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Dogs administered oral, intravenous or inhaled 239Pu citrate were
sacrificed from 1 to 100 days after exposure to compare disfribution and
retention kinetics. Approximately 0.08% of the oral dose was retained
after 3 days, distributed mainly between skeleton (50%) and liver (25%).
After intravenous administration 239Py was retained principally in the
~ liver (32-45% of the dose) and skeleton (29% of the dose) during the
-100 day post injection period. Inhaled 23°9Puy reached a peak concentration
in blood after 6 hours and then decreased with clearance kinetics similar
to those described by others for dogs and humans administered intravenous
239py citrate. The lung, skeleton, liver, blood and intestines retained
most of the inhaled 23%py 1_day after exposure. After 100 days 36% of
the initial deposit was retained; 33% in the lung, 44% in the skeleton
and 17% in the liver. Plutonium was concentrated by Tymphatic tissue
following all methods of administration and at all time intervals.
Although the concentration in specific lymph nodes (hepatic, splenic
and tracheobronchial) was among the highest of any tissue analyzed, the
total amount deposited in a selection of 12 lymph nodes (v10 g tissue)

was always less than 0.6% of the body burden.
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DISPOSITION OF INHALED 239py CITRATE*

J. E. Ballou, J. F. Park and W. G. Morrow

nClassica1 studies of plutonium metabolism have employed the citrate
: éomb}ex of p]utonﬁum administered intravenously to a variety of animals
iné]uding man. Thé rationale for the choice of compound and method of
administration has included the assumptfon that the clearance and tfans-
- location kinetics of injected p]ufonium citrate adequately represent the
behavior of the so]ubi]ized'fracfion of more "naturally" incorporated
plutonium. The va]id{ty of this assumption has beeh discussed in a recent
review by Buldakov et al, ]969(]) th concluded that intravenous plutonium
Acitrate probably comes closest to dup]icating-the tissue distribution
paftern of p1utdnium absorbed following oral, percutaneous or inhalation
exposure. In view of the scarcity of information on inhaled soluble
, p]ufohiuﬁ compounds the present study was initiated as a further test of
thé assumed equivalency of intravenous, oral and 1nhé1ed plutonium citrate.
Method

Beagles were administered 23%py ciirate preparcd from 239Py nitrate
stock solution accordiﬁg'to the procedure outlined by Stover et a], ]959.(2)
Briefly, the 23%u nitrate stock solution was reduced to Pu (III) with S0,
then 239py hydroxide was precipitated by addition of NaOH to the solution
chilled in an'ice bath. The 239py hydroxide was recovered by centrifugation,

Waéhed with distilled water and solubilized with concentrated HNO; in the

*This paper 1is based on work performed under the United States Atomic
Cnergy Commission contract AT(45-1) 1830.
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ice bath. The resulting solution was a bright~green complex of 239y (IV)
hitrate containing approximately 4va1 239Py. The 23%y (IV) nitrate sol-
ution was transferred to a vial containing sufficient sodium citrate to
neutra]ize the excess HNOj and the final dilution to 25 ml was made by
Aadqihg equal amounts of 0.08 M citric acid and 0.08 M SOdium'citrate. The
end product was a plutonium citrate sojution of pH 3.5 that was 72 + 3%
u]irafi]terab]é through Visking cellulosetubing.

" Fourteen female beagTe dogs . 21-24 months of age, average weight
approximaté]y 10 kg were adhfnistered a single inhalation exposure to
239y citrate aerosb]s generated with a Lauterbach generator. The aerosol
had an aerodynamic median activity diameter of 1.45 ym with a geometric
'stahdard deviation of 2.75. Individual exposures to the aerosols were j
varied from 6 to 15 minutes in an attempt to adjust the dose to approx-
imately 5 uCi deposited in each dog, Actual deposition ranged from 1.4
" to 11.8 uCi as determined by total fissue and excreta analysis. Animals
were sacrificed in groups of 2 aftef 1, 3, 7, 14, 30, 62 and 100 days.

Three male beagles, 19 months of age and 12 kg average weight were
injected witﬁ 4,35 uCi of 239y citrate (0.03'm1) in the cephalic vein.
~ One dog was sacrificed at each interval 1, 30-and iOO days'after'injectionL
A single female béag]e weighing 12 kg and 99 mbnths of age was
administered by mouth 580 uCi 23%Pu citrate in gelatin capsules. The dog
was killed 3 days after 23%9Pu ingestion.

| In all cases p]utoﬁium citrate was admiﬁistered within 3 hours after

preparation and without further dilution. The animals were housed in

metabolism cages where either daily or pooled urine and feces samples



were collected. Blood samples were taken periodically for radicchemica1
analysis and for examination of hematologic changes indicative of radiationl
-effects. The dogs were sacrificed by exsanguination under sodium pentobar-
bital anesthesia.and eﬁbjected to detai1ed necropsy where more than 40° |
tissues and orgens were reﬁoved for plutonium éna1ysis.’ Tissue and

excreta samples were prepared for alpha sc1nt111at1on count1ng by a
combined dry ash- wet ash procedure (3) -

Results and Discussion

Changes in the peripheral blood picture, notably a depression in the
total number of white ce]ls; was the only clinical evidence of p]utonidm
effect arter injection or inhalation of 23%Py citrate. Variations in the
total white cell count and corresponding changes in the major white cell
elements are shown for a female beag1e administered inhaled 239y citrate
in Figure 1. The white.cé]] depression was a consistent'finding and
appeared to be due principally to a decrease in the sedmented neutrophils.
Although lymphocytes were also depressed in this animal, the most sensitive
cells were the segmented neutrophils both 1n:the early postexposure Stimd— |
lation and in the later debression seen  at more extended time intervals.
Animals in this study occasionally showed early 1ymphocytosis.rather than
“the increased neutrophil count, however, the 1acer changes were fairly con-
sistenl with a neutrophil depression. Others have observed a marked 1ympho-
penia as the carliest indicator of plutonium oxide inha]ation.(4) .Inha1ed
plutonium nitrate on the other hand produced a generalized leukopenia

similar to that observed here with plutonium citrate.(s) The greater



trans]ocationVOf the soluble compounds from the 1ungvand'the resuiting
more generalized distribution of the radiation dose in other soft tissues
‘and the skeleton probably accounts for fhé different hematologic effects.
The radiation dose fo]jowing inhaled 239py0, was confined Targely'to fhev
Iung and the thoracic 1ymph nodes. | |

Plutonium was rap1d1y trans1ocated from the lung to the b]ood after
inhalation of p]uton1um citrate (F1gure-2). Dog 290, which was catheterized
dnd bled during the 15 minute'exposufe perioa, showed blood va]ues of |
about 1/20 the maximum concentrat1on by the time the exposure was terminated.
In genera] the plutonium 1eve] in b1ood approached a plateau value after
6 hours. ‘ |

Plutonium was c]earedAfrom the blood more slowly after 1nha]ation
exposure than afterlintravenous édministratidn (Figure 3) Th1s is probab]y
not a true phys.o1oq1ca1 difference in the mechanism of b]ood ‘clearance
but rather is a consequence of the continuing mob1]1zat1on of plutonium
from the reservoir in the Tung to the blood following inhalation exposure.
Similarly, the comparatively iow biood levels observed during the early
time intervals after 1nha1étion.exposuré are probably an artetact of the
rdutehqf administration. It is perhaps mere significant that less than
order of magnitude differences were observed among the studies in Figure 3
considering the different species and diffefent methods of administration
employed. The usual laboratory procedure of injecting plutonium citrate
appears to give a reasonably good estimate of the blood level at least
for the first 100 days after ihha]atfon of a soluble plutonium compound
such as the citraté:comp1ex.A
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The pattern of urinary exéretion was also closely siﬁi]ar fdr inhaled
and ﬁnjected Pu citrate (Figure 4) presumably because plutonium concentra-
A,tions in blood and the mechanisms of transport and c]eafante were com-
parable. The actual déta points shown for twé inhalation dogs varied -
considerably frbm déy to déy, which is not unusual for this typé of study,
but the reason is not réadi]y apparent. Injected plutonium citrate appeared
to give a satisfactory rebresentation of the urinary excretion after inhaied
plutonium citrate in dogs as well és;afteriihjected plutonium citrate in
humans .. | |

The distribution of plutonium in tissues was significantly 1n%1uenced
by the méthod of adminjstration as shown in Tab1e 1. About 0.08% of the
oral dose was absorbed from the géstrointestina] tract -and was deposited
mainly in the ské]etbn and liver. Intravenous plutonium citrate was de-
pbsited more exfensively in the Tiver than in skeleton in contraét to

(2)

earlier studies ~which showed greater deposition in skeleton. It is
probaB]e that physica]—chemica] differences in the injection solutions
account for this discrepancy. A large fraction of . the inhaied plutonium
citrate was retained in the lung at all Cime intcrvd]s. The plutonium
translocated from the lung was distributed between skeleton and liver

not unTike the pattern after oral ihgestion or after intravenous injection

(2) Both the inhaled and injected

of monomeric plutonium citrate solutions.
dose weré retaincd to about the same extent over the ]QO day experimenta]
peripd. |

| It was an unexpected finding that 1nha1ed p]utonium citrate was re-

tained so tenaciousiy, i.e. about 25% of the estimated initial lung burden



“was found in Tung after”100 days. This may be due in part to the re]a;-
tively high percentage of polymerized p]utoniﬁm in the solutions (about
25% was not ultrafilterable) but is more probably to be expected as a
consequence of neutralization and the formation of colloids in the lung
envirohment. In either case the concentration in lung was disproportionately
high after inhalation eprsure (see Table 2). The concentration of plu-
tonium in turbinates (fhis sample included all soft tissue qnd bone'that
could be scraped from the nasal cavity) was explained initially on the
basis of physical trapping because of the method of exposure.  The amount
retained at later time intervals as well as.the high concentration after

’intravenous'injection implies that plutonium may be selectively deposited
in turbinates possibly because of the well developed vascularization of
this tissue.

It is noteworthy that lymph nodes concentrated plutonium following
all 3 routes of administfation. ‘without exception the concentration in
specific nodes was among the highest of any tissue analyzed. The values
for a selection of 12 nodés taken from.different anatomical locations
ranged over several orders of magnitude as.indicated in parenthesis in
Table 2. FEither the hepatic or tracheobronchial nodes accounted for the
highest concentrations within the range of va]ués. “The lymph nodes which
concentrated the maximum amount of plutonium were always closely related
' anatomically to major sites of plutonium deposition. It was noted after
intravenous injection that the prescapular nodes immediately anterior to

the injection site contained exceptionally large amounts of b]utoniym.
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The concentration in these nodes was not included in Table é. The dog
sacrificed 30 days after intravenous injection gave anomalous values for
" tissues distribution because of a poor injection which left about 1/3 of
the dose in the perivascular tissue at the injection site. Approximately
8% of the dose wés'recovered in the.prescapular nodes of this dog.

Conclusions and Implications

Although the small number of animals employed in this study Tlimits.
the interpretation. of the results it seéhs clear that intravenous p]Qtonium
citrate would be a reasonable choice as the model system to describe plu-
tonium cifrate metabolism experimentally. intravenous plutonium citrate
' appeared to produce clinical effects'and show blood clearance, deposition
and excretibn kinetics that were fairly repfesentative of incorporation by
more normal routeé of enthy.b Major deviations from this pattern of agree-
ment were due to artefacts of the method of administration. That is,
inhalation exposure led to greater relative retention in the Tung while the
distribution of 1ntravenou§ plutonium citrate was possibly influenced by -the
-well known physical-chemical variables of the injection solutions. Plu-
tonium levels in blood aﬁd urine were not great]y effected by these rather
large differences in tissue distribution. lBioassay}for exposure to soluble
plutonium could presumably be interpreted on :the basis of past studies
A with injected plutonium citrate. It is not yet clear if this would apply
also to exposures to plutonium nitrate, a soluble compound of practical
industrial hygiene céncern,-however preliminary results from our ]éboratory

suggest that 1nha]ed'citrate and nitrate salts of plutonium are translocated

to about the same extent from the dog lung.
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The tendency fof plutonium to concentraté in 1ymph nodes, particu1ér1y
after inéesfion or inhalation exposure, emphasizes the ro1e of the 1ymphét1c
system in normal plutonium clearance and the potential for plutonium to
concentrate in relatively small tissue volumes. The accumu]ationAof plu-

o foniUm in regiona1.1ymph nodes following ;ubcutaneous inject%on is reported
~é]§ewhere anthis.symposium. It seems probable therefore, that the

highest radiation doses may be absorbéd'in 1ymph hodes following industrial
“exposure to plutonium. Although the significance of this dose to only a
small fraction of the total lymphatic system is not clearly understood fn
terms of the 1ongatérﬁ effects of plutonium‘incorporatidn, it is of interest
that tumors'invo]ving-iymph nodes have been described in dogs following

(6)

‘exposure to plutonium by both inhalation and 1njection.(7)‘ Future

. investigatiohé, in particular of the low level, long-term type described
by Park in this symposium(B) méy go a long way towards establishing the
priorfty of radiation to the skeleton, lung and lymph nodes. At the pre-
sént time the well established effects in bone and lung would seem to

require first consideration for these tissues as critical organ for

radiation hazard considerations.



TABLE 1

Disposition of 239y Administered as 239y Citrate by Several Routes.
(Values are the range of values observed during the given time intervals)

Percent of Administered Doée*

Oral - Intravenous Inhalation
(3 days post)  (1-100 days post) (1-100 days post)

Lung 10.0008 0.8-1.6 .. o 11-72
Turbinates .0.0002 0.16-0.21  0.08-2.3
Liver C 0.02 32-45 | 1-18
SkeTeton 004 29 5-56
Lymph Nodes: 0.005 0.2-0.3 A ©0.05-0.6
Total Animal  0.083 _  85-99 | 86-96

*Dose for inhalation doys was computed as the tntal amount
deposited less the amount excreted during the first 6 days.



Table 2

CONCENTRATION OF 23%py IN TISSUES AFTER 239Pq CITRATE ADMINISTRATION

239py Concentration (pCi/gram)

Route of - Days After
Administration . Administration Turbinates Lung Liver Skeleton Lymph Nodes™®
Oral . 3 83 _ 47 366 291 194 (77-723)
Intravenous 1 ) 1099 1026 4861 1539 2327 (268- 6865
30 1654 57 777 2352 909 (208- 0780)
100 1099 406 6433 1332 1463 (821- 4629)
inha]ation 1 5904 . - 54752 248 389 628 (97-17150)
3 3327 16656 794 783 496 (83-5512)
7 5356 13687 412 1024 400 (56-6767)
14 5499 15823 1618 1426 832 (243-7496)
30 2619 10014 310 958 778 (140-13770)
62 © 1685 14498 2084 1770 1658 (169-37150)

100 4872 18980 2824 2006 3721 (58-48170C)

*Yalues are the average of 12 different lymph nodes with the range shown in
parenthesis.
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Figure 1 - Hematoiogic Effect of InhéTed 239py Citrate. The values are
for one female beagle which retained 3.5 uCi total body burden after
100 days. | ‘ | | o
Figure 2 - Buildup of 23%u in the blood after inhalation of.239pu
Vcitrate. _ |

Figure 3 - Clearance of 23%Py froh tHe blood after inhalation or
intravenous administration of‘23§Pu citrate. fhe inhaled dose was
estimated as in Table 1.

Figureﬁ4 - Daily urinary excretion‘of 239py fo]Towihg intravenous
1njectfon or inhalation of 23%uy citrate. The inhaled dose was
estimated as in Table'l.

Table 1 - Dispoéition of 239y Administered as 239y Citréte(by Several
Routes! (Values are the range of values observed dufing fhe given |
timé intervals.) | .'

Table 2 - Concentration of 23%Py in Tissues After 239Py Citrate

Administration.
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