulo-
endothelium. The Chicego lLaboratory apparently does not agree
with this postulation (CN-2653).

There also seems 1o be conaiderable disagreement regard-
ing the amount of plutonium retaimed in the liver of the rat following
intravenous injection of Puoz'"eo Hamilton found only 3 per cent of
the plutonium was retained in the liver 16 deys afier injection al-
thougk he had reported earlier that 29 per cent was retained at the
"end of the fourth day. The Chicago lLaboratory found from 20 to 40
per cent of the plutoniwn deposited in the livers of both rate end
mice 4 - 14 days after intravenous injection of I‘uOQ"Lzo even in the
presence of complexing agents, l.e. citrate ion (CN-2905).

Results obtained at California, Chicago, and in this lab-
oratory show conclusively that the skeletal system is the principal site
of plutonium deposition in the body. ©Over 50 per ceni of the absorbed
dose seems to Qeposit in the skeleton regardless of velence state of the

plutoniun or the method of administration. 4 poassible exception, of

course, may be the case of unusually hzgh J.J.ver dw_following

ONCLAr 2 —_—
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intravenous injection of Pu*#. Redicautogrephic studies by both the
California (CN-2905) and Chicago groups (CN-2312) show that the
site of plutonium deposition within the skeleton is in the endoatium
and periostium. Deposition is especielly high in the trabeculear
region. Excellent studies by Copp and Hamilton (MUC RSS-540) have
shown conclusively that plutonium is fixed in the osteoid matrik
and not in the bone =salts. Their studiés showed thet plutonium con-
centrated in the matrix of the callus surrounding a fracture. If it
was not administered to the animel until bone salts had invaded the
callus, concentration of plutoniwn in the callus was slight. They
also showed that it was possible to itrap a major part of the plutonium
depesited in the endostium benezth a layer of bene salts by means of a |
decalcification - calcification cycle. The best resulis were obtained
when the animal was decalcified by being kept on a phosphorus free diet,
The kidney and spleen retain relatively large amounts of
plutonium although their specific activity is only about one-fifth
to one~tenth that of bone. The kidney, spleen, @and liver retain
about 0.5 ~ 1.0 per cent per gram of the absorbed élutonium four
days after administration., %he retention in these organs seems
unaffected hy the velence state of the plutonium and the method of
administration. An exception ¥0 the above statement is the case of
high retention by the liver and spleen following intravenous injece
tion of Put® ama puth,

The plutonium content of nerve, musc¢le, and reproductive

tissues is quite low. The extremely low reten{i——by these tissues . .=

e e
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also scems unaffected by valence state of plutonium and by method

of administration,

The effect of valence state and method of administration
on the concentration and distribution of plutonium in the blood of
rats has not been studied very thoroughly. Russell et al (CN-3167)
(CN-2653) have made a detailed study of the concentration and
distribution of plutouium in the ﬁlood of the dog following intra-
venous administration of 2 lethal dose of Pu0,(NO3)p -- 0,36 mg. per
kg. The plutonium coacentration in the biood decreased tenfold in
the first half hour and after seventecn days reached an equilibrium
concentration of about 0.01f per ml. of blood, Practically all of

the plutonium in the bloocd was conteined in the F-globulin fraction

of the plasma,

C. Effect of Valence State and Method of Administration

on the Excretion of Plutonium by the Rat.-- The California group

have reported studies of the effect of valenee state.and method of
administraticn cn the rate of excretion of plutonium (CN-2383).

They stated that there was no apparent significant difference in the
excretion of plutonium in its three valence states. The data that
they present to support their conclusion is rather limited, however,
From their data it seems that the ratio of fecal to urinary excretion
was from 5/1 to 10/1. This was {rue for plutoniwa in all three valeance

states four days after either intravenous or intramuscular administration

NCLASSHED =
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absorbed at the site of the intremuscular injection. The ratio

of fecel to wrinary excretion of absorbed plutonium administered

as putt ana Pu02'f‘2 was essentlally 10/1 during the first 16 days
following subcuteneous injection., The Chicago laboratory followed
the excretion of plutonium by a grdup of 5 rats given intravenous
injections of lethal doses of BuO {NO, )2 (CN-2905). During the

first 14 days, 14 per cent of the injected dose was excreted. The
ratio of fecal to urinary excretion was 3/1. In another group of
rats given Pu02(Nq3)é intravenously they found the plateau of urinary
excretion occurred at ébout 25 days., At this time the animals were
excreting 0.0l ~ 0.02 per cent of the injected dose per day. Fecal
excretion did not level off until about 4O days. The daily fecal
excretion of plutonium at 40 days was about 0,08 per cent of the
injected dose. ‘The results of the above studies have been summarized

in tabular form by E. R. Russell (CH-3167).

EXPERIMENTAL METHODS

4. General Experimental Procedure.-- The purpose of the

experiments conducted at this laboratory vwas to study in detail the
effect of citrate ion, valecnce state, and various other factors on
the body distribution and excretion of plutonium when administered
intravenously to the rat,

Young male rats ranging in size from 200 to 300 g. were

used Tor the experiment. Jhe animals were arranged into four grcups

< (w.,r”"é:'\ ___:_i
WRHCLBooH ~
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of 12 rats each., Each animel was injected intravenously with approxi.
mately lSX'of plutonium. The rats in the first group received
plutonium in the form of a solution of PuCl39 the secbnd ZToup
received Pu(NQB)u, the third group received P“”é‘“?s)z and the

fourth group received Pu+4 complexed with sodium citrate present

as 0.3 per cent Na3065507o5%H20°

The animals in each group were housed three to the cage,
The metabolism cages were specially constructed to facilitate the
collection of urine and feces separately. The cage arrangement was
essentially that used at the University of Rochester School of Medi-
cine. The details of the arrangement are shown in Fige 1,

Urine and feces saemples were collected at 24 hour interwals
through the sixteenth day after which they were collected at 48 hour
intervals. Each sample consisted of the pooled exeretion from three
rats, Feces samples were dried immediately at 105° C. and stored.
Urine samples were collected without the use of a preservative and
stored in the refrigerator,

In order to determine body deposition of the injected
plutonium, one~third of the animals in each group were kilied and
autopsied at one of the following time intervels: UL days, 16 days,
or 32 or 48 days after injection. Liver, kidneys, spleen, and carcass
were saved separately for analysis. All samples were praserved by
placing them in suitable screwcapped specimen jers and desiccating
in a drying oven at 105° G. for 48 hours, The jars were sealed and

the samples stored in the refrigerator,

— —_ =
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B. Preparation of Solutions.-~- The solution of PuClB used

in these experiments was prepared as follcws: A piece of plutonium
metal - (99% Pu by specirographic analysis) was placed in a volumetric
flask and dissclved in the smellest possible amount of 6 N HCl by

, adding the acld dropwise from a micro pipet. When the metal was
completely dissolved, enough 6 N HC1l was added to make the solution
1 N with acid vhen diluted to volume with water. %This solution was
assayed for Pu by radicassay. '

An iqjection solution of Pu(;l3 containing ngrI’u per ml,
was grepared from the above stock soluticn by diluting a suitable
aligquot to the desired concentration with water. This solution

“had a pH of approximately 2 upon final dilution.

The Pu(Nt’),_3 )h stock solution was prepared from an aliquot
of the PuCl, stock, Enough 8 I mNO; was added to make the solution
1 N in acid when diluted to volume. Before diluting to volume,
however, the soclution was allowed to stand until the blue color of
Put? had completely changed to the greenish brown of Pu(NO3 )}+°

After dilution the plutonium‘co.ncentration was determined by radio-~
assay. A complete speciral absorption curve was run on the solution
to establish the complete absence of E’u"’B and Pu02+2., The solution
to be injected was prepared from the above stock by diluting a suit~

eble aliguot to the proper concentration with distilled water. The

solution was prepered just before use. It had a pH of 2 and contained
L;5¢/ Pu per ml,

APPROVED FOR PUBLI C RELEASE
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The Pu‘l‘h citrate solution used for injection was prepared
from the Pu(NOB )1+ stock solution by diluting a sultable aliguot to the
desired plutonium conceniration using & solution containing 0.3 per
cent. NasCgH;07058H0 to meke the dilution. The finel solution con-
tained 45 Pu per ml. and had a pH of 4.5.

A stock solution of PuOE(NO3 )2 wag prepared from the-+h
nitrate, The desired amouat of :Pu(I\IOB).Z+ in 1 § FNO; was trans-
ferred to a volumeiric flask. Enough NaBr03 was added to meke the
solution 0.05M upon final dilutiopo After standing for 2 hours
the golution was diluted to volume with 1 N HI\?O3°

An absorption curve was run on the above solution, There
was no indication of the presence of Pu"'B end ;Pu"'ho The injection
solution was prepared just before use by diluting the stock solu-
tion to the desired plutonium conceniration with distilled water.

s, sample of the final solution was assayed for the presence of Pu“'3

and Pu”"r using a basic. cupferron extraction in the presence of citrate
and dichromate ions, as proposed by Fryxell (LA-395). Over 97 per cent
of the plutonium in the final solution was in the pilutonyl state, The

pH of the solution was approximately 2 at the time of the injection.

C. Method of Injection.-~ A1l injections were made by way
of the femoral vein. The rat was anesthet'ized with ether. A bhalf-inch
incision was madé in the skin over the region of the femoral vein. The
vein vas exposed and the fascia carefully cleared away. While one

operator held pressure on the vein above the point of injection, angther
UNCLASSIFiED =
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operator carefully entered ‘the vein with 2 5/8m,, Zmypodezmic
necdle bearing a one ml. iuberculin syringe filled %o the } ml. mavk )
with the solﬁtion %o be injected. ‘Ihe needle was extended about %
inch into the.vein toward the besrt. FPrespsure on the vein was released
and approximately 15§ of Pu sllowly injectédo The volume of solution
injected wag approximately 0.35 ml, in all cases.

The actual amount of plutonium injected was determipned by
meking “dumny® injections as followss During the injection of a
particular group of rats en emouvnt of solution equivalent to that
adminisfered tO each rét was discharged from the syringe through
+he seme needle used for the injection into each of fiwe, 50 mi.
volumetric flasks. After diluticn to exactly 50 ml. with 4 N FC1,
the solutions vere assayed foit ;ﬁlutoniumo The average of the five
"dummy? injections wes teken as the average dose of plutonium re-
ceived by the animzls in the group.

D. 3ethods of Analyses.~~ The kidneys, liver, and spleen

were prepared for enalysis in e¢ssentially the same manner. The
tissue was transferred to a 300 mi. ¥Xjeldahl flask and 15 ml. conc.
HN03 was added. The acid v‘zas carefully boiled off until the sample
portially charred. Ten mil. of fuming PNOB wag added to the contents
of the flask and the sample was again boiled down until charring
began. Another treatment with 10 mi. of canc, FNOB was carried out
followed by 10 mle of 30 per cent H202. After. the evaporation of the

nitric acid and the hydrogen peroxide a white ash usually remained.

UNCLASSIFIED
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If the ash wes not whalte the entire procedure was repeated. The ash
was Adissolved in 4 N HCl and the solution transferced to a volumetric
flask end mede up to volume,

The livers contained sufficient plutonivm $o allow a direct
détermination after ashing. A& suitable aliguot of the solution was
evaporated directly cn a platinum plate. The platé vas heated to a
dull red to deconpose traces of organic matter, The plutonium was
then determined by counting the plate in a proporticnal alpha eocunter.
When known amcunts of plutonium were added to rat livers,the average
recovery by the above procedure was 90 per cent, therefore, a 10 per
cent correcticn was applied to all liver results,

Because of the relatively small smount of plutonium in the
spleen and kidneys, large aliquots of these solutions were analyzed
by the cupferron extraction procedwre (LA-395). When known emounts
of plutonium were added to rat spleens and kidneys,the average re-
covery was 80 per cent. A 20 per cent correction wes applied to all
analyses of kidney and spleen.

The cexrcass, consisting of skeleton and “balance™* was
placed in a glazed porcelain cagserole and dried for 48 houxrs at
105° C. The casserole was covered with & heavy pyrex plate and
placed in a cold muffle furnace. The temperature of the furnace was

then raised to 450-500° C. over a periocd of 4 hours. Ashing was

“The "balance* represented 211 the carcass excepi skeleton, kidney,
spleen, eand liver,

UNCLASIFIED
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cantinued at 450-500° C. for the next 20 hours. After cooling,
the ash in the casserole was transferred to a 20-mesh sieve. The
flekey white ash of the "balance” was separated from the skeleton
by gently shaking the sieve,

The skeleton was transferred back to the casserole, 15 ml,
of conc. HCl added, and the mixture allowed to stand for several hours.,
About 15 ml. of HoO was added and the ccntentg of the casserole heated
to boiling. The solution was transferred to a centrifuge cone and
centrifuged. The supernatant liguid was transferred to & 100 ml.
volumetric flask. The residue was transferred back to the casserole,
dried, and egain ignited at 450-500° C. until completely white., The
residue was taken into solution by treating with successive portions
of hot &6 N HCl which were added to the volumetrie flask containing
the first supernatent,

The ash from the "balance® was dissolved by essentimlly
the same method as described for the bone.

Sultable aliquots of the bone and Sbalance® solutions were
énalyzed for plutonium by the cupferron extraction method (LA-395).
When known smounts of plutonium were added to bone and "balance® ash
soluticns, the average recovery was 80 per cent. 4 20 per cent core
rection was applied to all analyses of bone and *palance®,

Urine samples were transferred to a 300 ml. Kjeldahl flask,
evapcrated almost to dryness, and then digested by alternate treat-

ment with conc, HNQB and 30 per cent Hy0,. The procedure wes essen-
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tially that used for kidney, liver, and spleen. W¥When a white urine
ash was obtained, it was taken up in 4 N HCl and transferred to a
vdlumetric ﬂaako Aliguots of the urine ash solution were analyzed
for plutonium by the cupferron extraction procedure. Average recovery
of known amounts of plutoanium added to rat urine wes 80 per cent. A
20 pexr cent correction was added to all results,

Feces samples were dried, weighed, and ground. A 5 g.
aliquot was transferred to a platinum crucible and carefully lgnited
over &a low flame, The crucible was finally heated at a dull red heat
until the feces ash was a greyish-white color. The ash was treated
twice with 10 ml. of coac. HCl and evaporated to dryness each time.
The residue was extracted with 10~15 ml. of hot 4 N HCl, transferred
to a centrifuge cone, centrifuged, and the supernatant transferred to
a 50 ml, volumetric flask. The exitraction was repeated. The residue
was then transferred back to the platinum crucible and ignited again
for one hour. The residue was fuwed twice with 5 ml. of conc. HCl
and 5-10 ml. of conc. HF, After all HF was driven off, the residue
wag treated with hot 4 N HCl and the extract transferred to the
volumetric flask. If all the residue did not dissolve after the HF
treatment, it was centrifuged out and discarded after en additional
treatment with } ml. of aqua regia.

A suitable aliquoft of the feces ash solution was analyzed
for plutonium by the cupferron extraction procedure. A 20 per ceant

correction was applied to all feces results,

UNCLASSIFIED ~— S

APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

- a7 - e —
EXPERIMENTAL RESWTS UNCLASSIFIED

A. Effect of Valence State and Citrate Jon on Urinary and

Feocel Excretion of Plutonium Administered Intravenously to the Rat.-~

All laboretories concerned with the study of the physiological problems
associeted with plutonium have reported excretion data, Little effort,
hes been expended, however, on establishing the effect of valence of
plutonium on the excretion rate. Hamilton et al (CN-2383) did not run
complete excretion curves but pooled samples for analysis at rather
broad time intervals., They were primarily coancerned with excretion
following intramusculer administration and failed to observe any
essential differences in the rate of excretion of Pui3, Pu"‘“‘. and
I’uo?_"'z from the animal body.

Jable 2 presents the data collected during our study of
the daily urinary and fecal excretion of plutonium when administered
intravenously to the rat as PuClB, Pu (NOB)I;' Pu02(N03 Jo and Pu‘}'h
citrate camplex. These data are presented graphically in the form
of excretion curves in Figs. 2 - 9. The most obvious point indicated
by these results was the extremely high excretion of Pu02T2 in the
urine. during the first day.

During the first day the urinary excretion of plutonium
administered as Puoz(N03)2 was 7.5 per cent of the injected dose as
compered to 0.33, 0.57, and 0.71 per cent for Pu*3, purd, ana pat4
citrate camplex re.spect::lvely., Russell (CN-3167) observed a high

urinary exoretion of plutonium by the dog and also by the human

] . .
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TARLE 2.-- EFFECT OF VALENCE S1A1E AND CITRATE
ION ON URINARY ANL FECAL BXCREIION OF PLUTONIUM
ADMINISTERED INTRAVENOUSLY T0 THE RAT.

]
sg?ﬁi;gs Ave, /] Per Cent of Injected Dose L2 Excreted

Days After PuClg Pu(NO3), .‘Pu'"‘!‘Ci.\‘,ra'l:ez:3 PuOx(N03)p
Injection §"Grine  Feces| Urime  Feces| Urine Feces| Urine Feces
0-% 0.191 1,99 | 0.436 0.12 0.436 0.38 6.68 0.78
-1 0.139 1.26 | 0.137 1.63 0.269 1.89 0.937 1.51
1.2 0.182 3.24 | 0.169 3.77 0.240 2.94 0.400 1.29
2.3 0.127 5,94 | 0.124 4.43 0.201 2,72 0.300 1.07
3.4 | 0,080  3.44 | 0,017  4.09 | 0.165 2.07 0,250 0.95
L5 0.057 3.16 | 0.086 2,58 0.137 1.50 0.238 1.07
5-6 0.052 2,64 | 0.081 2.15 0,126 1,29 0.150 0.93
6-7 0.057 2.21 } 0.104 1.60 0,084 1.79 0.175 1.03
7-8 0.067 2.64 { 0.069 1.65 0.087 1.30 0.137 0.86
g-9 0.051 1.87 | 0.054 1.17 0.075 1.01 0.137 0.60
Q.10 0.0lL6 1.81{ 0.061 1.14 0.076 0.89 0.09¢ 0.83
10-11 0.039 1.94 1 0.042 0.89 0.066 0.86 0.065 0.92
11-12 0.037 1.09] C.050 0.61 0,059 0.92 0.059 0.60
12.13 0.032 1.23 ) 0.040 0.70 0.057 ©.45 0.054 0,58
13-14 0.052 1,11 - 0.58 0.054 0.5k 0.054 0.58
14-15% ) 0.029 0.82 ] o0.042 0.63 0.047 0,56 0.051 0.37
15-161- 0.022 0.57 | 0.030 0.7 0.040 0.41 0.050 0.2}
16-17 0.031 0.72 | 0.036 0.55 0.046 0.47 0.011 0.48
17-18 0.014 0.63 { 0.036 0.55 0.046 0.47 0.024 0,69
18-19 0.019 0.54 | 0.035 0.51 0.034 ~—- 0.015 0.29
19-20 0.009 0.33 | 0.035 0.51 0.03k —— 0.015 0.2}
2021 ——. 0.26 - 0.37 ~-- 0,28 0.012 0.17
21.22 0.014 0.23 -—- 0.37 ~-- 0,28 0.006 0.22
22-23 0.009 0.29 | 0.025 — 0,026 - 0.005 0.30
23-2) 0.009 0.23 { 0.025 -— 0.026 - 0.005 0.19
24-25 0.009 0.20 -—— 0.25 o 0.52 0.008 0.21
25-26 0.012 0.22 —— 0.25 -— 0,52 0.017 0.49
2627 ——— 0.24 | 0.025 . 0,026 - 0.012 0.27
27-28 0,022 0.19 ] 0.025 — 0,026 -—- 0.011 0.2
28-29 0.017 0.13 —— 0.25 - 0,42 0.011 0.42
29-30 0.015 0.17 — 0.25 —e= 0,42 0.005 ———
30-31 0.014 0.18 { 0.017 ~——— 0,016 ——- 0.005 0.30
3132 0.009 0,16 | 0,017 w7 05016 - 0.011 0,11
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TAHE 2 (Continued)
S;mpiigs Ave./l Per Cent of Injected Dosel- Excreted
eX 1O
Deys After PuClg Pu(NO3)), putlcitrateld Pu0p (N05)p
Injection ~wre _Feces| Uriane Feces| Urine  Feces| Urine  Feces
32-33 - 0935 - - 0030
33«34 - 0.35 --- 0.30
34-35 0.014 _——— 0.017 ——-
35-36 0.014 | 0.017 -ew
36-37 - 0.39] 0.017 ---
37-38 om- 0.39 -—- 0.32
38-39 0.014 -——- e—= 0.32
39-40 0.014 ———— 0.014 ——
40-41 ——- 0.26 0.014 ——
hi-42 - 0,26 0.20
42-143 0.016 -——- 0.20
L3-44 0.016 —— 0.36
44-45 ~—- 0.29 0.36
L5-46 w-- 0.29
46-47 0,010 ———
47-48
(Footnotes)

JL The numbers of rats composing the average excretion values in the above
table were as follows:

Sampline Period  PuCly  Pu(No),  puth cit. 20, (NO3 ),
Through 4th day 9 12 12 15
Through 16th day 6 8 8 9
After 16th day 3 4 4 3

/2 ‘The doseges injected were Pu013 15.2f, Pu(NO3)h 14.2¢, Pu'm citrate 15.07,
and Puoz(N03 )2 15‘,.11(0

23 Pu”‘h in a 0.3 per ceant solution of N3306H507°5éﬂ20.,
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during the first few hours following the intravenous administration

of Puoz(NOS)ao It seems quite possible that this high excretion rate
of plutonyl plutonium during the first day is an actual physiological
result of the valence state. Throughout the first 4 - 6 days the
urinary excretion of plutonium injected as Puoz(NOB )2 remained some-~
what higher than the excretion when the plutonium was injected in the
other forms., This time interval mey be asswmed to be the time required
for all of the Puoz"f"? ions to be reduced to a lower valemce. It is
interesting to note that the very high urinary excretion of Puos'2 was
accompenied by a lowered fecal excretion rate. Only 5.6 per cent of
the injected dose was excreted in the feces during the first four days
as compared to 13.8 per cent for PuClB. 14.0 for Pu(NOB)lL’ and 10 per
cent for Pu*‘h ¢itrate canplex., The high fecal excretion of plutonium
after injection as PuClB or Pu(NOB)h" may be, however, a result of its
higher deposition in the liver (see Table 4).

The data in Table 3 compares the urinary and fecal excretion
of the various forms of plutonium at one day and at 30 days after
injection. This table was prepared from the cuxrves in Figs. 2 ~ 9
by taking the urinary and fecal excretion wvalues at 30 days. ‘he
ratios of fecal to urimary excretion during the first day after in-
Jjection emphasizes the extent to which the excretion of plutonyl
plutoniuwn & ffered from the excretion of plutonium administered in

other forms, In the former case the ratio was only 0.3/1 compared
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TABLE 3.-- A COMPARISON OF FECAL AND URINARY EXCRETION COF
VARIOUS FORMS OF PLUTONIUM ON THE FIRST AND 30TH D "DAYS AFTER INTRA-
VENOUS_ADMINISTRATION TO THE RAT

Cpd. and % Dose Excreted 1lst Day % Dose Excr, 30th Day
Valence Urine Feces F/U Urine TFeces F/U
Pucl3 0.33  3.27 10/1 0,011  0.15 14/1
J.>u(1\m3 >h "1 0,57 3.80 7/2 0.016 0.28 17/1
Pu02(N03 )2 7.50 2.30 0.3/1 0,011 0,18 161
pud cit, 071  2.25 3/1 0.016 0,28 171
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jection there were no outstanding differences in either urinary or
fecal excretion regardless of the farm in which the plutonium had
been administered. At this time the averasge daily urinary excretion
was about 0.013 per cent of the injected dose. The average fecal
excretion was 0.22 per cent and the aversge fecal to urinary excre-~
tion ratio was 16/1.

The excretion curves shown in Figs. 2 - 9 emphasize the
extremely high fecal excretion of plutonium by the rat. Regardless
of the form in vhich the plutonium was injected, the fecal output
30 days after injection was 16 times as large as that in the wrine.
In this respect the human and the rat appesr to differ widely. The
ratio of fecal to wrinery excretion of plutonium by the human at 30
days 1s at most 1/1 (unreported data obtained at this laboratory).
The wide difference in the rate at which the rat and the human excrete
plutoniuvm in the feces should be comsidered when evaluating toxie
cological studies in which the rat was used as the test anlmal.

There were no outstanding differences in the excretion
of purt when injected as the citrate complex and as ru(NO )14 In
‘the former cese, however, fecal excretion was somewhat lower during
the first few days. The lower fecal excretion may he due to a lower
deposition in the liver (see Table 4).

B. Effect of Valence State and Citrate Ion on Body

Distribution of Plutonium Administered Intravemously to the Rat.--

The data in Table 4 show the distribution of plutonium in the
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TARLE 4.-- EFFECT OF VALL JICE STATE, CITRATE ION
AND TIMI. AFILR INJECTION ON METABCLISL OF
FLUTNIU. ADMINISTIRED INTRAVENOUSLY TO THE RAT.

Ave,/1 Per Cent of Injected Dose /2

N

After Tissue or |_

Injection Excretion | puc1, 1u(NOg )y puthcit/a | Puoyimog),

4 Liver 22,92 39.69 9.56 9.11
Spleen 0.73 1.19 0,67 0.51
Kidneys 2.20 1.36 1.64 1.91
Skeleton 44,91 29.43 56.93 56.54
Balance 13.54 11,88 13.70 11.21
Urine 0.90 0.93 1.34 7.89
Feces 17.15 15,11 10.89 S.T1
TOTAL 102.3 _99. LT 92.9

16 Liver® 7 .04 26,14 4.17 3.37
Spleen 0.96 1.40 0.60 0.48
Kidneys 0.67 0.74 0.79 1.14
Skeleton 42.28 30,88 60.30 58.50
Balance 11.95 7.28 10.15 T.58
Urine 1.35 1.69 2.15 9.18
Feces 37.61 26.03 20,83 12.91
TOIAL 101.8 .2 99.0 93.2

32 liver 5.38 2.78
Spleen 0.73 0.33
Kidneys 0.50 0.73
Skeleton 51.81 56.84
Balance 7.86 9.46
Urine l.20 9.30
Feces 35,86 20,
TOTAL 101.3 99.9

48 Liver 21.84 2.70
Spleen 1.43 0.57
Kidneys €. 42 0.36
Skeleton 31.88 60.45
Balance 5.21 7.85
Urine 2,%5 2025
Feces : 39,65 29.68
TOTAL 102, 104.

/1 Each value is an average of results obtained for the tissues excrement

of 3 rats in case of PuC13, 4, rats in case of Pu(NOB )14 and Put® citrate
and 6 rats in case of Pu0,(NO3),.

The dosages injected were-iu 3 15.2%, ?u(NOB)h 14.27, putd citrate 15.0¢,
and PuO,(NU3)p 15.1.
Put? in a 0.3 per cent solution of NagCgH507 . 5% Hy0.
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rat body at 4, 16, end 32 or 48 days after intravenous injection

as PuCl,, Pu(NOB)l;’ puth citrate ccmplex, and PuOQ(N03)2., Regard-

less of the original form in which the plutonium was injected, the
skeleton was the principal site of deposition. When the plutonium

wvas adminigtered as putt citrate end PuOQ(NOB )+ the skeletal

deposition wes approximately 60 per cent of the injected dose.

Liver deposition was quite low when the plutonium'was injected in

these two forms., Four days following injection the amounts deposited

in the liver were 9,1 and 9.6 per cent respectively. When injected as
PuClB and Pu(NOB)A. the per cent of the dose deposited in the liver was
much higher than when administered as putt citrate or Puoz(N03)2° . Deposi~
tion in the liver ) days after administration of PuClS wag 22.9 per cent
of the injected dose. When injected as l°v.(N0-,3 )l&’ deposition in the
liver was 39.7 per cent., Skeletal deposition of plutonium was
correspondingly lower for those forms giving the higher liver cone~

tent., Four days Pollowing injection of plutcnium as Pucl_,3 and Pu(NOB)h
deposition in the skeleton was k4.9 and 29.4 per cent of the dose
respectively.

No outstanding differences were chserved in the deposition
of plutonium in the kidney following intravenous injection of the-
various forms. At the end of the L4th day kidney deposition ranged
fram 1.36 to 2.20 per cent. A%t 16 days deposition in the kidney

ranged from 0.67 per cent in the case of PuCJ.B to 1.14 per cent for

Puoz(NOB )2.,
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Deposition of plutonium in the spleen following intrae

venous injection was not greatly different for the various forms of
plutonium injecfed. As was the case with the liver, the highest
deposition in the spleen was obtained with Pu(NOB )h' When injected
as PuClB, Pu(NOB)l.;’ Pu‘*"‘L citrate, and Pu02(N03)2, the average Geposi-
tion of plutonium in the spleen for the three time intervals wes 1.3},
0.81, 0.61, and 0.4 per cent respectivelyo.

The time intervals chosen in this study (4, 16, and 32 or
48 é.ays) were much too short to permit any significant conclusions
regarding the effect of time on distribution and relocation of
plutonium in the body following intravenous injection in wvarious
forms.

In 5eneral the plutonium conitent of the liver, kidneys,
and' #“balance® decreased with tiz;zeo The skeleton and spleen did not
show any significant changes during the short time intervals allowed
for the experiment.

The data in Table 4 and the excretion curves shown in
Figs. 2 - 9 suggest that fecal excretion of plutonium was higher
for those forms giving higher deposition in the liver, namely PuClB
and Pn(l\m3 )4'

The results reported in Table 4 on body distribution of
plutonium injected intravenously into the rat agree qualitatively
with those reported by Hamilton (CN-2383). Quantitatively the agree-

ment is poorest with regard to the deposition of plutonium in the
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liver and skeleton. Four days feollowing intravenous injection of
PuClB, Pu(NOB)h' and Pu02(N03)2, he reported liver deposition of
38, 73, and 29 per cent respectively compared to 22.9, 39.7, and 9.l
per cent found in this study. Four deys following injection he
found deposition in the skeleton was 33.5, 1lh.4, and 46.0 per cent
respectively for plutonium injected in the three valence states.

In this study the respective values for skeletal deposition were
44.9, 29.4, and 56.5 per cent, The body distribution of plutonium
16 days following intravenous injection as Pu02(N03)2 agrees quite
well with that reported by Hamilton’s group (CN-2740).

The data presented in Table 4 indicates that complexing
put¥ with citrate ion drastically lowered the ammunt of plutonium
deposited in the liv'er following intravenous injection, This result
supports the postulate that high deposition in the'liver following
intravenous injection may result from hydrolysis of the plutonium
at the pH of the blood., The colloidal particles formed by hydrolysis
may then bve filtered out by the reticulo~endothelium of the liver
(CN-2383). The Chicago laboratories 4o not concur in this belief.
Their results have not shown a pronounced affect of citrate on liver
deposition of intravenously injected plutonium (CN-2653).

C. Effect of Size of Dose on Mstebolism of Plutonium in
Jhe Rat.~~ If urinary excretion is to prbvide a :Dasis for determining
the degree of exposure of workers to plutonium, the metabolism of

this material in the body must be independent of the size of dose.
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The metabolism must be essentially the same whether the body coantent
should result from a single large dose or from several emall ones. The
following experiment was devised to study the effect of size of dose
on the excretion and body distribution 61' plutonium when administered
intravenously to the rat.

Five groups of mature male rats were injected with 0.032Y
(2250 c/m), 1.1¢ , 5.37, 15¥, end 52¥ of plutonium respectively. ‘The
plutonium vas administered as Pu‘*h citrate complex in a solution
0.5 per cent with sodium citrate. The pH of the solution was approxi-
mately 6 and the volume injected was kept constant -- 0.35 ml. Urine
and fece:; samples were collected daily for six days and analyzed for
plutonium, At the close of the sixth day following injection the
animals were sacrificed and their tissues analyzed.

The data in Table 5 show; the relationship between size
of dose and the daily urinary and fecal excretion of plutonium
injected intravenously into the rat. The per cent of the injected
dose excreted per day in both feces and urine was not significantly
affected by the size of ths dose. 1In fact, the agreement in per
cent excreted for the various sized doses was remarkably close. At
the end of the sixth day after injection the spread in total fecal
excretion vas from 8.4 to 12.8 per cent of the dose. The spread
in total urinary excretion was from 1.6 to 2.1 per cent,

The distribution of plutonium in the animal body was like-

wise unaffected by the size of the injected dose (Table 6). The

_________-’_—-————.:‘::—"'E
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TABLE 50~
ADLINISTERED PLUTCNIU

DAILY EXCRETION OF INTRAVENOUSLY

ﬁ__________.___.

IN RELATION TO THE SIZE OF DOSE (RAT).

J314ISSYTONN

Perilode Size of Dose and Avaoﬁ Per Cent of Dose Excreted in Urine ard Feces

After 0.032% 1.1 1 S.3f 15.0 & 52.04

InjoDays ["yrine | Feces | Urine |Feces |Urine 'Feces | Urine |Feces |Urine | Feces

0.0-0.5 0.609 0.665 1.7h 0. 467 0.85 0.436 0.38 0,733 2.06

0.5-1 0.312 0,218 0.88 0.476 1.57 0.269 1.89 0.189 1.11
1-2 00338 00265 200).& Oohl9 2051 Oo2h0 299,4 00321 2013
2-3 0.276 0.133 1.37 0.220 1.71 0.201 2.72 0.2hLb 1.89
3-h 0.181 0.151 0.21 0.165 1.13 0.16% 2.07 0,208 1.42
L-5 0.176 0.139 0.80 0,104 1.30 0.137 1.50 0.199 1.40
5--6 0.176 0.139 0.80 0,104 1.30 0,126 1.29 0.199 1.0

TOTAL 201 | T s .o | 1.9 16-37 | I:38° | 12.79 | 2.09 KSRy

_/_1 Plutonium was injected as the g-h citrate complex prepared from Pu(NO by mak:mg the solution
0.5 per cent with Na 0635 ? 5% H,0. The H of each solution was app;‘okimtely

Each value is the average of results of 3 rats except for the 15 ¥ dose in which case each value
is an average of results of 12 rats.

a2

A3HISSYTONND
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TABLE 6.-- ECT OF SIZE OF DOSE ON JITABOLISM o
OF PLUTONIUM ADMINTSTERFD INTRAVENOUSLY TO THE RAT L2

Organ Slze of Inj. Dose and Ave.,@ Per Cent of Dose Per (Organ
or

Excretion 0,032 1.8 5.3f 158 52§
Liver 7-79 9.32 10.43 9.56 9.39
Spleen 0.66 0.4l 0.45 0.67 0.49
Kidneys 1.33 1.22 1,22 1.64 1.46
Skeleton 56.12 57.30 60.46 56.93 60.38
Balance 18.34 14.30 14.39 13,70 14.81
Blood 1050 1025 1000 - - 1010
Urine 2,og 1.7 1.95% 1.58 2,09
Feces 9.1 8.45 10.37 12,79 11.41
TOTAL 97.0 9.0 100.3 96,9 101.1

/1 Plutonium was injected as the 44 citrate complex prepared from Pu(N

0z)
by making the solution 0.5 per cent with Na3063507 o 5% 320. The pH3 4
of each solution was approximately 6.

J2 B1) animals were sacrificed &t the end of the 6th day.
4

Each value is the average of results from 3 rats, Values for the 15f
dose are an average of results from 12 rats.

lisiid
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skeleton was the principel site of deposition. Approximately 60 per

cent of the injected plutonium was found in the skeleton regardless
of the size of the dose. The results for skeletal deposition ranged
from 56.1 to 60.5 per cent for all doses.

The per cent of the dose present in the total blocd volume
was also quite constant. The range in blood content for the various
dosages six days following injection was 1.0 to 1.5 per cent. The
emount of plutonium deposited in the liver ranged from 7.8 to 10.4
per cent,

D. Metabolism of Plutonium Administered Orally to the

Rat.-- Absorption of orally administered plutonium is quite low
(CN-2383, MIC RRS-553, MUC KSC-520) =~ only about 0.0l per cent
of the total administered dose. Because of the low absorption from
the gastro-intestinel tract little information is available regard-
ing distribution in the body of plutonium absarbed via this route.
Absorption of plutonium from the lung was enhanced by the presence
of a complexing ion, i.e. ¢l trate (AM-1653). The following experi~-
ment was set up to determine the absorption‘and body distribution
of plutonium when administered orally to rats simultanecusly with
a large excess of sodium citrate,

Three young mele rats weighing 200 g. each were selected
for each group. Group 1 was given 46/ of puil, group 2 was given
198(‘ Iu, group 3 was given 1488( Pu, end group 4 was given 2000{",

The first three dosages were administered in a 5 per cent solution
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of NagCgHp.53H0. Through mist;ke the 20009 dose wes given in a
0.5 per cent solution of sodium citrate. All dosages were ad-
ministered by giving one. fifth ~f the total dose per day for five
consecutive days. The volume of solution given per day was 2.5 ml.

Four days after the lagt administration of plutonium the
animals were sacrificed and the livers, skeleton, and "balance"
analyzed.

The results are given in Table 7. These results indicate
that absorption of plutonium from the gastro-intestinal tract was
increased by the simultaneous administration of a large excess of
sodium citrate. The increase in abs'orption9 however, was not great.
Only about 0.3 per cent of the plutonium was absarbed when given in
a 5 per cent solution of sodium citrate.

The amount of plutonium administered, and the strength of
the sodium citrate solution used did not significantly affect the
ber cent of the absorbed dose deposited in the liver and skeleton.
If the amount of absorbed plutonium that was excreted in the urine
and feces during the time of the experiment is disregarded, the
average liver deposition for all doaages was 7.3 per cent of the
amount absorbed. The average skeletal deposition under these condi-
tions was 78.7 per cent of the absorbed material, These results
indicate that the liver and skeletal deposition of plutonium absorbed

from the gastro-intestinal tract was essentially the same as the
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deposition when the plutonium was injected intravenously as Pu*—l_‘_
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TABLE 7.~- ABSORPTION AND BODY EIS'IRIBUTION oF
PLUTCNIUM ADMINISTERED ORALLYZ: TO THE RAT.,

== ST -2 .
Total Dose % Dose % of Abs., P per Ol'gan
¥ Absorbed Liver Skeleton Balance
46 0.34 7.8 70,8 21.4
198 0.32 8.2 81.7 10.1
h88 0025 307 8801 802
200041 0,064 94 o2 16.3
Aveo - 703 7807 1400
z{: ———

/1l The first three doses were administered in 5 per cent solution

of NaqCgh ozgsbégo. The 2000 ‘dose through mistake was ad-
minis e:reg 0.5 per cent citrate solution. All doses were

administered by giving one-fifth of the total amount of plutonium
per Gay for five days.

/2 The emount of the absorted plutonium excreted in feces and urine

during the experimental period was neglected. The animals were
sacrificed ten days after the beginning of the experiment.
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citrate complex or as Pu02(b103 Joo A similar comparison was made

- 33 -

between the deposition of plutoniwm absorbed fram an intramuscular
injection and plutoniuwm injected intravenously as PuOZ(NOB)z
{CN~2740) .

General consideration of all results reported to date
seems to indicate that regardless of valence state, the deposition
of plutonium absorbed slowly into the body (as is the case after
oral, intramuscular, or intrapulmonary administration, etc.) is
similar to the deposition following intravenous injection of

Pu02(N03)2 or Pu’"h citrate complex.
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