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" During the Persian Gulf War, soldiers were injured with de-

- “pleted uranium (DU) fragments. To assess the potential health
- risks ‘associated with chronic exposure to DU, Sprague Dawley
‘rats were surgically implanted with DU pellets at 3 dose levels

~ (low, medium and high). Biologically inert tantalum (Ta) pellets
"“were used as controls. At 1 day and 6, 12, and 18 months after

implantation, ‘the rats were euthanized and tissue samplts col-

. lected. Using kinetic phosphodmetry. uranfum levels were mea-

sured. As ecarly as 1 day after pellet implantation and at all

. subsequent sample times, the greatest concentrations of uranium

were in the kidney and tibia. At all time points, uranium concen-

sive tissue damage, DU fragments were treated as conventional

- shrapnel and left in'place in the wounded soldiers. The present

study was initiated to assess the potentlal toxicity associated
with long-term exposure to fragments of DU,

There is an extensive literature on the toxicity of uranium
from " exposures through inhalation, ingestion, and injection

" (Voegtlin and Hodge, 1949; 1953; ATSDR, 1997). The bio-

logical handling and distribution of uranium are dependcnt on .

“both ‘the chemical form and the route of exposure of the
Juranium. Soluble uranium compounds are generally more sys-

greater in the high-dose rats than in the Ta-control group. By 18

in’the Ta controls. Significant concentrations of uranium were

. excreted in the urine throughout the 18 months of the study
""" (224 + 32 ng U/ml urine in low-dose rats and 1010 = 87 ng U/ml -

urine in high-dose rats at 12 months). Many other tissues (muscle,
spleen, liver, heart, lung, brain, lymph nodm, and testicles) con-

. tained significant concentrations of uranium in the implanted
. . animals. From these results, we conclude that kidney and bone are
. . the primary reservoirs for uranium redistributed from intramus-
" . cularly embedded fragments. The accumulations in brain, lymph -

nodes, and testicles suggest the potential for unanﬁdpated phys-

" fological consequences of exposure to uranium through this route.

Key Words: depleted uranium fragments; distribution; lddney-

. bone; brain; kinetic phosphorlmetxy

- The cnrxchmcnt process of uranium results in two products

. one cnriched and one depleted of the fissionable isotope *U.
.Depleted uranium (DU), alloyed with titanium to retard oxi-

"months post-implantation, the uranium concentration in kidney.
" and bone of low-dose animals was significantly different from that

4 .. temicall ic than the i b i 1
_trations In kidney and bone (tibia and skull) were s ty emically toxic the insoluble forms. The insoluble salts are

more likely to be retained at the site of entry (e.g,, the lungs
after inhalation) (Leach ef al., 1970). Animal studies (Ballou e/
al, 1986; Diamond et al, 1989; La Touche et al, 1987;
Morrow et al, 1982; Neuman et al, 1948; Voegtlin and
Hodge, 1949; Walinder, 1989) and epxdemiological assess-
ments (Kathren et al,, 1989; Smgh et'al, 1987) demonstrate
that kidney and bore are the pnmary reservoirs for uranium
regardless of the route of exposure. With acute exposures,

: absorbed uranium is quickly cleared from the blood stream and

mostly excreted in the urine within 24 h, Uranium that is not
excreted is reabsorbed by the proxlmal tubules and accumu-
lates in the kidney. As a result of uranium accumulatmn, the
kidney is the critical target for uranium toxicity (Diamond,

- 1989; Diamond ez al., 1989; Kocher, 1989; Leggett, 1989). The

skeleton also acts as a major reservoir for uranium (Ballou et
al,, 1986; La Touche er al., 1987; Leggett, 1994; Morrow et al.,

Y 1982) Other organs, including liver and spleen, accumulate

‘ uranium afier acute exposure, Uramum is slowly released from
these stores back into circulation and excreted from the body
- (Walinder, 1989; La Touche ef al., 1987). '

dation, was first deployed in military armaments during the
“after chronic exposures using animal models. Ortega et al.

Persian' Gulf War. In this conflict, several soldiers were injured

- by DU fragments. Since surgical removal can produce exces- -
: : : : : - .- . of rats for 4 weeks. At the end of this time period, high levels

. ¥To wbom dnexpondence' should be addressed at Neuroscicnce and Be-

havicral Health Program, Institute of Medicine, F03022, National Academy of
Sciences, 2101 Constitution Avenue, NW, Washington, DC 20418, Fax: (202)
334-1317. E-mail: tpclimar@nas.edu.
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Only a few studies evaluated the dxsmbunon of uranium
(1989) supplied urany! acetate dihydrate in the drinking water

of uranium were measured in kidney, bone, and muscle. Liver,
heart, lung, and thyroid 'alsg showed accumulations. Leach ef
al. (1970; 1973) exposed monkeys, dogs, and rats to dust
particles of natural uranium dioxide. After a S-year exposure in
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monkeys and dogs and a one-year exposure in rats, uranium
was found predominantly (about 90% of total) in the lungs and
the trachcobronchial lymph nodes. The metal was also ob-
served in lndncy, femur, spleen, and liver. Levels in the lung
reached a2 maximum within a year while other sites continued
to accumulate uranium for at least two years. .

No studies have assessed the long-term health conscqucnces

of exposure to uranium fragments. Furthermore, prcvxous stud-
ies have focused on natural or enriched forms of uranium. The

current study was designed to determine the distribution of -

uranium that results from fragments of DU embedded in mus-
cle of the rat over the course of 18 months.

MATERIAI.S AND METHODS

. Chemlcals. DU pcllcu (Ozk Ridge National Labonwnes. Osk R:dgc. ™)
consisted of 99.25% DU and 0,75% titanium by weight, with the uranium as
isotopes U (99.75%), *U (0.20%) and trace Jevels of U, The pellets were

made from the metal Ieft over from the manufacture of U.S, military munitions. .

Tantalum (Ta) fragments (Alfa Products, Ward Hill, MA) were used as control
pellets because the metal is biologically incrt, with a mass similas to uranium,
and is frequently used in human prosthescs. Each pellct (both DU and Ta) was
approximatcly 1 mm diameter X 2 mm long.

Animals and treatment. Spraguc-Dawley rats (8-10 wccks of age) were
maintained in an Association for Assessment and Accreditation of Laboratory
Animal Care International-accredited facility in accordance with the Guide for

" the Care and Use of Laboratory Animals (National Research Council, 1996).
_ Upon arrival, mats were quarantined and screened for diseases. Except during

urine collection, 81l animals were houscd in plastic Microisolator rat cages with

hardwood chips as bedding. Commercisl rodent chow (Harlan, Tckland Ro-
dent Dict #8604, Madison, WI) and water were prowded ad libitum, Rats wero
on a 12-hr lighV/dark cycle. -

Rats were surgically implanted with stcnlm:d DU and/or Ta pellets wuhm
the gastrocnemius muscle under ancsthesia with ketamine hydrochlonde (80
mg/kg) in corbination with xylazine hydrochloride (4 mg/kg), given ip. All
surgically-implanted rats received 20 pellets of Ta, DU or a combination. Half
the tots] number of pellets were implanted in each thigh. Ta controls received
20 Ta pellets; Jow-dose DU rats, 4 DU ‘and 16 Ta pellets; medium-dose DU
rats, 10 DU and 10 Ta pellets; and high-dose DU rats, 20 DU pellets, Another
. setof animals served as non-surgical controls. Scparstc groups of animals were

_cvaluated at 1 day, or st 1, 6, 12, or 18 months, Each experimental group -

consisted of 15 animals, Tissues and Duids from $ animals of each group were

"sent to Battells Northwest Operstions (Richland, WA) for analysis (see below).,
" In some groups, additional tissues were malyzcd at the Armed Forces Radio- -

biology Rescarch Institute,

. Sample collection. Urine nmples were collectcd tmm cach rat, individ-
ually housed for 24 h in metabolism cages and having coatinuous access to

" food and watcr. The urine samples were stored at 4°C unti] analyzed, Because

rats implanted with pellets did not survive the stress of the metabolism cages

" immediately after the surgery, urine samples were not collected at 1 day, Blood

samples were obtained from the tail vein and centrifuged for 5 min at 3000 X
. B Serum was stored at ~70°C until ready for analysis, Rats were euthanized

i by decapitation under ketamine ancsthesia, Tissues (tibia, skull, kidney, mus-
* ele, Niver, spleen, brain) were hasvested, frozen, and stored at —=70°C until

analysis for uranium content. Tissucs and fluids from $ animals of cach
" experimental group were shipped on dry ice by overnight courier to Battclle-
Northwest Operations (Richland, WA). Additional tissucs from the 18-month
_ animals (lymph nodcs, testicles, tecth, feces, heart, Jung, and brain arcas) were

analyzed using the same techniques at the Armed Forces Radiobiology Re-
search Institute, with minor differences (1 M nitric acid was used instead of 4
M, and the samplcs were decanted rather than filtered).

Uranlum measurement. Uranjum determinations in wet-ashed tissues
were performed by kinctic phosphorimetry using methods previously de-
seribed by Brina and Miller (1992). Wet ashing of tissuc samples begaa with
the addition of 2 ml of 16 M nitric acid to each scintillation vial, which was
followed by overnight digestion of the tissues at room tempemature, The
following day, samplcs were heated in a dry bath for several h to evaporate the
initial volume of nitric acid to spproximatcly 0.5 ml. After a short cooling
period, 0.5 ml of 30% hydrogen peroxide was added to each sample, which
was then beated to reduce the volume to approximately 0.5 mi, Subsequent wet
ashing involved addition of 2.0 m! of 16 M nitric acid to cach sample, followed
by seversl h of heating, brief cooling, addition of 0.5 ml of 30% hydrogen
peroxide, and reduction of the volume to approximately 0.5 ml. Wet ashing
continued in this manner for 15 cycles over the next 5 days, afier which the
samples were heated to dryness, then placed in a muffie fumace at approxie
mately 600°C for about 2 h,

Calibration curves were freshly prepared using a uranium plasma standard in
$% nitric acid (Alfa, AESAR), and concentration was checked against NIST
SRM 3164, Stock solutions were prepared in 4 M nitric acid. High purity
deionized water with an clectrical resistance of approximately 18 megachms
was obtained from a MilliQ deionization system (Millipore Corp, Milford,
MA). Final concentrations for calibration samples ranged from 0.05 ng/ml to

- 50.0 ng/ml for the Jow concentration range and 0.01 pg/ml to 10.0 ug/ml for
- the high concentration range,

Samples and calibration standards were dissolved by warming in2mlof4
M nitric acid snd filtcred through Acrodisc LC 13 PVDF 0.45 um syringe filter
unitg (Gelman Seiences, Ann Arbor, MT) to remove any particulate matter, For
analysis, 1.0 m} of sample (or sundud) was dissolved in 1.5 mi of freshly
prepared Uraplex reageat (Chemchek Instruments, Inc., Richland, WA).

Appropriate care was used in handling cuvettes to prevent cross contami-
nation and to ensure low backgrounds, Cuveties were rinsed with 3 changes of
2.0 ml of 0.5 M sulfuric acid followed by 3 changes of 2.0 ml deionized water,
The caps were placed on the cuvettes for cach rinse and the cuvcttc was
inverted to rinse the cap, Addition of 1.0 mi of diluted sample was followed by

- addition of 1.5 ml of Unplcx reagent,. The cuvettes were capped, and the

sample was inverted twice to mix the reagent with the sample, The cuvette was
then inserted into the instrument for a reading,

, Semples were analyzed with a Kinctic Phosphorescence Analyzer (KPA~I {.
Chemchek Instrumcnts Inc., Richland, WA). Background measurcments were
made using 4 M nitric acid, Calibration curves were developed cach day prior
to sample analysis, and quality assurance checks were made at frequent
intervals using standard solutions of known uranium concentration. The ura-
njium conteot of the series of tissue samples submitted for analysis was
measured, following analysis of the background and calibration standards,
Measurcments included analysis of relative standard deviations (RSD) and
correlation coefficients () of the lumincscence decay curve, -

The limit of detection of uranium using kinetic phosphorimetric un)ynil is
0. 005 pg/l. (5 pg/ml or 5 pg/g tissuc), The quantification limits varied for each
tissue: 0.05 pg/l for urine, 0.1 ug/ for brain and lymph noda, 0.4 pg/l for
blood, 1 ug/ for liver, kidncy, bone, spleen, tocth, and muscle, Recovery of
uranium from tissucs ranged from 91 = 13% for blood 10 97 = 8% for urine,

For scrum and urine samples, the concentrations are reported in ng/ml and,
for all other tissucs, in ng/g tissue, For. samples in which the correlation
cocfficient (%) of the decay curve was less than 0.99, the data were reanalyzed
by choosing appropriate time gates from the plot of lumincscence intensity as
a function of decay time, to achicve the best lincar relationship (highest r*
valuc) for the data. In general, relstive standard deviations (r SD) arc ugml’-
icantly lower on samples that have lincar decay curves..

Statistical analysis, Uranium content for cach organ was divided by the
wet weight of the tissue and averaged for each experimental group at cach time
point, Data that were greatcr than 2 standard deviations (SD) different from the
mesn of the group were excluded. In all cases, a minimum of 3 measurements
was included in the final averaged value, Since comparisons of the Ta control
10 the non-surgical control for cach measurement revealed no significant
differences between the two groups (2-tailed r-test, 2 > 0.05), all dats were
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FIG.1. Urnnium concentrations measured in tissucs dissccted from rats euthanized 1 day sfter implantation of DU and Ta pellcts. Rats were implanted with
cither 20 Ta pellets (Ta control), 4 DU and 16 Ta pellets (4 DU, low dosc), 10 DU and 10 Ta pellets (10 DU, medium dose) or 20 DU pellcts (20 DU, bigh
dosc). Bars represent mean == SEM, N, 3-5. *Indicates significantly diffcrent from tantalum controls,

. refercoced to the Ta controls. Data were analyzed by & Kruskal-Wallis onc-

way analysi: of variance. DU experimental groups were compared to Ta

controls wsing Dunn’s method of multiple comparisons. ngmﬁcance was

lcccpted atp < 0.05.

RESULTS

' Uranium Distribullon at 1 Day

Wxthm 1 day nﬁcr lmplantatton of DU pellets, rats showcd

significant distribution of uranium to kldncy and bonc (Fig. l)
" Uranium concentrations measured in other organs were not -

sxgmﬁcantly different from those measured in tissues from rats :

- inthe Ta-control group. The highest levels were in k:dney and -
- varied with the number of DU pellets implanted: Ta-control .

" ‘group, 1.41 = 0.33 ng U/g; low-dose group, 3.98 = 0.54 ng
" Ulg; medium-dose group, 17.6 * 5.3 ng U/g; and high-dose

‘group, 82.0 = 9.7 ng U/g wet weight kidney. Uranium con-"
« centrations in the medium and high-dose groups, but not in the
" low-dose group, were significantly higher than the Ta-control .

- group. A’ dose-dependent increase in uranium concentrations
> was elso observed for the tibia reaching 31.3 =+ 6.5 ng U/g in

v

:thc hlgh-dosc group. In the ammals in thc mcdxum and high-
dose groups, the uranium levels in the tibia were significantly
.greater than that in the Ta controls. While uranium concentra-
tion in the skull significantly increased in the high-dose ani-
mals, the levels were lower than in the tibia (12.5 = 2.5 ng U/g
skull). The uranium concentration in the skulls of animals in
the low-dose and medium-dose groups did not sxgmﬁcantly
dxffer from that of Ta-control ammals

Uramum Du'tnbutxon atl Month

At 1 month followmg 1mplantatxon, the hlghest concentra-
txons of uranium were, again, in kidney and bone (Fig. 2).
Levels were much greater than those observed 1 day after
", implantation. For example, in the high-dose group animals,
uranium concentrations reached 1280 % 320 ng U/g kidney,
1870 = 510 ng U/g tibia, and 1240 = 130 ng U/g skull.
Deposition of uranium in the muscle of the hindlimb near the
DU peliet implantation ‘sites averaged 744 = 370 ng U/g and
-ranged from 9.28 to 2170 ng U/g in animals in the high-dose
group. Significant accumulations were also observed in urine,
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FIG.2, Uranium concentrations measured in tissues disscctcd from rats cuthanized 1 month afier implantation of DU and Ta pellcts. Bars represent mean %

SEM. N, 5-7. *Indicatcs significantly different from tantalum controls.

liver, spleen, and brain of high-dose group animals compared
to the tissues in the Ta controls. The concentration of uranium
in the serum was relatively low but significantly greater than
that'in Ta controls in the medium- and high-dose groups of
.. animals (Ta group, 0.69 = 0.20 ng U/ml serum; medium-dose

group, 6.08 *+ 2.41 ng U/ml scrum, high-dose group, 3. 04 *
' 0 99 ng U/ml serum), -

Uranium Dutrxbution at Later Tlme Po!nrs

deney The pattcm of uranjum dxstnbunon gcncmlly re-
mained the same in rats implanted with DU for 6 months (Fig.
3), 12 months (Fig. 4) or. 18 months (Fig..5). The highest
concentrations of uranium continued to be observed in kidney

and bone (tibia and skull). Levels of uranium in the kidneys of -

{ rats in the high-dose group were significantly different from Ta
controls at.all time points. Uranium concentrations in the .

" kidneys of rats in the low-dose group were significantly dif- : :
- the forelimbs (Figs. 2-5). Throughout the course of the study,

ferent from Ta controls at 12 and at 18 months after implan-
~'tation, but not before, Uranium concentrations in the kidneys of
~‘all dose groups were observed to plateau after the 6-month time
- point (Fig. 6a). In the rats in the high-dose group, the concen-
tration of uranium in kidney tissue was 6920 % 1690 ng U/g at
6 months and was 4500 * 770 ng U/g at 18 months."

Bone. The concentration of uranium in bone (tibia and

skull) increased with dose and duration of exposure (Figs. 6b,-

6¢). In the medium and high-dose rats, the concentrations were

- significantly different from the Ta controls at all time points

with the exception of the medium dose at 18 months. The
uranium concentrations in tibia and skull of the low-dose group
were only significantly different from the Ta controls at 18
months. Unlike the kidney, the levels in the bone of the
medium- and high-dose rats continued to rise throughout the 18
month period of study. However, the bone uranium levels in
the low-dose animals leveled off by 12 months. At 18 months
after implaritation, uranium concentrations in the high DU dose
animals were 7050 = 1370 ng U/g tibia and 3690 = 810 ng
U/g skull.

Muscle. Uranium concentration in muscle from the hxnd-
limbs where the pellets were 1mplanted contained, on the
average, a greater concentration of uranium than muscle from

the concentrations of uranium in the muscle were quite variable
from animal to animal. At 12 months, the concentrations
ranged from 6.77 to 133 ng U/g hindlimb muscle, while at 18
months the range was 59.1 to 13200 ng U/g hindlimb muscle.
Despite this variability, muscle concentrations of uranium dif-
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FIG.3. Uranium concentrations measurcd in tissucs dissected from rats cuthanized 6 months after implantation of DU and Ta pellets. Bars repiesent mean =

SEM. N, 4-5. *Indicates significantly differcnt from tantalum controls.

fered significantly from control at several time points. In the
hindlimb of high-dose rats, the uranium concentrations were
significantly different from the concentrations of Ta controls at
6 months and 18 months. At 18 months, the concentrations of
- uranjum in both hindlimb and forelimb muscle in the low-dose
group wcrc s1gmﬁcamly dtfferent from that in Ta controls

, Spleen and Iiver In the hxgh -dose group, uranium concen-
. trations in liver and spleen were significantly greater than Ta
. controls at all time points after 1 day (Figs. 2-6). In the rats
_ exposed to a low dosc of DU, uranium concentrations in the
. spleen and liver were significantly dxffcrcm from Ta controls at -
.. 6 months but not at the later time points. Concentrations of
", uranium in spleen and liver did not show a strongly dose-
dependent relationship. In general, the average concentrations
. in spleen were greater than those in liver. At 18 months after .
" pellet implantation, the average concentrations in these tissues
-of the high-dose group were 188 = 41 ng U/g in spleen and
79.9 % 20.7 ng U/g in liver tissue.
Serum. Very low levels of uranium were observed in se-.
rum at all time points (Figs. 2-6). Uranium concentration in
- serum from the high-dose group was statistically different from
the Ta controls at 6 months and at 18 months but not at 12

months. The maximal concentration of serum uranium was

.8 09 + 3.78 ng U/m! in the high-dose group at 18 months.

Urine. Atall time pomts the conccntratlons of uranium in
the urine of medium- and hxgh-dose rats ‘were significantly

different from the Ta controls. At 12 and 18 months, the .
: conéentrahon of uranium in the urine of the low-dose rats also
“ was significantly different from control (Figs. 2-6). The ura-

nium concentration in urine (expressed as ng U/ml) reached a

‘maximum at 12 months post-implantation. At 18 months, the
" concentration in the urine of high-dose rats declined sngmﬁ

cantly (Fig. 7a). The maximal concentration obtained in the

“ high-dose - rats was 1010 * 87 ng U/ml urine and in the

low-dose rats was 224 =% 32 ng U/ml urine at 12 months
post-implantation. Since the volume of urine excreted over the
24.h collection period varied with the age of the animals, the
data were reanalyzed to calculate the total uranium excreted
within 24 h (Fig. 7b). In the medium-dose and high-dose rats,

~the 24-h uranium excretion increased .until 6 months post-
" implantation when it reached a plateau (5610 = 1770 pg U at

medium dose;-11200 *.4000 pg U at high dose). The 24-h
uranium excretion in low-dose animals rose more gradually,
reaching a plateau at 12 months (2710 = 440 pg U). At 12 and
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FIG. 4. Uranium concentrations measured in tissues dissected from rats euthanized 12 months aftcr implantation of DU and Ta pellets. Bars represent

mean = SEM, N, 3-5. *Indicates significantly different from tantalum controls.

18 months, the 24-h uranium excretion was linearly related to
the surface area of the embedded pellets (82 = 7 ng/mm’
calculated from 18-month data).

- Brain. Uranium concentxauons in an entire hcmlsphcrc of
. thc rat brain were measured at 1 day, 1 month, and 6 months
after pellet implantation (Figs. 1-3). At 1 and 6 months, brain
. concentrations of uranium were statistically different from Ta
controls in the high-dose group (Figs. 2, 3). In the animals
implanted for 12 months, a brain hemisphere was not available
_ because the tissue was used for other analyses. In rats im-
planted with DU pellets for 18 months, several areas of the
brain were independently assessed for uranium distribution,
Uranium was not uniformly distributed throughout the tissue
" (Fig.:8), Uranium levels in this area increased in a dose-
. dependent fashion with the number of implanted DU pellets, In
both the medium- and high-dose groups, uranium concentra-
“‘tions in motor cortex, frontal cortex, midbrain, and vermis
were statistically greater from those in Ta controls. Uranjum
concentrations in the cerebellum were only significant in the

high-dose group.

Other sites of accumulation. Additional tissues were ana-
lyzed from animals cuthanized at 18 months (Fig. 9). Uranium
concentrations- in lymph nodes, testicles, teeth (with. lower
jaw), heart, and lung were all significantly hxghcr than those
observed in tissues collected from Ta-control animals. Sumlar
to observations with tibia and skull, relatively high concentra-
tions were obscrved in the tecth combined with lower jaw
(1950 = 270 ng U/g tissue in the high-dose group). A]though
high concentrations of uranium were found in the feces col-

. lected from rats in all groups, including Ta-control rats, there

was no dose-dependence exhibited (approximately 1100 ng/g
wet welght) These levels are probably the result of mtake of
uranium through the food and water which contamed uranium
concentrations of 360 = 20 ng U/g and 0.25 * 0.05 ng/ml,

respectively.

DISCUSSION
The present study demonstrates that embedded fragments of

DU redistribute throughout the body over many months. As in
previous animal studies and epidemiological assessments, kid-
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. FIG. . Urnnmm conccntnnons measured in tissucs dissccted from rats cuthanized 18 months aficr implantation of DU and Ta pelicts. Bars represent
mean = SEM. For urine measurements N, 10-15; for lrver measurements N, 9=13; for all other tissucs N, 4-5. ‘Indxcncs mgmﬁcantly different from unulum

controls.

- - ney and bone were the major reservoirs for the uranium. Less

. anticipated was the distribution of uranium to spleen and brain.

- In occupationally-exposed miners and millers (Kathren et

al., 1989; Singh et al., 1987), uranium was found in the highest

. concentrations in lung, kidney, bone, and liver. In naturally-

- exposed populations, the distribution of uranium is very sim-
ilar, although the levels are significantly lower (Dang et al.,

'1992). Animal studies have explored the distribution of ura-

- _-nium following experimental inhalation, injection, and inges-

- tion'in-a variety of chemical forms. Following intravenous

injection, a bolus of uranium was quickly cleared from the -
"~ blood, redistributed to bone and kidney, and excreted in urine

(Morrow ef al,, 1982; Neuman ef al.,, 1948; Walinder, 1989).

. "Uranium was also distributed to spleen and liver (Walinder,

1989). Morrow e? al.(1982) suggest that a single exposure to

:~ uranium through inhalation is handled very much like intrave--

- nous exposure. The soluble salts of uranium are rapidly cleared

. from the lungs and redistributed to skcleton, kidney, and liver

. (Ballou et al., 1986).

~ In the DU implanted rats the pellets served as a constant )
reservoir for uranium. Concentrations of uranium in bone -

increased throughout the 18 months of the experiment. In the

rat, bones continue to grow well into adulthood. In male rats,
skull has been demonstrated to continue to enlarge until 14
months of age (Savostin-Asling ef al., 1980). Between the ages
of 12 and 24 months, the femur of male rats was found to
increase in width at midshaft, although the total mineral con-
tent of the bone declined (Smith and Kxcbzak, 1994). Dcspltc
this mineral loss, the present study demonstrates that uranjum
levels continue to accumulate in bone. A difference in growth
patterns of skull and tibia was not evident from the time course

‘of .uranium accumulation. Previous ‘studies have shown that
" uranium can displace calcium in bone matrix (Arsenault and

Hunziker, 1988; Neuman er al., 1949). In addition to bone,
tecth and lower jaw contained high levels of uranium when
measured 18 months afler DU pellet implantation. It is possible
that uranium is replacing calcium here, as well as in the tibia
and skull. .

- The kldncy is considered to be a primary site for uranium
toxicity (Diamond, 1989; Diamond et al., 1989; Kochcr, 1989;

Leggett, 1989). In the implanted rats, levels of uranium in the

kidney increased through the first 6 months. Uranium levels at

12 and 18 months were no greater than the 6-month levels at all

exposure doses. As previously demonstrated, uranjum was
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FIG. 6. Uranium concentration in kidncy (A), tibia (B), and skull (C)
plotted as a function of time afier implantation. Time points were 1 day, 1, 6,
12, and 18 months. Each point is mean = SEM,

excreted in the urine. Urine uranium concentration showed an
irregular pattern with time, Eighteen months after implantation,
the concentration was reduced compared to that found at 12
_months. Analysis of the urine volume (data not shown) sug-
‘gested age-dependent changes. Reassessment of the uranium
"excreted during a 24-h period revealed that, like the kidney

* ‘uranium levels, the 24-h excreted uranium reached 8 maximum

at 6 months. These levels were maintained at the later time
points.

In previous studics, liver was a large pool for the accumu-
lation of uranium (e.g., see Leggett, 1994). In the present study,
levels in spleen were at least as high if not higher than those in
liver. This may reflect differences in the route of uranium
exposure (i.e., muscle-embedded fragments). Little uranium
was measured in the serum, which would limit the uranium
passing through the liver. Uranium distributed locally through
the muscle-and was found in the lymph nodes. It is possible
that the uranium was scavenged by macrophages and trans-
ported through the lymph to the spleen. The macrophagc is
known to phagocytize uranium and to participate in clearing
the lung of particles after inhalation exposure (Andre ef al,,
1989; Tasat and de Rey, 1987; Batchelor ef al, 1982). This
conclusion is supported by a chronic inhalation study in which
the lung and the tracheobronchial lymph nodes were found to
be the primary reservoirs of uranium in monkey, dog, and rat
(Leach et al,, 1970; 1973). In the lymphoid tissue of the dogs
and monkeys exposed for periods of 12 months or longer,
black uranium pigment was associated with macrophages
within the lymph tissue. On occasion, necrosis of the lymphoid
tissue was observed (Leach ef al., 1970). Impaired immune
function resulting from the chronic accumulation of uranium in
the lymphatic system as well as in bones and spleen might be
a possible consequence of prolonged exposure to DU frag-
ments.

Distribution of uranium to brain from embedded DU pellets
was unexpected. Six months after implantation, a dose-depen-
dent increase of uranjum was observed in the homogenized
hemisphere of the rat brain, The 12-month sample used for
analysis consisted only of sensory motor cortex, because some
of the neural tissue was used for other purposes. The measured
levels in this cortical region were much smaller than those of
the entire hemisphere at 6 months, This suggested the possi-
bility of regional distribution of uranium. At 18 months, dif-
ferent regions of the brain showed different levels of uranium,
As with other heavy metals (Butterworth ef af., 1978; Cholewa
et al., 1986; Ono et al,, 1997; Rios et al., 1989; Ross et al,,
1996), the uranium was not uniformly distributed throughout
the brain, The heurotoxnclty associated with exposure to other
heavy metals (¢.g., 1¢ad and mercury) raises concerns about the
ncurophysnologncal and behavioral consequences of uranium
accumulation in the brain wuh chronic exposure to DU frag-
ments,

At 18 months, we mcasurcd a dosc—dependent increase of
uranium in the testicles. Studices to date suggest the possibility
that chronic uranium exposure in males can affect reproduction
(Llobet e al, 1991; Malenchenko ef al.,, 1978; Muller ef al,
1967). Male uranium miners were found to have more female
offspring than predicted, suggesting alterations in sperm (Mul-
ler et al., 1967). Male mice treated for 64 days with up to 80
mg/kg!day uranyl acetate in the drinking water showed a
decrease in' the rate of impregnation of untnea!cd females
(Llobet et al,, 1991). However, these cffects were not dose-
dependent and there was no evidence of impaired spermato-
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genesis. In rats, a dose of 0.07 mg/kg/day urany! nitrate hexa-
hydrate for 16 weeks resulted in decreased testes weight,
testicular lesions, and necrosis of spermatocytes and spermato-
gonia (Malenchenko ez al,, 1978). In an carly study on rats, a
chronic diet of uranyl nitrate hexahydrate for 12 months re-
sulted in severe degeneration in the testes and depletion of
germ cells (Maynard et al., 1953).

H1gh concentrations of uranium were found in the feces of
rats in all experimental groups, but no dose-dependence was
observed, These levels may reflect the ingestion of substantial
amounts of natural uranium found in the water and food.
Despite this intake, uranium levels in the organs of control
animals were minimal suggcstmg that the ingested metal con-
tributes little to the uranium load. Previous studies have dem-
onstrated that the ingestion of uranium results in only 0.5-3.0%
absorpnon through thc gastromtcstmal tract (Leggett and Har-
rison, 1995)..

In summary, following lmplantatlon of rats with DU pellets,
kidney and bone are the primary reservoirs for uranium redis-
tributed from mtmmuscularly—cmboddcd fragments. Uranium
was cxcreted in the urine throughout the 18 months of the
study. The accumulations in brain, Iymph nodes, and testicles
suggest the potential for unanticipated physiological conse-
quences of exposure to uranium through this route.
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