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"E ' E METABOLISM OF PLUTONIUM

e sittione containing the thres separate valences states of plutonium
woser tintonll emaditutively: by s spectrophotometric method and each was
Sl to omtuin: lees than. 20 per cent of plutonium in the form of valence
sttnthes askiew tisay the ane specifically desired. Theso stock solutions con-
viimell sggroximately 2 mg. of plutonium per ce. Immediately before
oo the: selutions were diluted with sufficient isotonic saline to bring
i pfE tu- 25, snd: they contained approximately 15 v of plutonium per ce.

Sdiminestration. to Rats—Owing to nutritional and metabolic similarities
tovmsan, thie amimal chosen for this work was the rat. The three plutonium
ssdhtines;. a8 desaribed above, were immediately administered to rats. In
auedhber to-avond undue plating of the plutonium on the syringes and needles
voseel! fEor- innjontion, they were washed with 0.01 x HCl before use. In spite
ofF iz preenution, considerable difficulty was experienced with plating,
cegwesziltc wiih respect to Pu in the +4 state. However, the equipment
usest 0w injection was assayed for plutonium in order that the actval dose
& P antministered to the rats could be determined.

Txelie groups of three animals each: were injected with approximately
5~ of Pa intrammseunlarty in the left leg, the Pu solutions being employed
. the thires valence states described above. Following this, groups of rats
weer smertiived at 4, 16, 64, and 256 days after administration of plutonium
it 3. +4, and 4-6 valence states.

Tlee oouaps of mts were given plutonium in its three valence states
wmih it swserificed 4 days later.

The exereta were collected from all groups at daily intervals. In order
o retues the rather Iaborious plutoniim assays as much as possible, the
e and Jeeex were pooled for the following intervals, 0 to 2 days. 2 to 4
Imva f o ¥ deys, $ to 16 davs, and everv 8 davs thereafter. Wlhen the
canmuis were secrificed, the orgaps removed incdluded the liver, kidner,
e aeen. muscle, skin, stomach, large and small intestine together with
“hier e, hone, lung, brain, and blood.  The left hind leg, which wus the
#te o mrammseniar administration, was removed and assayed separately
‘. aer tu devermine the percentage of plutonium remaining unabsorbed.
Treses. pleem, musele removed from the uninjected right leg, stomach,
snzil cmd Jarge intestines, lungs, brain, and 3 to 5 ce. of blood obtained by
et puncrure were pooled for each group. In the case of bone, the un-
meeteed it leg bones were assayed ceparately from the rest of the
wederom.  The skinmed carcass, which consisted of the rest of the skeleton,
muscze. fat, and blood, was dried and ashed as s unit. The skeleton was
somrnted Jrnen thas by sifting the ash throughi o fine sereen, The plutonium
aeomten 7 Oath of these portions was determined. The plutomium present
o ctns ash, not indduded in the skeldton, © hsted under “biadsnee’ in Tubles
L O and V after the ealeulated plutorium content of the muscle gystem
! shwe wmumal had been subtracted from it.
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" ‘e tissues were assayed in the following manner: Immediately after the
‘animals were sacrificed, the organs and tissues were removed and weighed
* ghile wet. During the first part of the experimental program with plu-
tonium, all of the tissues were ashed in an electric muffie following a pre-
, liminary drying at 150°. Several determinations were done in which a
known amount of plutonium in its three valence states was added to in-
active animal ash, which was brought up to a temperature of 500° and
maintained at this level for 24 hours. No measurable amount of plu-
tonjum was lost from this ashing method by volatilization.

In later studies the tissues were wet ashed with concentrated HNO, and

30 per cent H:Os. When the ashing was completed, all of the acid was
boiled off, leaving a white ash. Following either wet or dry ashing, the ash
was dissolved in a solution which was 2 ¥ HNO, and 0.2 » hydroxylamine.
The final concentration of animal ash in the nitric acid hydroxylamine
solution was 20 mg. per cc. 0.5 cc. of the solution wax ured for the assay
of plutonium. Duplicate assays were made for every tissue and the cpetalls
of the analyvtical procedure were as follows:
i 500 v of La(NOQy): in 25 microliters were added to 0.5 ce. of a sclution
. : of tissue ash in & 2 cc. centrifuge cone. (Because of the presence of a-
emitting contaminants in some of the La{NOy)s available, the latter must
be checked for a emitters by running blanks on each batch received. The
radicactive contamination present is believed to be actinium, whose chemi-
eal properties resemble closely those of lanthanum, as well as plutonium in
the -4 state.)

02 ce. of 6 x HF was added and the mixture stirred with a platinum rod.
The cone was then centrifuged at 6000 R.P.M. in a small centrifuge for 30
seconds. The cone was removed and the walls washed dov with the
supernstan: sobition.  The mixture was centrifuged for 3 minuies and the
y  supernaiant soiution discurded.  The precipitate of Lal, contzining the
platonium was then dissolved 5u concentrated nitric acid «nd tmn<ferred to

~ ! apistinum dish 1 inch in diameter. The cone was washed with & small
. smoun: of water, and this was also added to the dish. 2 drops of ¢ x HF
. were added to the solation in the platinum dish in order to reprec.pitate
« | tbe laF: and the plutonium.
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- The dish containing the precipitate was gently warmed on a hot-plate
e antil dry and then famed to u dull red heat for u few seconds.
_— The precipiiate was found to form a very thin even fily whicl: was quae

adherent to the platinum. The a-particles from these sumples were
counted, each sample being counted twice. 1t was found thay the Lol
o precipitated from the diluted ash samplestof boue, feces, sl vrme was
somevhat more butky than would be expected from the anaunn of kb
pum used as & carrier. A large scries of a-particie mensurements v i
from the ssh of these threc types of material, snd s relntivey corand
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286 METABCLIEM OF PLUTONIUM

degree of self-absorption of the a~particles was found which rangad from 18
to 22 per cent for the feces and bone and 10 per cent for the urine. Owing
to the fact that the remainder of this extraneous material in the LaF; pre-

cipitate would have necessitated a slow and laborious purification pro-

cedure, the appropriate correction factor was applied to these samples, 5
Tasz I
Deposition of +8 Plutonium in Tissues of Rat after Intramuascular Administration into
Left Leg
The values given are in per cent of the dose. Average values for three raty at each
time interval. |
¢ days 2 16 days ‘ 4 days | 25 days .
i i
percont | per cont j porcent ' per cent | per comt | per cant ' per cemt  por comt
p«orpui per gm. :pn ouaa‘ per gm. . pov OTLW  Per gM.  per orgaR  per LM,
Lungs ........ ......0 0.05, 0.04 0.06 005 009 0.05 007 0.6
Spleen... . . ... L 08 013 0.0 0.5 0.2 0.4 621 Gz ¢
Blood . ... 0450 6.4 0200 0.02 0.0 0.01
Liver... ..... .. .. Fraz)o04 08T 034 LTL 030 693 0.2
Kidney.. ........... L 0.30 0 618 0100 0.07 0.27 0% 031 €7
Brain................ <0.01% <0.01, <0.01. <0.01: <0.0} <0.01; <0.01 <b.0!
Stomach........ ... 0.06§ 0.()2! 0.03,  0.02 <0.0) <081 6.0 G.45
Intestines............ 0.25 | <0.01, 0.23 0.63 0.08 <0.0} 0.12 <0.61
Bome..............'10.8 | 084 137! 1.13 30.3' 2.09 .o 1. 5
Muscle............ .| 0.50 . <0.01 0.76 <0.0l' 2.7¢4 9.03 1.66 0.
Balanee......... ..., 2.16 1.81 I -3 B B of
Leftleg ... . dma ' 68.0 | - 39.7 . 23.7 :
Skin ... . .. ... © 0.6, 0.03 0.62 0.03 0.4 0.02 0.2 <
Gonads.. . . .| : C0.06 0.02 [ ,
Teil . o i i 1.68  0.04
CUrine . o B I 0.19 C0.97 IR
Feces i1.53 .74 10.3 T
Actusl recovery a5.1 2.5 Gu.6 RN

* Although samples in this and the succeeding tables marked <0.01 per cernt 1.
messurable amounts of activity, the activities were of a Jow order and are prota -
not significant to more than two decimai places.

Bone radioautographs were prepared from undecalcified femur sectons
by techniques described elsewhere (3). These were made from snima,
sacrificed at intervals ranging from & to 256 days after mtramussus
administration. Doses Tanging from 13 to 25 v were used.

Results

The average value of absorption of plutonium in each of its three viier >
states from the gastrointestinal tract was found to be 0.007 per cont. Thus

80080214

e



om 18
Owing
F, pre-
Q pro-
lea.

Ton IRto

¢ud

oal

§: 132

b

(U
<06

, LUR LS
R LN )
1.67
oo

et st &
s ¥irnkds

N S
RISy

R (Ial

Yoo
e
M

S TR T T I .

/"%3

& value may be even lower, since it is predicated primarily upon the limits of
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the sensitivity of the counting apparatus used and the number of micro-
grams of plutonium available for these studies.

- Data are presented in Tables I and II which give the relative deposition

of plutonium in the tissues of the rat when admiuistered in the +3 state.
These studies were carried out for 256 days after administration of the
plutonium, as were those involving the +4 and +6 valence states. It can
be seen from an examination of Table I that +3 plutonium is only partly
absorbed from the injection site, 77 per cent remaining at 4 days and 23 per

Tanre 11
Deposition of +8 Plutonium in Tisaues of Rat Corrected for Recovery and for
Unabsorbed Balance at Injection Site
\\'erage values for th rat,s at each time interval,

4 dayx 16 days &4 days 5 256 days

per canl  per cont  per cem( per cnl per cent  per cent  per cemd | per cent

PETOTLAN  PLi EM.  PET STRAM LT LW, per OTEAN DT M. per organ Per gm.
Lungs 6.3z ¢.2) 0.26, 0.22. 0.15  0.03 0.11 0.08
Spleen 0.50 0.82 0.40 0.66 0.3%3  0.69 0.32 0.64
Blood . 2.8 0.25 0.88 0.09 0.17  0.02 (
Liver.. ... .. .. T.06 0.8 3.84 062 294 0.32 1.41 0.18
Kidnev. .. ... 1.8 1,13 0.44 031 0.46 0.3 0.47 0.2
Brain.. ... ... 0.05  0.62 0.63 0.02 06.02 <0.01 <0.01 <0.01
Somach. ... 6.3% .28 0.33  0.69 0.0 0.01 0.14 0.05
Intessines . 1.8 (.06 1.02 013 0.14 <0.01  0.18 <0.01
Bone. 65.1  4.04 82.6 4.99 352.1 3.5 46.3: 2.98
Museie 335 064 3.36 0.04 471 0.05  2.51  0.03
Syen Z85 ain 274 0120 684 (.03 0.30 0.0
yonass . O3 (LU
Tl LN 4
Trine 160 0.54 1.6 1.69
Feces G.60 3.27 33.5 46.6
eent at 256 days.  The lurgest portion of the material sbsorbed is deposited

it the sheleton.  Liver, kidney, and spleen were the only other tissues

examined which contained relatively large concentrations of plutonium.
The excretion of plutonium oceurred primarily in the feces. In Table 11
the same duts are presented with eorrections! for recovery und ubsorption
from the injection site. T

* These corrected valuer were obtained by ealeulating the relative amounts of
plutonium present in ail of the tissues and excrets, exclusive of the plutonium remain-
g ursbsorbed in the left hiud leg and the snount of p!utumu'n tiv the balance less
the cuicuinted gquantity present an the blood, musele, and esrcass. This type of
extrupoation, which altempts 1o correct for the amount of nasbsorbed plutonium
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. Tables 111 and V demonstrate the deposition of plutonium in the tissues

of the rat when administered as the +4 and 40 valence states. The
corrected values are given in Tables IV and VI. These data are similar to
those obtained for plutonium in the +3 valence state, demonstraung
major deposi.on in the skeleton, Of all of the soft tissues, the liver,
kidney, and spleen show the highest affinity for plutonium per gm. How-

Tance 111

Deposition of +4 Plutonium in Tissues of Ral after Intramuscular Administration
into Left Leg
The values given are in per cent of the dose. Average values for three rats s
each time interval.

! . i ;
! 4 dann : 14 dayn 64 days i 256 days

per cent . per cenl  per sent e cent  per coml C per cowl  per ceni per cev:
Tpevoorgam per g per crpom et gm. DT GTEAN  par g, - fer 0T40N  Ler W,

langs. . <N.O1 <60 6.4 .01 C.03  a.n2 .02
Spleen... .. . ... <6.00 <iei 60l 0.03 6.03 0.0 645 oL
Blood. ... . . . 0 <t el 601 604 0.01
Liver... . . S 008 <00l GG 0.2 0560 0.08 0 0.4l L
Kidney. 003 0.0 GRG0 0100 065 0.67
Brain. . .. LD 0.0 <O <ol <601 <05.01 <0.01 <0.01
Stomach.. ... . <0.01 <0.60 <0.01 <h.0l <201 <0.01 <0.01
Intestines . ... .. | 0.05 <0.01 0.65 <61 035 <0.01, 0.07
Bone. ... .. . C1.44 008 R 03¢ 1290 084 11.5
Muscie .. . L. <00 08 <60 (.63 <001 &5
Balanee ... . . ... 2.35 1.06 1.68 S 0.28
Left leg. . .1 858 87.6 551 . 66.%
Skin..... . Sl gDl <0.01 006 <0.01 017 <0.01 0.21
Gonuds i <O <D0 .03 02 C.06
Tall U84 0.13
Lirine B LR GG 9,37 .43
Yeces . ¢ 4. 74 .42

Actusal recovery . | ¥X.G foon &3 w8

ever, their concentration of plutonium per gm. averaged from one-fiits
one-tenth that of bone. The corresponding concentration of phitonuun
thLe other soft tissues wus very much: less,

present, uppears to be the best method of indicating the true metabolic behiav oo
this substance. The ofserved guantity of plutomum in the balance, loss thn. o
mated to be present i the Bloond sred muscle of the eareass, is thouaght to represer
the amount of the injected solution which extravasated beyond the paint of ampu
tion and remsined unabsorbed,

e
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For all poup. it willbo nt;uﬁd. that the oorreotad ciulﬁ'ahow that there is

o apparent and significant difference in either the distribution or excretion

of plutonium in ita three valence states. Thisis demonstrated in Text-fig. 1
which shows the relative proportions of the absorbed plutonium in the
threo valence states in the excreta and in the skeleton. Their similarity
suggests that plutonium exists in the body in the same valence state, re-
gardless of the valenoe state in which it was administered.

Tante IV

Deposition of +4 Plutonium in Tissucs of Rat Corrected for Recovery and fur
Unabsorhed Bolance at Injection Sile

Average v:lues for three rats at each time interval.

t ¢ dayr 16 days ‘ 64 days ' 256 days

D parocemi preocemi per ctmi per cenl  per cem!  per cewl  prrcenl o per et

Per OTRER  Pr7 £ POT OFEAR PO fM. Per OTERR PO gm. 2o (TLEn fE7
longs. ... .- LT T 0.190 0160 0150 6L poie hd
S N (.33 0.5 6.32  0.95 0.15 .34 022 568
Biood....... AP 2.76  0.22 (.10 0.0} 010 o.m
Laver . .. 440 (.30 603 095 2,72 0.3% G GiR
Ridoev . ... ... ..... o 1.65 1.10 2.54 - 1.27 0.49  0.24 4.7 (.13
Brain ... ... ... 004 ;. 013 0.02 . 0.02 . <0.01 <0.01 6.Ct £, 073
Stomach. . ... ... ¢ .05 0.13° 0.06 0.0  0.03 0.0f (N2
Intestines. ...... AP ATY S (UL 1.50  0.16 0.15 TR fe 002
Bope ... ... ..o ... Tu.A .46 603 4.44  62.7 o
Muscle.. . ..... .. 3.66 ML 2.54 0.03 3.00 dnL
Skin. .. oo B ¢ ok TR LR 1.91 0.06 0.583 (% N
Gonsds ............. 4.32 0 0.10 0.24  a.in . e
Tall . 4.00 0.3
7S <] T 0.5 1.9 Lo
Fares [ I S

However, 2 very great cifievence in the amounts of plutorsmm aheorped!
from the site of ipjoction wu- noted for the three valenee states. e
grestest degree of absorption vous chserved for 46 plutorium, the vt
-4 plutonium, and —3 was intermediate in character.  These disein il
rates of upiske from the injection site are shown in Text-fig. 2.

Radiocaulographs

L . . e . .
Radioautographs of adult rat femurs were made at periods ranging ot
§ o 256 dsve after plutoniun sdministration. Al of thes showen il
deposition of plusoniuic on bonc surluces; 1.6, 10 the region of the penosies!

and endostes: bone surfeces ane on the endosteal vovering of the trabed RN




Tanin V

mmam o +l Plumium n Tissuss vf Rat after Intramuscular Adm’uﬁtmm
into Left Leg

The values given are in per cent of the dose; average values for tbm rata at .Mh
time interval.

tdany 16 days 6 days 156 days

] per cont | por cent | par cond
.ma w:- por orgen por gm. ;wmu‘ orgen. per gm,
0.09 0.00 0. 06‘ 0.03

Lungs...............| 0.8 0.8 0. )} 0.08

Spleen...............| 0.100 0.16 0. 0400 0.28 1 0.47] 0.20 0.34

Blood. .1 o.88 0.07 0.21] 0.2 0.13 <0.01
|

Liver................ 3.58 047 180 0.35 224 0.300 109 013
Kidney. ... e 05(1; 0.28 047, .25 0.9 0.48 0. 20 6.12
<0.01 <0.01 <6.61 <0.01 <001 <0.01' <0.61 <0.01

Brain............... ; } ' ‘ K
Stomach............ 0.17, 0.05 0.06 G063 0.0% 0.04 0.3 o001 i
Intestines .. ... . 0.50 0.3 a0 607 0,26 0.02 0.9 <001 |
Bone......... U at2 a3 437 h7N 29T 196 3460 231
Muscle. .. .. . R O S (I Ty G BL82 0.0 0.T3 0.4
RBalance.. ... .. U L 35T 2.71 ’
Leftleg . ... L T4 0.0 336 12.6

Skin. . . ... U ops6 2 ok 002 ff D2 026 Gl )
yonads. ... .. ... ; i S TRE CIS (B AT

Tail ... ! 172 0.2%

t0.10 5. 2.3 o3
1 134 1.1 24

.

2
:
-
|
Bl o i

101.5 | . aas 9.4 833

Actual recovery . .

e

Tasre VI
Deposition of +6 Plutonfum in Tissues of Fat {om-ected for Recover and fur
P 2 . ¥ J

Unabsorbed Balance ot Tnieciion Nite

L e g 55

Average valuer fov three rats at exrh e inierval

4 days 10 vy oy dayy 23 aars
—— e IR e - — [ U e b g o 0 et ®

B g CEmE PR LR T oW
SET LR ey PL PEY BPEIR BT

L per conl  per cesi
Cper ergan  per fm.

Lungs ... | 0300 023 (.15 (It 00 e g
Spleen . ... GO0.38 0 U1 632 oS UUB3 0 BS 0T e4T g
Biood. . . © 3.2 0.7 0=l AIRTCUN A S U Tl :
Liver... . U136 0 1S ud 421 0.6 1L was
Kidney. . . L L s o Ty gy 0. ete
Brain. ... ... D003 06T <t 000D el <06 <001 <o é
Stomach. . .. : ‘ 0.65 , 014 SRS 0.8 008 0.0 BBl
Jutestines. L2240 o.on Wty R ORI U (X S U U O
Bone ... .. 166.3 T35, blu 6T BTN 368 414w
Muscle. . ... .. .. .. { 2.47 ¢ 0.03 g iR TOAGe (AR 1. ¢ ’
Skin .. ... boa3 !l no% 0N a3 0ol esE e
Gonnds. e .’ TR FOR It

Twil . . ; 08 *
Urine ... ... ... P38 [ PRV 1.8

Feees ... ... | 7.40 | R ENH Db 1 4; 1

200
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Text-Fre. 1. Proportion of plutonium found in excreta and skeleton of ¢
after intramuscular administration of plutonium in +3, +4, and <6 valenee s

DOAYS RFTER INTECTION

€ rat

v

o

'
PERCENT OF WIECTED Py RENOINING
R
]

ates.
Values corrected for absorption from the left leg.
|
i
!
i
!
» i
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Ces
el -7
- 20
o M :
’ | i »114' 25
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LAYS FHFTER INTECTION
Text-Fio. 2. Lows of plutonium fram the hind left feg of the rat after tlutramus-
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? cular injection of the - o
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202 ..+ MIETABOLISM OF PLUTONIUM

bone (Fig. 1). The pieture of plutonium deposition at 8 days was the same
as that found after 356 days. In other words, no shifting or redistribution
of plutonium took place after its initial deposition in the adult animal.
Fig. 2 shows a section in which the periosteum was fortuitously stripped off
of the bone. The radiocautograph demonstrates that a large amount of

plutonium is present in this stripped layer.

Conclusions

No significant variations in the metabolic behavior of plutonium were
observed in each of its three valence states. It is probable that plutonium,
when absorbed and distributed throughout the hody, existe in a single
valence state which is independent of its valence at the time of adminis-

tration.

Plutonium is not absorbed from the gastrointestinal tract to any signifi-
cant degree. Following parenteral administration, the «hicf organ of
deposition is the skeleton. The soft tissues having tio prutest coneen-
tration « nlutonium are liver, kidney, and spleen. their comtent of plu-
tonium per gn.., however, is from one-fifth to one-tenth 1hat of hone.

The chief channel of elimination is the digestive tract. The rate of
plutonium excretion is very slow and its half period of retention in the body
is estimated to be greater than 2 years.

Radiosutographic studies show that plutonium s deposited primarily m
the region of the periosteum, endosteum, and the endosteal covering of the

trabecuiar bone. Examination of many of these preparations suggests
D that a very

vy gt @y

that the principal site of deposition is on the bone surface s
limited accumulation takes place in the minersl structure o ¢
significant redistribution of plutonium took place ir e ter
period ¢f these experiments.

The selective loczlization of the plutonivm on the bore somLoes X
the high 1oxicity of plutonium compared 1o equiviien” ¢
This effect srices from the fact that the radium 1 disiritas
the mineral portion of the bone, and a large proportion o U
absorbed before they can enter the marrow caviiy, Phisons
can bombsrd bone marrow more readily, since there 1 veintively woss sell
absorption ¢f rudiation by the bone.

SUMMARY
Detailed metabolic studies of Pu®® gdministered 1o rats intramusenlarly
in the +3, +4, and +6 valence state are presented. Plotoniam was not
found to be abrorbed from the gastrointestina) tracs 1o any oxtext. The
skeleton was the muin organ of deposition of plutoun snd the degree o
reteption in this organ was very great. Mo sgntwant differences were

1 P R T
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TN %" shserved in the metabolic properties of plutonium absorbed by the body for
it three valence states. Radicautographs demonstrate the deposition of
~ plutonium in the region of the endostoum, periosteum, and the endosteal
- covering of the trabecular bone.
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EXPLANATION OF PLATES

Wl

Prare 1
Fra. 1. Seetion of femur from an adult rat injected intramusenlarly vith 15+ of
: plutonium and sacrificed nfter Sweeke,  The radioautograph demonstrutes the saper-
, feind deposition of plutonium in the region of the periostens endenteun: andtrabec-

giar bane. Hematoxyhin, eosin, and silver nitrate; @ &

T1c. 2. Radioautograph and section of femur from a rat injected intramuscularly
with 25~ of plutonium and sacrified after 5 wecks., During the preparation of the
sections the periosteum became feparated from the shaft, anc the antograph shows
a heaty deposit of plutonium in thigstrooped laver.  Nocalciur was deteeted n this

particuinr sres. Hemstoxyvlhizn, cosin, and sitver nitrate; X 104

{ Prate 2
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