THIS FILE IS5 MADE AVAILABLE THROUGH THE DECLASSIFICATION EFFORTS AND RESEARCH OF:

THE BLACK WAULT IS THE LARGEST ONMLIME FREEDOM OF INFORMATION ACT { GOVERNMENT
RECORD CLEARING HOUSE IN THE WORLD. THE RESEARCH EFFORTS HERE ARE RESPOMNSIBLE
FOR THE DECLASSIFICATION OF THOUSANDS OF DOCUMENTS THROUGHOUT THE U.5. GOVERMMENT,
AMD ALL CAM BE DOWNLOADED BY VISITING:

HTTP:{WWW.BLACKVALULT.COM
YOU ARE ENCOURAGED TO FORWARD THIS DOCUMENT TO ¥YOUR FRIEMDS, BUT

PLEASE KEEP THIS IDEMTIFYING IMAGE AT THE TOP OF THE
-PDF 50 OTHERS CAMN DOWNLOAD MORE!


http://www.blackvault.com

2 3AUG 1996
Ref: 96-F-1461

Mr. Nemoto Michio
Ohayo-Nippon (Morning News)
NHK

Jinnan, Shibuya-Ku

Tokyo, JAPAN

Dear Mr. Michio:

This letter responds to your July 10, 1996, Freedom of
Information Act (FOIA) request.

The Armed Forces Radiobiology Research Institute provided
the enclosed documents as responsive to your request. There are

no chargeable costs for processing your FOIA request in this
instance.

Sincerely,

:Sisueu‘

A. H. Passarella

Director

Freedom of Information
and Security Review

Enclosures:
As stated

Prepared by VOORHIES:gjv:8/23/96:DF0I:gr_ pk_ vl wh_

o T



Establishment of an Animal Model to
Evaluate the Biological Effects of
Intramuscularly Embedded
Depleted Uranium Fragments

Carl Andrew Castro
Kimberly A. Benson
Victor Bogo

Eric G. Daxon

John B. Hogan
Henry M. Jacocks
Michael R. Landauer
Sharon A. McBride
Christina W. Shehata

RS

Armed Forces Radiobiology Research Institute Technical Report 96-3

Approved for public release; distribution unlimited.




]

"

This and other AFRRI publications are availuble 10 qualificd users from the Delense
Technical Information Center. Attention: OCP. 8725 John J. Kingmin Road. Suite 0944,
Fort Belvowr. VA 22060-6218: telephone (703) 767-8274. Others may contacl the
Nationai Techmeal Information Service. 5285 Port Royal Road. Springficld. VA 22161:
cicphone (703) 487-4650. AFRRI publicagons are also available from university
libraries and other libraries associated with the U.S. Government's Depository Library
System.




Form Approved
OMB8 No. 0704-0188

“ REPORT DOCUMENTATION PAGE

Pubiic repOrtIng Durden tor this
gathenng ano mantaining the daw

ot

) to average | hour per tmu INCIUGING The tMe {OF revwewing NSIFUCTIONS. SSATCNING SXISLING G313 SOUrCeS.
9 snd 9 the of Send 9 Q this Durden est¥mate or any other aspect of tng

OM

ot intor Q this burden, 0 Washington Hesdguarters Services. Directorate for ln'ovmltm Qoerstions snd Reponts. 1215 Jetterson
owe Mighway. Suite 1204, Annqton VA 22202- 4301 and 10 the Ottice of Management and Budget. Paoerwork Reduction Project (0704-0188). Washington. OC 20503

1.

AGENCY USE ONLY (Leave blank) | 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
‘ July 1996 Technical Report

4.

| IR oC YR
6. AUTHOR(S}

TITLE AND SUBTITLE

Establishment of an Animal Model to Evaluate the
Biological Effects of Intramuscularly Embedded Depleted
Uranium Fragments

5. FUNDING NUMBERS

PE: NWED QAXM

Castro CA, Benson KA, Bogo V, Daxon EG, Hogan JB,
Jacocks HM, Landauer MR, McBride SA, Shehata CW

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

8. PERFORMING ORGANIZATION

R . . REPORT NUMBER
Armed Forces Radiobiology Research Institute

8901 Wisconsin Avenue

Bethesda, MD 20889-5603 TR96-3

8.

SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

Uniformed Services University of the Health Sciences
4301 Jones Bridge Road
Bethesda, MD 20814-4799

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

1

1. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT !

12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited.

13. ABSTRACT (Maximum 200 words)

During the Persian-Gulf War, 36 U.S. soldiers were wounded by depleted uranium (DU) munitions. Based on *
medical guidelines for conventional shrapnel injuries (nonradioactive), many DU fragments were left in soldiers.
Unfortunately, health risks associated with embedded DU were unknown, and an animal model to investigate
this did not exist. The purpose of this study was to develop an animal model to examine the health risks associated
with DU shrapnel injuries. Twelve rats were surgically implanted intramuscularly with 8 DU pellets (1 mm in
diameter x 2 mm in length) or 8 chemically inert tantalum (Ta) pellets of similar size. Urinary uranium levels
were measured on days 1, 3,7, 14, 28, 60, and 120 after implantation of DU pellets. Physiological and behavioral
parameters, including locomotor activity, forelimb and hindlimb grip strength, food and water consumption, and
urinary output, were measured 5 and 3 days before surgery and on days 1, 3, 7, 14, 28, 60, and 120 after surgery.
Urinary uranium levels for Ta-implanted rats remained at background levels. In contrast, the average urinary
uranium level for DU-implanted rats was significantly elevated on day 1 (28.69 pg U/1) after implantation and
remained elevated until day 120 (204.56 pug U/l). There was no significant difference between DU- and
Ta-implanted rats in any behavioral or physiological measures. Results indicate that the rat is an appropriate
animal model for evaluating biological effects of embedded DU fragments.

14. SUBJECT TERMS

15. NUMBER OF PAGES
21

16. PRICE CODE

17. SECURITY CLASSIFICATION

18. SECURITY CLASSIFICATION
OF THIS PAGE

UNCLASSIFIED

19. SECURITY CLASSIFICATION
OF ABSTRACT

UNCLASSIFIED

20. LIMITATION OF
ABSTRACT

UL

OF REPORT
UNCLASSTIFIED

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Sta 239-18
298-102




SECURITY CLASSIFICATION OF THIS PAGE

CLASSIFIED BY:

DECLASSIFY ON:

R
SECURITY CLASSIFICATION OF THIS PAGE



P Contents

Introduction . . . . . . . . ... 1
Methods . . . . . . . . . ... 5
Subjects and Experimental Design . . . . . . .. .. L S
DUandTaPellets . . . . . . ... .. . . ... 5
Surgical Procedures for Pellet lmplammionb .............. 5
Behavioral Measurements . . . . . ..o L 6
Urinary Sumplin’g and Collection Procedures . . . . ... ... ... 6
Determination of Urinary Uranium Levels . . . . . ... .. ... .. 6
Results . . . . . . .. . e 7
Surgical Implantation . . . . . . . .. ... 7
Locomotor Activity and Grip Strength . . . . . . ... ... ... .. 7

Body Weights. Food and Water Consumption.
and Urinary Output . . . . . . .. ... ... ... .... e 8
= Urinary Uranium Levels T 9
Discussion . . . . . .. ... 11
Acknowledgements . . . . ... L 11
References . . . . . . .. .. .. ... 13



DISTRIBUTION LIST

DEPARTMENT OF DEFENSE

ARMED FORCES RADIOBIOLOGY RESEARCH INSTITUTE
ATTN: PUBLICATIONS BRANCH
ATTN: LIBRARY

ARMY/AIR FORCE JOINT MEDICAL LIBRARY
" ATTN:  DASG-AAFJML

ASSISTANT TO THE SECRETARY OF DEFENSE

ATTN:  AE
ATTN:  HAQA)

DEFENSE NUCLEAR AGENCY
ATTN: TITL
ATTN:  DDIR
ATTN:  RAEM
ATTN: MID

DEFENSE TECHNICAL INFORMATION CENTER
ATTN:  ACQUISITION
ATTN:  ADMINISTRATOR

FIELD COMMAND DEFENSE NUCLEAR AGENCY
ATTN:  DASIAC
ATTN:  FCIEO

INTERSERVICE NUCLEAR WEAPONS SCHOOL
ATTN: DIRECTOR

LAWRENCE LIVERMORE NATIONAL LABORATORY
ATTN:  LIBRARY

LM

UNDER SECRETARY OF DEFENSE (ACQUISITION)
ATTN: OUSD(AYR&E

UNIFORMED SERVICES UNIVERSITY OF THE HEALTH SCIENCES
ATTN: LIBRARY

DEPARTMENT OF THE ARMY

HARRY DIAMOND LABORATORIES
ATTN: SLCSM-SE

OFFICE OF THE SURGEON GENERAL
ATTN: MEDDH-N

U.S. ARMY AEROMEDICAL RESEARCH LABORATORY
ATTN: SCIENCE SUPPORT CENTER

U.S. ARMY CHEMICAL RESEARCH, DEVELOPMENT, &
ENGINEERING CENTER

ATTN:  SMCCR-RST

U.S. ARMY INSTITUTE OF SURGICAL RESEARCH
ATTN: COMMANDER

U.S. ARMY MEDICAL DEPARTMENT CENTER AND SCHOOL
ATTN: MCCS-FCM

U.S. ARMY MEDICAL RESEARCH AND MATERIEL COMMAND
ATTN: COMMANDER

U.S. ARMY MEDICAL RESEARCH INSTITUTE OF CHEMICAL
DEFENSE

ATTN: MCMR-UV-R

ta
\‘

U.S. ARMY NUCLEAR AND CHEMICAL AGENCY
ATTN: MONA-NU

U.S. ARMY RESEARCH INSTITUTE OF ENVIRONMENTAL
MEDICINE
ATTN: DIRECTOR OF RESEARCH

U.S. ARMY RESEARCH LABORATORY
ATTN: DIRECTOR

WALTER REED ARMY INSTITUTE OF RESEARCH
ATTN: DIVISION OF EXPERIMENTAL THERAPEUTICS
DEPARTMENT OF THE NAVY'

BUREAU OF MEDICINE & SURGERY .
ATTN: CHIEF

NAVAL AEROSPACE MEDICAL RESEARCH LABORATORY
ATTN: COMMANDING OFFICER

NAVAL MEDICAL RESEARCH AND DEVELOPMENT COMMAND
ATTN: CODE 42

NAVAL MEDICAL RESEARCH INSTITUTE
ATTN: LIBRARY

NAVAL RESEARCH LABORATORY
ATTN: LIBRARY

OFFICE OF NAVAL RESEARCH
ATTN: BIOLOGICAL & BIOMEDICAL S&T
DEPARTMENT OF THE AIR FORCE

BROOKS AIR FORCE BASE

ATTN: AL/OEBZ
ATTN: OEHURZ .
ATTN: USAFSAM/RZB ’

OFFICE OF AEROSPACE STUDIES
ATTN: OAS/XRS

OFFICE OF THE SURGEON GENERAL
ATTN: HQ AFMOA/SGPT
ATTN: HQ USAF/SGES

U.S. AIR FORCE ACADEMY
ATTN: HQ USAFA/DFBL

U.S. AIR FORCE OFFICE OF SCIENTIFIC RESEARCH
ATTN: DIRECTOR OF CHEMISTRY & LIFE SCIENCES
OTHER FEDERAL GOVERNMENT

ARGONNE NATIONAL LABORATORY
ATTN: ACQUISITIONS

BROOKHAVEN NATIONAL LABORATORY
ATTN: RESEARCH LIBRARY, REPORTS SECTION

CENTER FOR DEVICES AND RADIOLOGICAL HEALTH
ATTN: DIRECTOR



h

GOVERNMENT PRINTING OFFICE

ATTN: DEPOSITORY ADMINISTRATION BRANCH

ATTN: CONSIGNED BRANCH

LIBRARY OF CONGRESS
ATTN: UNIT X

LOS ALAMOS NATIONAL LABORATORY
ATTN: REPORT LIBRARY

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
ATTN: RADLAB

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
GODDARD SPACE FLIGHT CENTER

ATTN: LIBRARY

NATIONAL CANCER INSTITUTE
ATTN: RADIATION RESEARCH PROGRAM

NATIONAL DEFENSE UNIVERSITY
ATTN: LIBRARY

NATIONAL INSTITUTE OF STANDARDS AND TECHNOLOGY
ATTN: IONIZING RADIATION DIVISION

U.S. DEPARTMENT OF ENERGY
ATTN: LIBRARY

U.S. FOOD AND DRUG ADMINISTRATION
ATTN: WINCHESTER ENGINEERING AND
ANALYTICAL CENTER
U.S. NUCLEAR REGULATORY COMMISSION
ATTN: LIBRARY
RESEARCH AND OTHER ORGANIZATIONS

AUSTRALIAN DEFENCE FORCE
ATTN: SURGEON GENERAL

AUTRE, INC.
ATTN: PRESIDENT

BRITISH LIBRARY
ATTN: ACQUISITIONS UNIT

CENTRE DE RECHERCHES DU SERVICE DE SANTE DES ARMEES
ATTN: DIRECTOR

FEDERAL ARMED FORCES DEFENSE SCIENCE AGENCY FOR
NBC PROTECTION

ATTN: LIBRARY

INHALATION TOXICOLOGY RESEARCH INSTITUTE
ATTN: LIBRARY

INSTITUTE OF RADIOBIOLOGY, ARMED FORCES
MEDICAL ACADEMY

ATTN: DIRECTOR

OAK RIDGE ASSOCIATED UNIVERSITIES
ATTN: MEDICAL LIBRARY

RESEARCH CENTER OF SPACECRAFT RADIATION SAFETY
ATTN: DIRECTOR

RUTGERS UNIVERSITY
ATTN: LIBRARY OF SCIENCE AND MEDICINE
UNIVERSITY OF CALIFORNIA
ATTN: DIRECTOR, INSTITUTE OF TOXICOLOGY & .
ENVIRONMENTAL HEALTH
ATTN: LIBRARY, LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CINCINNAT!
ATTN: UNIVERSITY HOSPITAL, RADIOISOTOPE
LABORATORY

XAVIER UNIVERSITY OF LOUISIANA
ATTN: COLLEGE OF PHARMACY




Introduction

Natural uranium (U) consists of three isotopes: 238U
(99.276%), *33U (0.718%), and 23*U (0.0056%). Dur-
ing the uranium enrichment process two isotopic
mixtures are produced. "enriched uranium" and "de-
pleted uranium" (DU) with different relative ratios
of the three isotopes. Enriched uranium contains a
higher percentage of the fissionable isotope 233U and
is used for nuclear reactor fuel and nuclear weapons.
DU has a lower 25U content. The DU used by the
U.S. military for kinetic energy penetrators is al-
loyed with titanium (0.75% by weight) to increase
its tensile strength and to retard oxidation. Current

U.S. antitank weapons contain DU penetrators, and
most of the Abrams tanks are armored with DU.
During Operation Desert Storm, DU munitions were
fired by the Army and Air Force. Unfortunately,
during this conflict, a number of U.S. military per-
sonnel were wounded by DU fragments (Daxon,
1993; Daxon and Musk, 1993; GAO Report, 1993).
Many of these fragments were not removed because
the surgical procedure would produce excessive tis-
sue damage. Radiographs of injured soldiers show
multiple embedded fragments ranging in size from
1 mm to over 5 mm in diameter (see figures 1 and

Fig. 1. Radiograph ofthe leg of a soldier wounded by a DU munition during the Persian GulfWar. This soldier also had DU fragments

in the feet and knees of both legs.
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Fig. 2. (A) Photograph of an actual DU fragment removed from a soldier wounded during the Gulf War. (B) Photograph of a
Ta pellet implanted in a rat. (C) Photograph of a DU pellet implanted in a rat.

2a). Indeed, fragments as large as 20 mm in diameter
have been noted in other patients. Bioassays taken
over a year after injury indicate that uranium was
present at levels up to 30 g U/l urine, well in excess
of natural background (U.S. Army Environmental
Hygiene Agency Memorandum for Office of the
Surgeon General, 1994).

Although the toxicity of embedded DU is unknown,
numerous studies have addressed the consequences
of inhalation, ingestion, and parenteral administra-
tion of other forms of uranium (Diamond, 1989; La
Touche et al., 1987; Morrow et al., 1982; Ortega et
al., 1989a, b; Wrenn et al., 1989). After uranium is
absorbed, it circulates in the blood as the uranyl ion,
forming uranium-carbonate and uranium-albumin
complexes. As the uranium-carbonate complex
passes through the kidney, it is filtered rapidly by the
glomeruli where 60% to 80% of the absorbed ura-
nium is excreted in the first 24 hours after acute
exposure. The uranium that is not excreted is reab-
sorbed by the proximal tubules where it produces

significant toxic effects. Uranium also enters the
bone, where it competes with calcium to form com-
plexes with phosphate ions, thus becoming part of
the bone matrix (Cabrini et al., 1984; Domingoet al.,
1992; Guglielmotti et al., 1989; Neuman, 1950).
This bone matrix then serves as both a long- and
short-term storage site from which uranium s slowly
released back into circulation (Kathren et al., 1989;
Wrenn et al., 1985). The liver and muscle are other
major sites of uranium deposition. with a possible
long-term storage mechanism in the kidney (Kathren
et al., 1989; Wrenn et al., 1985).

Acute morphological and biochemical changes of
the kidney result from uranium exposure (Diamond,
1989; Kocher, 1989; Leggett, 1989; Neuman, 1950).

- Changes in the glomerular epithelial architecture

(Kobayashi et al., 1984) and cellular necrosis in the
proximal tubules near the corticomedullary junction
of the kidney have been reported in experimental
animals after acute uranium exposure (Brady et al.,
1989; Haley et al., 1982; Haley, 1982). In addition,
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polyuria, enzymuria, glucosuria, and increased ex-
cretion of amino acids have been demonstrated (Dia-
mond, 1989; Diamond et al., 1989; Kocher, 1989;
Zalups et al., 1988). Acute renal failure can indeed
occur following exposure to high doses of uranium
(Neuman, 1950; Ubios et al., 1994). Even acute
environmental stressors such as restricted diets or
changes in housing conditions have enhanced ura-
nium toxicity significantly (Andrews and Bates,
1987: Damon et al., 1986).

Few studies have addressed the chronic toxicity of
uranium, and the results available are conflicting
(U.S. Department of Health and Human Services,
1990). Galibin and colleagues (1971) reported se-
vere renal toxicity in rats that inhaled ammonium
diuranate (1 or 8 mg/m?), a slightly soluble uranium
compound, for 128 days. Urine protein and blood
non-protein nitrogen were elevated. In the proximal
tubules, there were sloughed dead cells and abnor-
mal regenerating cells. Although the total number of
tubules was reduced and the kidney exhibited an
increased amount of connective tissue, all the ani-
mals recovered. In contrast, Leach and colleagues
(1970; 1973) found no renal toxicity in rats repeat-
edly exposed to uranium dioxide dust (5 mg/m?) for
a period of 12 montihs nor in dogs or monkeys
exposed for 5 years. Yet uranium concentrations in

“the kidneys were as high as 1.1 ug U/g kidney wet

weight in the rat, 8.3 ug U/g kidney weight in the
dog, and 17.0 ug U/g kidney weight in the monkey.
Uranium concentrations at these levels have been
reported to cause acute renal toxicity (e.g., Kathren
et al., 1989). Thus, the chronic effects of uranium
exposure remain for the most part unresolved (Dia-
mond, 1989).

The threshold concentration of kidney uranium lev-
els in humans that result in kidney chemical toxicity
is in dispute (Diamond, 1989; Kathren and Moore,
1986; Kocher, 1989; Stradling et al., 1988). While
the Nuclear Regulatory Commission has set the level
at 3.0 pg U/g kidney weight for renal damage in
humans, there is evidence from both human and
animal reports that this level could be considerably
lower. For example, chronically exposed uranium
mill workers, whose kidney uranium levels probably
did not exceed 1 pug U/g kidney weight (Thun et al.,
1985), showed mild renal dysfunction with in-
creased urinary excretion of B,-microglobulin and
various amino acids. In rats exposed subchronically
to low doses (cumulative dose: 0.66 or 1.32 mg/kg)
of uranyl fluoride, kidney uranium levels as low as
0.7 to 1.4 pug U/g wet weight kidney produced cellu-
lar and tubular necrosis of the proximal tubule, pro-
teinuria, and enzymuria (Diamond et al., 1989).
These changes in rat renal function, however, were
temporary, with complete recovery occurring within
35 days of exposure. These studies are important
because they indicate that renal injury can occur at
kidney uranium levels well below the 3.0 pg U/g
limit.

Currently, no research into the direct toxic effects of
embedded DU has been reported. The toxicity data
that exist for low-level chronic uranium exposure:
used other routes of administration, and the results
are contradictory. The uranium levels in humans that
result in kidney toxicity are in dispute. For these
various reasons, it is necessary to determine the
health risks to the soldier resulting from long-term
exposure to DU fragments. The goal of this pilot
study was to establish an animal model that could be
used in future research to investigate the biological
effects of embedded DU.




Methods

Subjects and Experimental Design

Subjects were 12 naive Sprague-Dawley male rats
(8-10 weeks old) obtained from Charles River
Breeding Laboratories, Raleigh, N.C. On arrival,
rats were quarantined and screened for diseases and
were maintained in an AAALAC-accredited facility
in accordance with the Guide for the Care and Use
of Laboratory Animals (NIH Publication No. 86-23).
Six rats were implanted with eight DU pellets (four
in each biceps femoris muscle of the lateral thigh),
and six rats were implanted with eight tantalum (Ta)
pellets. Rats were individually housed in plastic
Micro-Isolator cages with hardwood chips as bed-
ding; during urine collection, rats were placed in
metabolic cages. Commercial rodent chow and acid-
ified water (pH 2.5, using concentrated HCI) were
provided ad libitum. Rats were on a 12-hour light/

dark cycle. )
.

DU and Ta Pellets

DU pellets (1 mmindiameter x 2 mm in length) were
obtained from Oak Ridge National Laboratories,
Oak Ridge, Tenn. (see figure 2c). The cylindrical
shape was chosen because it is the geometrical aver-
age of fragments left in soldiers wounded by conven-
tional or DU munitions. The size of the pellets was
based on two considerations. First. the total DU
implanted was approximately 1% of the total biceps
femoris muscle volume and did not seem to cause
undue discomfort to the animal. Second, the surface
area of 8 DU pellets of this size should result in
detectable urinary uranium levels. DU pellets con-
sisted 0f 99.25% DU and 0.75% titanium by weight.
" The uranium isotopes in DU were 238U (99.75%),
35U (0.25%), and trace amounts of 23*U. This is the
same DU alloy used in U.S. military munitions.

Ta pellets (1 mm in diameter x 2 mm in length) were
obtained from Alfa Products, Ward Hill. Mass., and
served as the heavy metal control (see figure 2b). Ta

was selected because its density is similar to DU
density, 16.6 g/cm? for Ta versus 18.8 g/cm? for DU
(Radiological Health Handbook, 1970), it is rela-
tively inert in a biological medium (Johansson et al.,
1990), and it is commonly used in human orthopedic
reconstructive surgery (Hockley et al., 1990).

Surgical Procedures for Pellet Implantation

Before implantation surgery, the DU and Ta pellets
were cleaned by immersion in an industrial deter-
gent, rinsed in absolute alcohol, sterilized by immer-
sion in a 50% nitric acid solution for 3 minutes.
rinsed with sterile water, and then placed in acetone
to inhibit oxidation. These sterilization procedures
completely remove the oxide formation from the
surface of DU metal (Tonry, 1993), and the results
of an abbreviated sterility test of 10 Ta pellets using
either a thioglycollate medium or soybean-casein
digest medium detected no microorganisms.

Rats were administered atropine (0.05 mg/kg i.m.)-
before being anesthetized. Anesthesia was induced
with ketamine hydrochloride (50 mg/kg) in combi-
nation with xylazine hydrochloride (10 mg/kg)
giveni.p. ina0.5-ml bolus, using a 25-gauge needle.
These injections were administered intraperitone-
ally to prevent irritating the site of implantation. The
surgical sites were then shaved and cleansed with
Betadine. Four pellets were implanted approximate-
ly 15 mm apart in each biceps femoris muscle on the
lateral side of each thigh. Using a scalpel blade,
incisions were made through the skin and approxi-
mately 10 mm deep into the muscle mass. The proxi-
mal incisions were 10 mm distal to the iliac crest and
were the implantation sites of the first pellets. Pellets
were secured in place with absorbable sutures
(Dexon 4-0) to prevent movement. Rats were closely
monitored following surgery until they were ambu-
latory. A veterinarian or a veterinary technician ex-
amined the surgical sites for signs of inflammation.
infection, and local DU toxicity daily for 2 weeks
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following surgery and weekly thereafter throughout
the study.

Behavioral Measurements

Locomotor activity and grip strength were assessed
on days 3 and 5 before surgical implantation and on
days 1, 3.7, 14, 28, 60, and 120 after surgery. Loco-
motor activity was quantified using computerized
Digiscan activity monitors (Omnitech Electronics,
Columbus, Ohio). Each monitor used an array of
infrared photodetectors spaced 2.5 cm apart to deter-
mine horizontal locomotor activity, which was ex-
pressed as total distance traveled. Activity was
monitored for 1 h with measurements taken every 5
min (Landauer et al., 1988).

Immediately following locomotor activity testing, -

the strength of both hindlimb and forelimb grips of
each animal was measured using a grip strength
apparatus (San Diego Instruments, San Diego,
Calif.). In this test, the animal was required to grip a
rectangular wire mesh surface (12 x 7 cm) with its
forepaws and was then gently pulled back along a
platform. until its grip was broken. The backward
motion was continued until the animal’s hindpaw
gripped another rectangular wire mesh surface (12 x
10-cm). As with the forelimb grip, the animal was
gently pulled back until the hindlimb grip was bro-
ken. Readings on three push-pull strain gauges were
used to record the maximum strain required to break
both forelimb and hindlimb grips. This behavioral
test is used in many laboratories to assess muscular
weakness (Haggerty, 1989; Meyer et al., 1979).

Urinary Sampling and Collection Procedures

Urine samples were collected following behavioral
testing on days 1, 3, 7, 14, 28, 60, and 120 after
surgery and analyzed for uranium levels. Sampling
at these time points was necessary because signs of
nephrotoxicity in laboratory animals exposed to low
doses of uranium are frequently not detected until 3
to 5 days after exposure and may subside within 7

days (Diamond, 1989). Urine samples were col-
lected from rats in individual metabolic cages (23.5
cm diameter x 12 cm high) where they had continu-
ous access to food and water. Rats were acclimated
to the metabolic cages for 5 days before the study
began because naive rats exposed to these housing
procedures have shown a stress-induced increase in
uranium toxicity (Damon et al., 1986).

A 24-h urine sample was obtained from each rat, and
the volume was recorded. In addition, each animal’s
body weight and food and water consumption were
recorded. Care was taken to prevent contaminating
the urine with food or feces. After collection, urine
was filtered to remove any debris and stored in
plastic containers at 4° C until analyzed. The meta-
bolic cages were disinfected and decontaminated
between each animal use. During animal-handling
periods, overt signs of behavioral toxicity and the
overall appearance of the rats were recorded.

Determination of Urinary Uranium Levels

Urinary uranium levels were determined by alpha
spectrometric techniques (Martin Marietta Energy
Systems, Inc., Oak Ridge. Tenn.). An aliquot of the
sample was dissolved in nitric acid (HNOs) and
hydrogen peroxide (H,O,). The sample was then wet
ashed. and the uranium coprecipitated with calcium
oxalate. After dissolving the precipitate in HCI, the
uranium was further separated by ion exchange chro-
matography. The uranium was then eluted from the
column with a solution of dilute HCI to which ti-
tanous chloride had been added to reduce actinides
that may have been in an elevated oxidation state.
The final fraction of the eluate was treated first with
ascorbic acid to reduce any iron and then with hy-
drofluoric acid. The uranium isotopes were next
coprecipitated on neodymium fluoride. The neo-
dymium was caught on a 0.1-um filter, which was
rinsed, dried, and then mounted on a planchet for
alpha spectrometry. The minimum detectable activi-
ties (MDA) for uranium in urine using these proce-

dures were 1.4 x 10 g/l for U and 0.03 g/l for
21381
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Results

Surgical implantation

Two rats assigned to the DU group and one rat
assigned to the Ta group did not survive implanta-
tion‘surgery. One of these rats expired during
surgery, and the other two within 6 h after surgery.
Necfopsies indicated asphyxiation, suggesting
that the animals received too much anesthetic. The
other nine animals were alert and moving in the
metabolic cages within 2 h after surgery. Figure 3
is a radiograph of the left rear leg of a rat implanted
with four DU pellets; the right rear leg was also
implanted with four DU pellets. The cylindrical
shape and size of the pellets are similar to DU
fragments observed in wounded soldiers (figure

.

Locomotor Activity and Grip Strength

The locomotor activity of rats implanted with DU
pellets was not significantly different from the activ-
ity of rats implanted with Ta, p >0.05 (figure 4).

200
N —Ta(n=5)
vDU(h=4)
150 H
3
3 l ]
£ 100 ! —
c T 1
s Y T =
©
" sof
0

/. I

1 1 L 1 i 1 J
5-3 246 13 29 7 60 120
time postimplantation (days)
Fig. 4. Locomoror activity of rats surgically implanted with DU

pellets expressed as percent of Ta control. Vertical bars repre-
sent the SEM (standard error of the mean).

Fig. 3. Radiograph of the left rear leg of a rat surgically implanted with four DU pellets (1 mm in diameter x 2 mm in length).




Technical Report TR96-3

1.25-~

1.00

0.75}

0.50

0.25

front grip strength - force (kg)

0.00

1.25

1.00

0.75

0.50

0.25

rear grip strength - force (kg)

0.00
13 30 60 120

time (day)

Fig.5. (A) Forelimb grip strength of rats before and after receiv-
ing DU or Ta implants. Vertical bars represent the SEM. (B)
Hindlimb grip strength of rats before and after receiving DU or
Ta implants. Vertical bars represent the SEM.

Similarly, neither the forelimb nor the hindlimb grip
strength of the two groups was different, p >0.05
(figures 5a and 5b).

Body Weights, Food and Water
Consumption, and Urinary Output

The bo'dy weights of the rats embedded with DU
pellets were not different than the body weights of
rats embedded with Ta, p >0.05 (figure 6). In fact,
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Fig. 6. Bodv wéights of rats before and after receiving DU or
Ta implants. Vertical bars represent the SEM.
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Fig. 7. Food consumption of rats before and after receiving DU
or Ta implants. Vertical bars represent the SEM.

the body weights in both groups remained relatively
stable for the first week following surgery and, as
expected, increased throughout the study as ob-
served in normal rats.

The food and water consumption for the DU- and
Ta-implanted rats did not differ, p >0.05 (figures 7
and 8). There was, however, a trend toward a de-
crease in water consumption for the Ta group and an
increase in water consumption for the DU group.

There was a significant difference in the volume of
urinary output between the DU and Ta groups. On
the day of surgery, urine output for the Ta group
decreased but did not change for the DU group, p

70
® Ta

60 v DU
50+
40

30

20+

water consumption (ml)

10+

oLt { | 1 ;
0 30 60 90 120

time (day)

Fig. 8. Water consumption of rats before and after receiving DU
or Ta implants. Vertical bars represent the SEM.
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<0.05 (figure 9). This decrease in the urinary output
for the Ta group, however, was temporary and re-
turned to baseline levels by day 3 after surgery.

Urinafy Uranium Levels

Figure 10 illustrates mean uranium levels in the urine
of DU-implanted animals and the pooled value of te
uranium analysis for Ta-implanted animals after im-
plantation surgery. Figure 11 provides the individual
urinary uranium levels of the four DU-implamed
rats. As expected, only background levels of ura-
nium were detected in the Ta control group. In con-
trast, significant levels of uranium were detected with-
in 24 h of DU implantation (mean = 28.69 + 10.00,
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Fig. 10. Time course of uranium levels detected in the urine of
rats implanted with either DU or Ta. Uranium concentration
detected in the Ta group is at background levels. Vertical bars for
the DU group (N = 4) represent the SEM. Urine for the Ta-im-
planted animals was pooled for uranium analyses.

range = 14.21 to 56.99 pg U/1). By day 7 following
surgery, uranium levels had increased nearly four-
fold (mean=111.86+41.05, range=56.3810233.91
pg UM and remained elevated at day 120 (mean =
204.56 £ 99.73, range = 35.01 to 458.53 pg U/).
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Fig. 11. Individual time courses of uranium levels detected in
the urine of each rat implanted with DU. Data on Ta time courses

are the same as in figure 10. .




Discussion

The purpose of this study was to develop an animal
model that could be used in future research to deter-
mine the health risks associated with DU fragment
injuries. It was especially important to establish pro-
cedures in which DU exposure would produce uri-
nary uranium levels comparable to those observed
in soldiers wounded by DU munitions during the
Persian Gulf War. Measured by these criteria, this
initial study was successful. The average urinary
uranium level in the rat 24 h after DU implantation
was 28.69 pg U/ This value is very close to the
urinary level of 30 pug U/ reported for soldiers
wounded during the Persian Gulf War and assayed
1 year after injury. Unfortunately, no bioassays were
taken of any of the soldiers within the first year after

DU injury so no direct time course comparisons can -

be made.

It should be emphasized that the urinary uranium
levels in the rat did not reach asymptote until day 7
following DU implantation surgery and remained
elevated throughout the study (figure 10). Although
the data are preliminary, this finding has clinical
significance because it indicates that soldiers with
suspected DU fragment wounds should be moni-
tored for uranium exposure for at least the first week
after injury and perhaps even longer. Certainly a
compléte pharmacokinetic study should be conduct-
ed to definitively address this patient-monitoring
issue (Daxon, 1993).

Although numerous studies have assessed the toxic
effects of other forms of uranium exposure (Dia-
mond, 1989, and Kocher, 1989, for the latest reviews
of the literature), this is the first study that assessed
the effects of intramuscularly embedded DU. The rat
proved to be an excellent animal model for this

purpose. It tolerated the surgical procedures for pel-
let implantation relatively well, as measured by both
locomotor activity and grip strength (figures 4 and
5), both indices of quality of life for humans. Further,
the lateral thigh muscle of the adult rat is large
enough to implant at least four pellets (1.0 mm
diameter x 2 mm length) into each leg (figure 3), with
the possibility of as many as ten pellets. Moreover,
the rat’s lifespan of more than 18 months enables it
to be used in chronic toxicity studies (Brady et al.,
1989; Lang and White, 1994; Lumley et al., 1992;
Lumley and Walker, 1986; Monro, 1993; Nohynek
et al., 1993; Rao et al., 1990).

In conclusion, this study was successful in develop-
ing a rodent model that can be used to evaluate the
biological effects of intramuscularly embedded DU
fragments. However, the potential short-term and
long-term health risks associated with DU exposure
remain to be investigated. Certainly the behavioral,
physiological, biochemical, and histological conse-
quences of embedded DU are research areas of im-
mediate concern. Equally important is identification
of the health risks to the fetus exposed in utero to
DU from fragments embedded in the mother before
pregnancy (Angleton et al., 1988; Bosque et al,
1993; Domingo et al., 1988a, b, c; Paternain et al,,
1989). This latter research area is especially signifi-
cant considering that the placenta does not prevent
cross-placental transfer of uranium (Durbin and
Wrenn, 1976; Sikov and Mahlum, 1968). Moreover,
fetal toxicity often occurs in the absence of maternal
toxicity (e.g., Price et al., 1985). Regardless of the
research strategy adopted, a coordinated interdisci-
plinary health hazard assessment is required to iden-
tify the potential medical risks that DU poses to our
soldiers wounded by this unconventional munition.
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HEALTH RISK ASSESSMENT OF EMBEDDED DEPLETED URANIUM: BEHAVIOR,
PHYSIOLOGY, HISTOLOGY AND BIOKINETIC MODELLING

INTRODUCTION

Natural uranium consists of three isotopes: 2*U (99.276%), U (0.718%) and **U (0.0056%).
During the uranium enrichment process two products are produced, "enriched uranium" and "depleted
uranium” (DU), that contain different relative ratios of these three isotopes. Enriched uranium contains
the higher amount of the fissionable isotope »*°U and is used for nuclear reactor fuel and nuclear
weapons. DU has a lower U content and is a highly dense material. The DU used by the US in
kinetié energy penetrators is alloyed with titanium (0.75% by weight) to retard oxidation. This DU
alloy is of concern because the U.S. mlhtary currently uses this metal for munitions and armament.
During Operation Desert Storm, a number of U.S. military personnel were wounded by shrapnel
fragments consisting of DU*’. Since surgicq} removal can produce excessive tissue damage, these DU
fragments were treated as conventional shrapnel and left in place in the wounded soldiers. The radio-
graphs of injured soldiers show multiple embedded fragments ranging in size from 1 mm to over 5 mm
in diameter. Fragments as large as 20 mm have been noted in other patients. Uranium bioassays taken
ovér a year after injury indicate that uranium was present in the urine well in excess of natural baék-
ground, up to 30 pg U/l of urine. DU fragments present a radiologically and toxicologically unique
situation with unknown health risks. Congress has mandated the study of these risks.

This study evaluates the consequences of both short-term and long-term exposure to DU
fragments in the rat model. Using an interdisciplinary approach, we are assessing neurotoxicity,
nephrotoxicity, histopathology of the tissue surrounding the fragment and pathology including
evaluation of neoplastic changes in several body tissues. In addition, based on our animal data,
we will develop a biokinetic model that describes the distribution of uraniumfrom embedded
fragmehts as a function of time.

Uranium toxicity: Although the toxicity of embedded DU is unknown, numerous studies have ad-
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dressed the consequences of inhalation, ingestion and parenteral administration of other forms of urani-
um?™*8462 After uranium is absorbed, it circulates in the blood as the uranyl ion forming uranium- -
carbonate and uranium-albumin complexes®®!. As the uranium-carbonate complex passes through the
kidney, it is filtered rapidly at the glomerulus where 60%-80% of absorbed uranium is excreted in the
first 24 hours after acute exposure. The uranium not excreted is reabsorbed by the proximal tubules
where it produces acute toxic effects. Uranium also enters the bone where it competes with calcium
to form complexes with phosphate ions, thus becoming part of the bone matrix>'*'**2. This bone
matrix then serves as a storage site from which uranium is slowly released back into circulation 2,
The liver, muscle, and kidney are other major sites of uranium disposition, with a possible long-term

storage mechanism in the kidney 19.2327,51.62

. At low doses, uranium may not readily distribute to the
central nervous system (CNS)*. With higher doses (8 mg/kg/day orally for 4 weeks), however, brain
uranium levels are comparable to those in liver and in bone*’, major sites for uranium accumulation.
Acute morphological and biochemical changes of the kidney result from uranium exposure®25°142,
The glomerular epithelial architecture is alt:ared” and cellular necrosis occurs in the proximal tubules
near the corticomedullary junction in the kidney*'”'®, In addition, polyuria, enzymuria, glucosuria, and
increased excretion of amino acids result®®?*%, Acute renal failure can be the cause of death with
exposure to high doses of either soluble or insoluble forms of uranium***’. Environmental stressors
such as restricted diets or changes in housing conditions significantly enhance uranium toxicity'*.
Few studies have addressed the chronic toxicity of uranium and the results available are conflicting.
Galibin and colleagues' reported severe renal toxicity in rats that inhaled the slightly soluble uranium
compound, ammonium diuranate (1 or 8 mg/m®) for 128 days. Urine protein and blood, non-protein
nitrogen were elevated. In the proximal tubules, there were sloughed dead cells and abnormal regener-
ating cells. These animals recovered, although the total number of tubules was reduced, with an
accompanying increased proportion of connective tissue in the kidney. In contrast, Leach et al.**
found no renal toxicity in rats repeatedly exposed for a period of 12 months to uranium dioxide dust

(5 mg/m?) (or in dogs or monkeys exposed for 5 years). Yet uranium concentrations in the kidney

were as high as 1.1 pg U/g kidney wet weight in the rat (8.3 in the dog and 17.0 in the monkey), levels
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reported to causé acute renal toxicity (e.g., »). Thus the chronic effects of uranium exposure remain,
for the most part, unresolved®,

The threshold concentration of kidney uranium levels in man that results in kidney chemical toxicity
is in dispute®*~?. While the Nuclear Regulatory Commission has set the level at 3 pg/g kidney for
renal damage in man, there is evidence from both human and animal reports that this level could be
much lower. For example, chronically exposed uranium mill workers, whose kidney uranium levels
probably did not exceed 1 pg U/g*, showed mild renal dysfunction with increased urinary excretion
of B,-microglobulin and various amino acids. In rats exposed subchronically to low doses (cumulative
dose: 0.66 or 1.32 mg/kg) of uranyl fluoride, kidney uranium levels as low as 0.7 to 1.4 pg U/g wet
kidney produced cellular and tubular necrosis of the proximal tubule, proteinuria, and exizymuria”.
These changes in rat renal function, however, were temporary, with complete recovery within 35 days
after exposure. These studies are importaht because they indicate that renal injury can occur at kidney
uranium levels well below the 3.0 pg U/g limit.

Néurological effects have been reported \{Vith uranium exposure. In uranium workers excreting up
to 200 pg U/l in their urine, normal mental function was disrupted®. One case study linked the
handling of a uranium bar and a subsequent increase in stool uranium with foot cramps, leg pain and
abnormal gait'’. With oral and subcutaneous administration of relatively high doses of uranyl acetate
(210 mg/kg and 10 mg/kg, respectively), rats exhibited tremors'. The uranyl ion has been demonstrat-
edto enhance muscle contraction with acute local concentrations of 200-400 uM**2, At the neuromus-
cular junction in the mouse, multiple sites of action were identified, including increased duration of the
muscle action potential, broadening of the compound nerve action potential, increased amplitude and
quantal content of the endplate potential and increased frequency of the miniature endplate potentials™,
These studies indicate that embedded DU fragments could lead to neural damage, affecting both motor
and cognitive function. The CNS effects of uranium toxicity can result from secondary mechanisms
since hormonal changes, electrolyte disruption and immune responses can all influence nervous system
activity . |

Local Tissue Response and Capsule Formation: Foreign bodies in tissue elicit an immune
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response that can result in encapsulation. Even when encapsulated, DU fragments provide a local,
chrohic source of a-radiation. Within 10-15 cells of the fragment, the dose rate is expected to be
approximately 8.5 Gy/yr. This radiation could result in injury or damage to local muscle or nerve
tissue (axonal injury, demyelination)**-®, In addition, capsule formation around a DU fragment in close
proxi;nity to a nerve could increase the risk of compression injury to those nerves.

Encapsulation could limit the chemical toxicity of the DU fragments by decreasing the rate of
release of the metal, as has been observed with lead®”. Encapsulation can also resuit in the formation
of pseudocysts: Pseudocysts were formed that contained fluid with very high concentrations of soluble
lead and insoluble lead dioxide particles®* and with "black pigment...firmly adherent..." to portions
of the inner wall of the capsule®. If these cysts should rupture, the rapid release of this fluid could
cause period spikes in circulating lead levels and result in acute lead toxicity 5 to 40 years after the
initial injury®®**°, Similar type lesions may form around DU fragments. Intracapsular fluid may
contain high concentrations of both soluble and insoluble DU. Tonry® demonstrated that DU disks
formed both a soluble fraction and black ins‘oluble particulates when emersed in simulated lung fluid.
After a large fragment (approx. 20 mm) was removed from a U.S. soldier 17 months after he was
wounded, the surgeon® noted that the fragment was encased in a fibrous capsule. When the capsule
was breached, approximately 1-2 ml of a black fluid "gushed forth" from the cystic space.

DU can cause both local and systemic toxicity through a variety of mechanisms. Our study defines
many of the potential sites of pathology that can result from long-term exposure to DU fragments and
will provide a rationale for treatment of | our wounded soldiers. The first six months of the study
established the doses of DU to be used in future experiments (aim 1). This dose ranging study deter-
mined the number of DU pellets required to obtain uranium levels in the range of 0.7 to 1.4 pg/g wet
weight of kidney. This level of uranium has been reported to produce early signs of renal damage as
measured by both biochemical and histopathological changes® and would define the high dose in our
toxicological studies. The low dose was chosen to produce no measurable acute toxicity. Subsequent

experiments use the established doses to evaluate neurotoxicity, nephrotoxicity and histopathology and

determine uranium distribution for biokinetic modelling.
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Neurotoxicity is assessed by (a) a battery of behavioral tests to assess functional consequences and
(b) conduction velocity studies in motor nérves to uncover any peripheral neuropathies. Behavioral
tests have frequently been employed to detect and characterize potential neurotoxic effects in rodents
and have been used extensively in animal toxicity studies*. The neurobehavioral battery consists of
(i) a functional observational battery (FOB), which is a series of tests designed to assess the neuromus-
cular, autonomic, and sensory integrity of the rat'****’**4_(ii) an automated test of locomotor activity
and (iii) the passive avoidance test used to evaluate memory. Electrophysiological experiments monitor
nerve conduction velocity and integrity of the neuromuscular response. Nerve conduction velocity
studies have been used clinically for many years to diagnose peripheral neuropathies and can even
detect subclinical neuropathy induced by lead exposure®*'#,

Markers of renal function in the urine and plasma are used to assess nephrotoxicity.. Altered
creatinine clearance and proteinuria can indicate glomerular damage although tubular changes can also
contribute. Increased urine content of enzymes such as lactate dehydrogenase (LDH) and N-acetyl-B-
glucosaminidase (NAG) have been interpret{ed to reflect tubular damage*. In addition, appearance of
glucose in the urine, can indicate alterations in tubule reabsorption. These markers have demonstrated
sensitivity with acute uranium nephrotoxicity”*”'“‘and should indicate any toxicity that might result
from long-term exposure to DU fragments.

'Cabsule formation and the sporadic release of pseudocyst fluid-contents can significantly influence
the timé course and concentration of uranium distributed through the body. The encapsulation process
and pseudocyst formation is characterized at the time of euthanasia (1, 6, 12, 18 months after implanta-
tion), sﬁrrounding tissues are histologically examined and any capsular fluid is analyzed for its uranium
content. In addition, tissues that are known to accumulate soluble uranium or uranium particulates
(liver, bone, kidney, spleen)'*??**$12 are histologically evaluated.

Although the distribution of uranium in the rat has been characterized for a variety of routes of
internalization (inhalation, ingestion, and parenteral administration of soluble compounds), this informa-
tion is not available for embedded fragments. We are measuring uranium in urine, plasma, kidney,

bone (tibia and skull), liver, spleen, brain, and skeletal muscle that is proximal and distal from the
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embedded pellets. Uranium is transported in plasma and urine and is stored in kidney and bone!*2"5!<,
Uranium has been detected in the liver and spleen of animals'®** as well as in human subjects?. The
skeletal muscle is being sampled to determine the local concentrations of uranium. The brain was
chosen because of the paucity of data and the need to assess whether any neurological effects observed
were due to the direct or indirect interaction of uranium in the body. These data will allow a rat

biokinetic model for implanted DU fragments to be developed.
METHODS

Subjects: Sprague-Dawley rats (8-10 weeks of age) are maintained in an AAALAC-accredited
facility in accordance with the Guide for the Care and Use of Laboratory Animals (NIH Publication
No. 86-23). Upon arrival, rats are quarantined and screened for diseases. Except during urine collec-
tion, all animals are housed in plastic microisolator rat cages with hardwood chips as bedding. Com-
mercial rodent chow and water are provided ad libitum. Rats are on a 12-hr light/dark cycle.

Fragments: DU fragments, consisting of 99.25% DU and 0.75% titanium by weight, were obtained
from Oak Ridge National Laboratories, Oak Ridge, TN. The uranium isotopes present is 23U
(99.75%), **U (0.20%) and trace levels of **U. This is the same DU alloy used in U.S. military
mﬁni-tipns. Tantalum (Ta) fragments were obtained from Alfa Products, Ward Hill, MA.k Ta was
chosen as the control substance because it is a biologically inert metal® with a similar mass to uranium
and is frequently used in human prostheses® . Each fragment (both DU and Ta) is approximately 1
mm diameter X 2 mm long.

Surgery: The DU and Ta pellets are cleaned and chemically sterilized prior to implantation. The
pellets are immersed in industrial 'detergem, rinsed in absolute alcohol, soaked in 50% nitric acid
solution for 3 min and then rinsed with acetone. This procedure completely removes the oxide forma-
tion on the surface of the DU pellet™. Anesthesia is induced with ketamine hydrochloride (50 mg/kg)
in combination with xylazine hydrochloride (10 mg/kg), given i.m. These injections are administered

in the lumbar muscles to prevent irritating the site of implantation.

Page 10




Fragments are implanted within the gastrocnemius muscle spaced approximately 8-10 mm apart on
the lateral side of each leg. The surgical sites are shaved and cleansed with betadine, a topical disin-
fectaht, prior to surgery. Scalpel incisions are made through the skin and pellets are inserted into the
muscle with a trochar (16 gauge needle with plunger). Incisions are closed with absorbable sutures and
surgical cement. Rats are closely monitored following surgery until they are ambulatory and an.
analgesic (Demerol, 10 mg/kg, i.m.) is administered if needed. A veterinarian regularly examines the
surgery sites for signs of inflammation, infection and local DU toxicity.

Behavioral neurotoxicity: The functional observational battery (FOB) consists of behavioral evalua-
tions (home-cage, handling and manipulative) and several physiological measures. The parameters to
be recorded are listed below and grouped according to the following functional domains: 1) Autonomic:
lacrimation, salivation, palpebral closure, piloerection, defecation, urination, 2) Sensorimotor reactivity:
tail pinch response, tactile response, click response, approach response; 3) Neuromuscular: gait, foot
splay, forelimb and hindlimb grip strength, righting reflex, and 4) CNS Excitability: arousal, posture,
ease of removal from cage, handling xeacd\(ity, convulsions, and locomotor activity.

The observer is blind as to the identity of each group. The behavioral battery commences with brief
home cage observations during which time the observer describes the posture, and the existence of
tremors or convulsions, and palpebral closure. The rats are then removed from their cage and rated
for ease of removing and handling. While handling the rat, presence of piloerection and the degree
of lacﬁmaﬁon and salivation are observed. The animals are then placed in an open-field with a
perimeter barrier on clean absorbent white paper for 3 min. The number of rears, the gait, level of
alertness, stereotypy (repetitive movements e.g., head weaving), unusual behaviors (e.g., writhing), and
the number of fecal boli and urine pools are recorded.

Sensorimotor responses also are determined and include: approach response to a blunt probe, touch
on the rump (tactile response), click response (auditory response), and pinch on the tail using forceps.
Next, neuromuscular responses are determined and include: righting reflex, forelimb and hindlimb grip
strength using digital strain gaugeé”, and landing foot splay'?. The animals are weighed and rectal

temperature determined using a digital thermometer. The FOB is conducted during the light portion
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of the light-dark cycle. Details of the FOB tests can be found in Moser et al.* and McDaniel and
Moser™.

Approximately, 1 hr after the FOB, the rats are monitored for horizontal and vertical locomotor
behavior. Motor activity is recorded for 1 hr using automated photocell activity cages (Digiscan
Analyzer, Omnitech Electronics, Columbus, OH). On the day following the FOB and motor activity
tests, animals are trained on a passive avoidance test. This test is used to determine whether DU
affects memory function. The tests are conducted in a passive avoidance apparatus (San Diego Instru-
ments, San Diego, CA) that consists of 2 chambers (1 lighted, 1 darkened) separated by a sliding door.
The animal receives a training trial during which time it is initially placed into the lighted chamber.
The natural tendency is for the rat to enter the darkened chamber. When it does, it receives a mild foot
shock. During this acquisition phase, the rats are tested for eight trials or until criterion is met. The
criterion is 2 consecutive trials during which the rat does not cross into the darkened chamber. Each
trial is 3 min in duration with a 1 min intertrial interval. Seventy-two hours later the rat is placed into
the lighted chamber and retested. A com;%arison is made with the initial training session to see if
memory of the task has been retained.

Conduction velocities: One week following the behavioral testing, the rats are evaluated electro-

physiologically. Rats are anesthetized with ketamine (80 mg/kg) with xylazine hydrochloride (4 mg/kg)

im. (supplemented as necessary). The right sciatic nerve is exposed and bipolar stimulating electrodes

are positioned along the nerve in the thigh close to the sciatic notch and in a second location close to
the knee. A recording electrode is inserted into the medial gastrocnemius muscle to monitor the com-
pound muscle action potential. Nerve temperature is monitored and maintained near 37° C with a heat
lamp. Nerves are stimulated at a frequency of 0.2 Hz. Stimulus intensity is varied between approxi-
mately 10 and 100 V (0.1 ms duration) to determine the input-output relationship and the supramaximal
stimulation parameters to use. Five muscle responses are averaged and the latency, duration and
amplitude of the potentials are measured. Conduction velocities are calculated by dividing the distance
between the stimulating electrodes by the average latency difference between the time of onset of the

compound muscle action potentials.
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Duration of the muscle action potential reflects tile synchrony of discharge. In general, the distal
stimqlating electrode will produce a faster, larger lxLresponse than the proximal electrode. Greater
dispersion and greater decrease in amplitude than noii'mal would suggest nerve damage. For example,
demyelinating disorders cause dispersion of the muséle action potential by slowing the nerve conduc-
tion velocities®. If dispersion occurs over a shortla}segment, compression neuropathy may be indi-
cated’. |

All stimulation and recording are controlled by a 486 PC using standard electrophysiological soft-
ware (Axon Instruments). Data are analyzed with routines written in AxoBasic (Axon Instruments) and
statistical analysis is done with RS/1 (BBN Software Products) routines. Two-way analysis of variance
(for time and dose) is used to compare differences arﬁong the experimental groups.

Sample collection: Following behavioral testing,é blood and urine samples are obtained from all
rats for analysis of renal function. To safely collect thé blood samples, rats are immobilized by placing
them in a Plexiglas restrainer. During each collectioﬁ, 0.3-0.5 ml of blood is obtained from the tail
vein using a 22-gauge needle. The blood i‘s then cen;rifuged for 5 min at 3,000 X g. The serum is
analyzed for uranium levels and/or for biochemical indices of renal function. Serum is stored at -70°C
until ready for analysis. |

Urine samples are collected by housing the rats in individual metabolism cages (23.5 cm diaméter
X 12 cm high) where they have continuous access to food and water. However, since these housing
procedl;res have been shown to induce stress and thus increase the toxicity of uranium®, the rats are
acclimated to the metabolic cages for 5 days before thé study begins. The metabolic cages are disin-
fected and decontaminated between each animal use. The 24-hr urine collection sample is obtained
from each rat and the volume recorded (10-20 ml). Urine collection at 4°C is unnecessary since
enzyme activity has' been shown to be stable at room témperature for up to 24 hours®. After collec-
tion, urine is filtered to remove any debris and stored m plastic containers at 4°C until analyzed (less
than 1 wk).

Evaluation of renal funcﬁon: Measurement of uriné: volume and osmolarity, urine levels of NAG,

|
LDH, glucose, total protein, creatinine and blood levels of glucose, urea and creatinine are used as

Page 13




indicators of renal function. In addition, since weight loss may be indicative of nephrotoxicity, all the
rats are weighed weekly throughout the study. Osmolarity of the urine is measured with a vapor
pressure osmometer (Model 5100B, Wescor, Inc.). A Kodak Ektachem 700 Analyzer is used to deter-
mine plasma and urine levels of creatinine, glucose and urea. Total urine protein is measured with a
dye-binding assay (Coomassie Blue, BioRad) sensitive down to 1 pug. The activity of NAG is measured
by the methods of Tucker et al.* using 4-methylumbelliferyl-N-acetyl-B-D-glucosaminide as the
fluorescent substrate (excitation wavelength=356 nm; emission wavelength=446 nm). The dilution of
the urine for this assay eliminates the effects of any inhibitors present®®. For LDH measurements, 1
ml of urine is dialyze/d for 4 hr at 4°C with 1 liter of deionized water. LDH is quantitated with a
colorimetric assay that measures a reaction product which is proportionate to LDH activity (Oxford
Biomedical Research Inc). Only 50-100 ul of fluid (urine or plasma) are required for each of these
assays.

Although, urine volume and osmolarity can vary‘ greatly with fluid intake, these measures provide
physical indicators of renal function. For ?xample, acute kidney failure drastically decreases urine
volume, while moderate renal toxicity can increase urine output, as is seen with uranium exposure (e.g.,
). Osmolarity can reflect the ability of the kidney to concentrate (or dilute) the urine. Plasma urea
also changes with renal insufficiency. Since the rate of urea formation is proportionate to the rate of
prdtein metabolism, other factors such as hepatic injury or altered protein intake can affect the mea-
sured ufea in plasma. A small concentration of protein is normally present in the urine. Increases in
total urine protein could result either from glomerular leakage or failure of tubule reabsorption.
Urinary enzymes are sensitive, non-invasive markers of toxicity primarily in the kidney tubules*. NAG
is a lysosomal enzyme found in proximal renal tubule cells. LDH is a cytosolic enzyme of the tubular
epithelium.

Creatinine clearance is a commonly used measure of glomerular filtration rate in the rat despite a
significant but constant tubular secretion. The use of an intrinsic metabolite has an obvious advantage
over inulin or mannitol which (although not secreted) must be infused. Interpretation must be cautious

since tubular injury with uranium could cause an underestimate of the glomerular filtration rate regard-
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less of the marker used®. Creatinine clearance (C,) is calculated from the equation: C.=U_*V /P, where
U, and P, are the creatinine concentrations in urine and plasma, respectively, and V, is the rate of urine
production (ml/min).

Appearance of glucose in the urine occurs when the tubule reabsorption maximum from the filtrate
is exceeded. This can occur with hyperglycemia or with a decrease in tubular reabsorption capacity.
Measurement of both urine and plasma glucose help to distinguish between these two possibilities.
Changes in reabsorption is reflected in the calculated fractional excretion (FE): FE = (U/P,)+(UJP,);
where U, and P, are the glucose concentrations in urine and plasma, respectively.

The proposed assays provide a broad spectrum of measures of kidney toxicity. Many of these
substances have been shown to be very sensitive in acute uranium toxicity®*'. Glucose is one of the
most sensitive indicators® showing increased urine glucose, without concurrent increases in plasma.
LDH and io a lesser extent NAG increase following uranium exposure®?!. A transient increase in urine
volume and the appearance of protein in the urine also occur with acute uranium toxicity®. These
measures are used together as indicators of k‘idney toxicity and carefully interpreted and correlated with
histopathology. Two-way ANOVA is used to test the statistical signiﬁcancé of any changes.

Histopathology. Immediately following euthanasia on the day of electrophysiological analysis,
tissue samples from bone (tibia, skull), hippocampus, sciatic nerve, kidney, liver, spleen and fragment
cabsu_le with associated skeletal muscle is obtained for histological examination or uranium measure-
ment .. Based on the literature, these are the most likely tissues to show increased levels of

uranium 19.27.29.30.61.62

. Standard procedures for handling biologic specimens are used in the preparation
of the samples. Tissues are perfused, embedded, mounted and stained with hematoxylin and eosin stain
(H & E)*. Specialized stains are used to demonstrate specific lesions or further delineate lesions not
well defined by the H & E stain. For example, silver stains are used on neural tissue to delineate nerve
fiber disruption or degeneration™.

The pathologist evaluating the tissue is blind to the experimental group from which the tissue was

obtained. The pathologist generates a 0 to 4 scoring system to evaluate the degree of microscopic

changes observed; where 0=no change, 1=minimal change, 2=mild change, 3=moderate change, and
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4=marked or severe change. All tissue changes observed in the rats implanted with DU are contrasted
and compared to the identical tissues taken from the controls. If there are significant changes noted
in a particular system, for example the renal system, a detailed statement of criteria for 0-4 scores is
stated by the pathologist at the time of interpretation.

Uranium measurement Tissue samples are frozen and shipped by overnight courier on dry ice
to Battelle, Pacific Northwest Laboratories for analysis of uranium content. The samples are stored
at -70 C until the wet ashing procedure. Wet ashing consists of 12 cycles of treatment of the samples
(over 3 days) with 2 ml of 16 N nitric acid followed by several hours of heating, brief cooling, addition
of 0.5 ml of 30% hydrogen peroxide and reduction of the volume to approximately 0.5 ml. After this,
samples are heated to dryness, dissolved in 2 ml of 4 M nitric acid with warming and filtered through
0.45 um syringe filter units. For analysis, 0.5 ml of sample or identically handled standards are
dissolved in 2 ml of Uraplex reagent. The samples are analyzed with a Kinetic Phosphorescence
Analyzer (KPA-11, Chemchek Instruments Inc, Richland WA). Background measurements are made
using 4 M nitric acid. Calibration curves are established prior to sample analysis. Measurements
include analysis of relative standard deviations and correlation coefficients of the luminescence decay

curve.
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RESULTS

DOSE RANGIS STUDY

The first aim of our study was to determine appropriate doses for the subsequent toxicological
analysis. Our pilot studies revealed that 8 DU pellets were well tolerated by the rats despite high urine
levels of uranium; biochemical and histopathological damage were not evident. To determine the high
dose for the present study we attempted to maximize the implanted number of DU pellets that could
be tolerated by the rats and produced kidney uranium levels in the range of 0.7-1.4 pg/g. We implant-
ed 4,6, 16, 18 and 20 pellets into 4 animals each and evaluated urine, plasma and kidney levels after
two weeks. The two-week time point was chosen to allow the urine and kidney levels of uranium to
stabilize following implantation. Tantalum pellets were implanted in 4 animals for controls. As
illustrated in Figure 1, the uranium (U) levels in urine, plasma and kidney were significantly increased
in all DU implanted animals. There was a wide variation in the levels from animal to animal but a
dose dependence was evident. Animals implanted with 4 DU pellets averaged 0.66 + .20 ug U/g while
20 pellets resulted in 1.22 + .31 pug U/g in t.l;e kidney. Urine levels in animals with 4 DU pellets were
83.3 £ 37.2 ug U/l and in animals with 20 pellets were 262.0 + 99.2 ug U/l. In comparison, tantalum
(Ta) implanted animals showed 0.002 pg/g U in kidney and 2.66 pug U/l in urine. None of the implant-
ed or control animals demonstrated any obvious health problems. No significant differences were
obserQéd in the biochemical anal_yses of urine and serum: NAG, LDH, protein, osmolarity, glucose,
urea, or creatinine. Based on these data, we chose 20 DU pellets as our high dose and 4 DU pellets
as our low dose. The intermediate dose was calculated as the approximate logarithmic mean of the
high and low doses: 10 DU pellets. All animals always received a total of 20 pellets, 10 in each
hindlimb. For example, the low dose of 4 DU pellets consisted of 2 DU pellets and 8 Ta pellets in

each rear leg.

THIRTY-DAY. TOXICITY STUDY

Neurotoxicity: Animals implanted with 4, 10 or 20 DU pellets, 20 Ta pellets and non-surgical
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con&ols were evaluated for body weighi and for changes in the functional observation battery (FOB),
locomotor activity. and passive avoidance learning. The rats were weighed weekly and all steadily
gained weight. No significant differences in body weigth were observed among the 5 experimental
groups at any time point (Figure 2).

There were no significant differences among the 5 experimental groups for their performance on
the passive avoidance test. All animals learned to avoid the mild foot shock within 2-3 trials (n=7-
10/group). The latency to initial crossover (approximately 60 sec) was also not significantly different
among groups (Figure 3). In addition, the FOB did not reveal any significant differences among the
experimental groups. Grip strength of the hind- and forelimbs was unaltered with DU exposure (Figure
4). All sensorimotor, neuromotor and autonomic responses appeared normal. Locomotor activity did
not show significant differences among the experimental groups. As expected in all groups, the initial
activity was high when the animals were first placed in the activity boxes because of expldratory
behavior which subsided over time (Figure 5). Conduction velocity measurements from the nerves of
the hind limb also did not reveal any signiﬁcant differences among the experimental groups.

Nephrotoxicity: The urine and serum samples from 6 rats from each of the 5 experimental groups
have been analyzed for biochemical markers of kidney toxicity. Osmolarity, 24-hour volume and pH
were not significantly altered by experimental treatment. Urine levels of protein, LDH, NAG, glucose,
and uféa nitrogen were unaffected. Serum levels of urea nitrogen and glucose Qvere also unaffected
by experimental procedures. The data for urine glucose, protein and NAG are shown in Figure 6.
Creatinine clearance was not different among the experimental groups: Non-surgical 2.9 + 0.5; Ta
controls 2.6 = 0.7; 4DU 2.7 + 0.6; 10DU 2.8 + 0.2; 20DU 2.6 + 0.6 (n=8-10 per group). Fractional
excretion (FE) of glucose (glucose. clearance/creatinine clearance) was similarly unaffected by the
experimental procedures with all groups showing an FE approximately equal to 0.001 with high
variability among all of the animals.

Histbpathology: Tissues have been excised and fixed for histopathological analysis. These tissues

(bone: tibia and skull, kidney, spleen, liver, brain, and muscle: proximal and distal) have not yet been
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processed and evaluated. During excision of the pellets it was observed that the depleted uranium
pellets but not the tantalum pellets were associated with adherent tissue. In the 30-day animals, a
capsule had not fully formed around the pellets and no dark fluids were localized with the fragments.

Uranium distribution: Two of the 7 sets of tissues and fluids slated for analysis of uranium
content have been measured by Batelle Pacific Northwest Laboratories. The remainder of the tissues
have been shipped recently to the Batelle laboratories but the data have not yet been received. Tissues
from two rats from each of the 5 experimental groups were analyzed and provide some ihteresting
preliminary findings. As expected uranium in the urine and kidney was very dose dependent (Figure
7a,c). Serum uranium, in contrast, was less consistent (Figure 7b). Similarly, uranium clearly distribut-
ed to bone, both skull and tibia, in relation to the number of DU pellets (Figure 8). The levels in bone
were comparable to the levels in kidney. Muscle from the forelimb also showed a dose-dependent
distribution, although at much lower levels. Samples from muscle near the pellets showed extensive
scatter. It is our belief that the high levels found in some of the samples resulted directly from frag—
ments of the implanted pellets in the samplés. This "contamination” could have occurred during the
removal of the pellets at time of necropsy or might have happened by flaking and redistribution in vivo.
Further analyses are expected to clarify this issue.

Spleen sampleé showed accumulation of uranium (Figure 9a). However, liver samples only had
backgfound levels of uranium (Figure 9b). Brain tissue showed little accumulation of uranium with
4 or 10 embedded pellets. Yet, in animals with 20 DU pellets, brain uranium levels reached levels

comparable to those in the spleen of the same animals (Figure 9c).
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CONCLUSIONS

The dose ranginz siudy provided the data for establishing the appropriate numbers of DU pellets to be
used in the toxicological studies. We found that 20 pellets of DU met our criteria for the high dose
while 4 pellets was determined to be appropriate for our low dose. Ten }pellets was calculated to be
the appropriate intermediate dose for the evaluation of the toxicological effects of depleted uranium.
The 30-day study was initiated and almost all of the 30-day experimental animals have been now been
euthanized. The biochemical analyses have been completed on approximately two-thirds of the sam-
ples. Uranium analysis has been completed on only two animals from each experimental group but
the remaining samples from an additional 5 animals per group are currently under evaluation. Histo-
logical evaluation of the collected tissues will be initiated shortly. This month, we are initiating the
surgical implantation of th¢ depleted uranium pellets for all the remaining time points (6 months, 12
months and 18 months). Although our current findings do not demonstrate significant toxicological
effects within the first thirty days of exposure, the levels of uranium in various target tissues suggest
the potential for measurable toxicity with ci‘u'onic exposure. Furthermore, continued analyses of the
toxicological endpoints and localization of uranium will allow an improved model of the biokinetic
dism’bution of the metal.

‘The high dose of DU used in our study (20 DU pellets) produced kidney uranium levels of approxi-
mately 1.2 pg U/g kidney wet weight within 2 weeks. These levels were found to be sustained for at
least 30 days. Although these levels of uranium have been reported by others to cause renal toxicity,
our data do not demonstrate any significant signs of nephrotoxicity. Chemical form, routé of adminis-
tration, and the dose of uranium exposure can all affect the toxicological consequences and distribution
of uranium. The uranium levels that result in kidney toxicity are a matter of debate in the literature.
The Nuclear Regulatory Commission has set 3 pg/g as an lower limit for toxicity. However, several
studies reflect damage at lower levels. For example, Diamond et al.’ observed acute, but reversible,
renal toXicity in rats at levels as low as 0.7 pg/g following i.v. injection of uranyl fluoride. In contrast

are the studies of Leach et al.”* demonstrating no renal toxicity in rats following chronic inhalation
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expogme to uranium dioxide producing kidney levels up to 1.1 pg/g. The absence of effects in our
presé‘nt study does nbt preclude the possibility that with longer exposures to the uranium, toxicity will
develop.

While bone and kidney are well accepted as primary reservoirs of uranium, other organs accumulate
the metal to varying degrees. With oral administration of 8 mg/kg/day uranyl acetate for 4 weeks,
Ortega et al.*’ found kidney, liver and thyroid as primary sites. A single intravenous injection of
sodium uranyl tricarbonate distributed in 24 hours to kidney, liver, spleen and bone but at 30 days was
detected predominantly in spleen and bone®. As expected, our preliminary data reveal that 30 days
after implantation of DU pellets, levels of uranium in bone and kidney are high. Both marrow bones
(tibia) and non-marrow bones (skull) accumulated uranium. Concentrations in the liver were not above
backgfound while concentrations in the spleen and muscle were significantly higher. Muscle levels
raise tﬁe possiblility that neuromuscular deficits will develop through heavy metal effects. Spleen levels
cause concern that immunological consequences could arise. Future studies are planned to addréss this
possibility. In agreement with the literature *° uranium did not acc.ﬁmulate in the brain at the loWer
doses of DU. However, at the high dose, the levels were comparable to those in the muscle and
spleen. This raises the concern that central nervous system consequences will occur with continued
high levels of DU eXposure. Our later time points planned for this study will address these concerns

with behavioral and electrophysiological analyses. Levels of uranium excreted in the urine remained

‘high throughout the 30 days. This suggests that uranium continues to leech out of the DU pellets,

although serum levels are relatively low. This is also reflected in the Desert Storm veterans with

embedded DU shrapnel who continue to excrete uranium in their urine even years after injury.
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LOCOMOTOR ACTIVITY FOLLOWiNG DU PELLET IMPANTATION
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Abstract: The use of depleted uranium (DU) munitions in Operation Desert Storm resulted in 36 patients with
embedded DU fragments. Standard medical guidelines for fragment injuries (based upon non-radioactive, non-
DU fragments) were used to determine which fragments should be removed, resulting in many of the fragments
being left in place. Although all of the current patients are male, women soldiers will be injured by DU
munitions in future conflicts because of their increased presence in combat units and the increased production
of DU munitions by other nations. Current assessments and research are focused on the risks to the patient from
embedded DU fragments; the prospect of women being injured by DU shrapnel forces a change to include
consideration of the fetus. Recent analyses of animal data indicates that the level of systemic uranium in

-personnel with retained fragments is potentially high enough to adversely affect the developing fetus. This

proposal addresses this issue by developing an animal model to examine toxicological and behavioral effects
of DU on rats exposed in utero. Specifically, we propose 1) to establish a dose-response profile for the chronic
effects of embedded DU pellets on kidney function in the female rat, 2) to determine the effects of in utero
exposure to DU from pellets embedded in the mother on prenatal and postnatal development and behavior and
3) to determine the level of uranium in the fetus exposed in utero to DU from pellets embedded in the mother.
The results of this study will determine the course of treatment for the female soldier wounded by DU shrapnel.



Proposal Relevance

- Approximately 50% of current U.S. antitank weapo::s contain DU penetrators, and most of the Abrams
main battle tanks are armored with DU. During Operation Descr: Storm, at least 40 tons of DU munitions were
fired by the U.S. Army and Air Force (Daxon, personal communication). Unfortunately, during this conflict,
a number of U.S. military personnel were wounded by DU shrapnel. Many of these fragments were not
removed because the removal procedure would produce excessive tissue damage. The effect that fragments
such as these would have on a female soldier's future offspring is unknown. The need to determine if embedded
DU fragments in a female soldier will one day adversely affect her ability to conceive or carry to term a healthy
offspring is imperative because women are playing an ever increasing role in military operations. Although
there is no human data concerning the prenatal effects of uranium exposure, experiments with laboratory
animals have shown teratological effects of acute uranium exposure before and during gestation. We intend
to determine if a constant exposure to uranium throughout gestation, via maternally embedded DU pellets, will
also be detrimental to the developing fetus. Unlike previous studies, we intend to examine the neurological
development of the offspring, which can be affected by many toxicants including other heavy metals such as
lead and mercury. Determining the health risks to the fetus exposed in utero to DU is vital, considering that
fetal toxicity can occur without maternal toxicity. It is especially important to assess the impact of embedded
DU fragments on physical and neurobehavioral development because these are the most sensitive indices of
fetal toxicity. Neurobehavioral alterations would most likely be seen at DU levels lower than would yield
congenital malformations. This proposal intends to investigate the behavioral teratology, not the structural
malformations, as these would most likely be seen at higher uranium doses than will be tested for behavioral
alterations.



Body of Proposal

1. Background and Significance

Natural uranium (U) consists of three isotopes: 2*U (99.276%), 2°U (0.718%), and **U (0.0056%).
During the uranium enrichment process two products are produced, "enriched uranium” and "depleted uranium"
(DU), that contain different relative ratios of these three isotopes. Enriched uranium contains the higher amount
of the fissionable isotope **U and is used for nuclear reactor fuel and nuclear weapons. DU has a lower #°U
content. The DU used by the United States in kinetic energy penetrators is alloyed with titanium (0.75% by
weight) to increase its tensile strength and to retard oxidation”. Approximately 50% of current U.S. antitank
weapons contain DU penetrators, and most of the Abrams main battle tanks are armored with DU. During
Operation Desert Storm, at least 40 tons of DU munitions were fired by the U.S. Army and Air Force (Daxon,
personal communication). Unfortunately, during this conflict, a number of U.S. military personnel were
wounded by DU shrapnel” '**'. Many of these fragments were not removed because the removal procedure
would produce excessive tissue damage. A radiograph of an injured soldier shows multiple embedded
fragments ranging in size from 1 mm to over 5 mm in diameter. Shrapnel fragments as large as 20 mm have
been noted in other patients. Uranium bioassays taken over a year after injury indicate that uranium was present
in the urine well in excess of natural background, up to 30 g U/l of urine*

The long-term health impact of leaving these radioactive and chemically toxic fragments in place is
unknown. Further, military roles are changing significantly and the female soldier now plays a vital part in
many combat scenarios. It is therefore important to include female soldiers among those that might be injured
by DU shrapnel. Consideration also must be given to the potential harmful effects of in utero exposure to
embedded DU shrapnel fragments on fetal and offspring development. This is important because animal
research has shown that females are less sensitive to the effects of uranium than are males®. Thus, while the
female may tolerate a greater dose of DU with no adverse effects, the dose may still lead to detrimental effects
on the offspring. The fetus is generally more susceptible to central nervous system (CNS) damage by
toxicological agents than the adult; consequently, it is especially important to determine the effects of embedded
DU on neurobehavioral development™.

Uranium toxicity. Although the toxicity of embedded DU is unknown, numerous studies have
addressed the consequences of inhalation, ingestion and parenteral administration of other forms of uranium'"
15.23,28,33,34,35,37,42,45,46,47.35.57. 88 After uranium is absorbed, it circulates in the blood as the uranyl ion forming
uranium-carbonate and uranium-albumin complexes. As the uranium-carbonate complex passes through the
kidney, it is filtered rapidly by the glomeruli where 60%-80% of absorbed uranium is excreted in the first 24
hours after acute exposure. The uranium that is not excreted is reabsorbed by the proximal tubules where it
produces significant toxic effects. Uranium also enters the bone, where it competes with calcium to form
complexes with phosphate ions, thus becoming part of the bone matrix* '*?*, This bone matrix then serves
as both a long- and short-term storage site from which uranium has been shown to be slowly released back into
circulation® . The liver, muscle, and kidney are other major sites of uranium deposition, with a possible long-
term storage mechanism in the kidney® ¢,

Acute morphological and biochemical changcs of the kidney result from uranium exposure'*" %4,
Changes in the glomerular epithelial architecture™, and cellular necrosis in the proximal tubules near the
corticomedullary junction of the kidney have been reported in experimental animals after acute uranium
exposure>? %, In addition, polyuria, enzymuria, glucosuria, and increased excretion of amino acids have been
reported'" 12.3L%  Acute renal failure can occur following exposure to high doses of uranium®*
Environmental stressors such as restricted diets or changes in housing conditions have been shown to
significantly enhance uranium toxicity" ®

Uranium-induced Fetal and Developmental Toxicity. In utero exposure to uranium has recently
been shown to produce both fetal and developmental toxicity. For example, administration (s.c.) of uranium
in the form of uranyl acetate dihydrate (0.5-2.0 mg/kg/d) to gravid (pregnant) mice from gestational days (GD)
6-15 leads to significant decreases in both maternal weight gain and fetal body weights at GD 18, Soft tissue
and skeletal examination of the fetuses also revealed a significant increase in the occurrence of renal hypoplasia
in all uranium-treated groups. Skeletal anomalies in these mice included bipartite sternebrae, dorsal



hyperkiphosis, and incomplete ossification of several bc: .milar skeletal malformations were also seen
following daily oral administration of uranyl acetate dihyara:: . -50 mg/kg/d) in gravid mice during the same
period of gestation'’.
. While the above results examined the effects of uranium on prenatal development, several studies have
been conducted to evaluate the effects of uranium on postnatal development (from birth to age 21 days)'® .
Significant decreases in body weight and body length in the offspring of mice treated with 25 mg/kg/d for 14
days prior to mating have been repo_rted“. There were also significantly more dead young per litter at this
uranium dose at both birth and day 4. Uranyl acetate given orally to gravid mice from GD 13 to 21 days
following parturition led to a significant increase in offspring liver weights in all the uranium treated groups
(5.0-50.0 mg/kg/d), and decreased mean litter size on day 21 in the highest dose group (50 mg/kg/d). However,
developmental parameters such as pinna detachment, incisor eruption and eye opening were unaffected'.
Unfortunately, uranium levels in the dam, fetus, or placentae were not measured in any of these fetal
and developmental toxicity studies. In order to determine the effects of embedded DU on a developing fetus,
it is imiportant to know the in utero uranium exposure level, though little work has been done to examine the
cross-placental transfer of uranium™ '*. While there are distinct anatomical differences between the rodent
placenta and the human placenta, little correlation has been shown between the anatomic classification of the
placenta and the transfer of xenobiotics between mother and fetus®. In rodents and primates, the placenta may
act as a barrier, limiting or preventing many toxicological insults to the fetus. This does not appear to be the
case with uranium. When ?*U was administered intravenously to pregnant rats, almost identical levels of
uranium were found in the placenta and fetus™, indicating little discrimination for uranium by the placenta.
The soft tissue levels of uranium in 19- to 20-day-old fetuses were equal to or greater than the maternal liver
concentrations. Immature bone also exhibited a greater deposition of uranium than did the adult bone'’.
‘The effects of DU exposure on behavioral and neural development are unknown®2. However, in utero
exposure to other heavy metals such as lead and mercury have been shown to adversely affect postnatal
neurological development. For instance, increased distractibility and deficits in perceptual-motor integration
occur in children exposed to lead in utero®. $tudies examining IQ performance in children exposed to lead
during pregnancy have produced variable results* %, However, studies examining fetal exposure to mercury
in children have reported deficits that include mental retardation and delayed cognitive development™.
Although the primary sites of action for lead and mercury are different than that for DU, these findings
underscore the importance of investigating the impact of heavy metals such as DU on postnatal behavioral and
neural development®. -
~ Itis important to make the distinction between the study of the teratological effects of uranium, to'which
most of the literature refers, and the study of the behavioral teratology of uranium, to which this proposed
experiment refers. Behavioral teratology is the appearance of behavioral alterations in the absence of gross
structural deformity. Also, these congenital behavioral changes occur after exposure to levels below the
teratogenic levels and the critical gestational period extends into late pregnancy, a time not considered
susceptible to teratological malformations®,
2. Hypotheses
This proposal is designed to address three experimental hypotheses.
a. In utero exposure of the rat fetus to DU at doses that do not produce maternal toxicity will alter
prenatal and postnatal physical and neurobehavioral development.
b. The placentas of rats embedded with DU do not act as a protective barrier for the fetus against
uranium toxicity.

3. Technical Objectives (Specific Aims)
Specific Aim L. Establish a dose response profile (by surface area) for the acute effects of embedded
DU pellets on kidney function. \

Specific Aim IL Determine the effects of in utero exposure to embedded DU pellets on prenatal and
postnatal development and behavior.



Specific Aim IIL Determine the level of uraniur:. 1at enters the rat fetus exposed in utero to DU
implanted in the mother.

4. General Research Design and Methods

Subjects. Rats will be maintained in an AAALAC-accredited facility in accordance with the Guide for
the Care and Use of Laboratory Animals (NIH Publication No. 86-23). Upon arrival, rats will be quarantined
and screened for diseases. Except during urine collection, all animals will be housed in plastic microisolator
rat cages with hardwood chips as bedding. Commercial rodent chow and acidified water (Ph 2.5, using
concentrated HCI) will be provided ad libitum. Rats will be on a 12-hour light/dark cycle.

DU and Ta Pellets. DU pellets (1 mm diameter x 2 mm long) will be obtained from the Oak Ridge
National Laboratories, Oak Ridge, TN. This cylindrical shape was chosen because it is the geometrical average
of the shrapnel left in soldiers wounded by either conventional or DU munitions (see appendix 1). DU pellets
will consist of 99.25% DU and 0.75% titanium by weight. The uranium isotopes present in DU will be 2*U
(99.75%), #°U (0.25%), and trace amounts of **U. This is the same DU alloy used in U.S. xmhtary munitions
with titanium.

Tantalum (Ta) pellets (1 mm diameter x 2 mm long) will be obtained from Alfa Products, Ward Hill,
MA and will be the heavy metal control. Tantalum was selected because (a) it has a similar mass to DU (16.6
g/cm’ for Ta versus 18.8 g/em’ for DU, (b) it is relatively inert in a biological medium®, and © it is commonly
used in human orthopedic reconstructive surgery®.

Surgical Procedures for Pellet Implantation. Before the implantation surgery, the DU and Ta pellets
will be cleaned and sterilized. Pellets will be cleaned by immersing them in an industrial detergent and rinsing
them in 70% alcohol. They will be sterilized by placing them in a 50% nitric acid solution for 3 minutes,
rinsing them with sterile water, and then placing them in 70% ethanol until implantation. These sterilization
procedures completely remove the oxide formation from the surface of DU metal®. The efficacy of these
procedures were verified in the preliminary study in that no infections were seen in any of the rats after pellet
implantation.

Anesthesia will be induced with ketamine hydrochloride (50 mg/kg) in combination with xylazine
hydrochloride (10 mg/kg) and given i.p. in a 0.5-ml bolus, using a 25-gauge needle. The surgical sites will
then be shaved and cleansed with betadine. Pellets will be implanted in each biceps femoris muscle spaced
approximately 15 mm apart on the lateral side of each thigh. Using a scalpel blade, incisions will be made
through the skin exposing the biceps femoris muscle. The pellets will then be inserted into the muscle by
polacing the pellet in a 16 ga needle, inserting the needle into the muscle and then a metal plunger pushes the
pellet out of the needle and into the muscle. This procedure proved very effective in the preliminary study.

Rats will be closely monitored following surgery until they are ambulatory, and an analgesic (Demerol®,
10 mg/kg, i.m.) will be administered if needed. A veterinarian and/or a veterinary technician will examine the
surgery sites for signs of inflammation, infection, and local DU toxicity. Rats will be treated by the attending
veterinarian as required.

Determination of Uranium Levels in the Urine. Uranium levels of the blood and urine will be
measured by Quanterra Environmental Services, Richland Washington. The basic procedures are briefly
described in Part C.1. The complete procedures are proprietary.

Data Analyses. For all continuous data, two-way ANOVA procedures will be conducted using a
between-subject factors of dose and time®. If the ANOVA results in an overall effect of dose, or dose x time
interaction, post hoc comparisons will be made to control values using Dunnett's t test. Descriptive and rank
data (e.g., gait scores and sensorimotor responses) will be analyzed using nonparametric statistics®. For all
tests, p < .05 will be considered significant. Additionally, the litter will be considered the statistical unit of
measure.
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5. Specific Research Design and Methods .

Specific Aim 1. Establish a dose response proiiie (by surface area) for the acute effects of
embedded DU pellets on kidney function.

In order to identify the doses (by surface area) of DU to be used in the fetal toxicity studies described
in Specific Aims II and IT1, a dose ranging study will be conducted. This study will determine the number (by
surface area) of DU pellets required to reach a nephrotoxic level in female rats. A kidney level of 0.70 ug U/g
wet kidney has been shown to produce early signs of kidney damage in male rats, as measured by both
biochemical and histopathological changes'?, but our preliminary data indicates that we may need to achieve
levels higher than this in our female rats. In addition, it has been shown that female rats and rabbits are more
resistant to the toxic effects of uranium®.

Subjects. Fifty-six female Sprague-Dawley rats (8-10 weeks of age) will be used.

Dose Ranging Procedures. All subjects will undergo implantation surgery and have either DU or Ta
pellets embedded intramuscularly in the biceps femoris. The number of pellets (by surface area) implanted will
be determined using results we obtained in the pilot study. Based on these results of our preliminary study,
there will be 7 dose groups: Ta control, 16 DU peliets, 20 DU, 24 DU, 28 DU, 32 DU, and 32 DU-impregnated
(see below) with 8 rats per dose group. The goal is to identify the number of DU pellets (by surface area)
required to produce early signs of kidney toxicity, which has been seen with uranium kidney levels of 0.70 . g
U/g wet kidney (Diamond, 1989). The only control group used in this design will be the Ta pellet group,
because our objective is to determine kidney uranium levels and early signs of kidney toxicity. Urine and
plasma samples will be collected at 3, 5, 7, 15, 30, 45 and 60 days following surgery and analyzed for
biochemical changes in kidney function. Uranium levels in the urine will also be determined on these days.
On day 60, the animals will be euthanized, and the uranium levels in the plasma and kidneys determined. There
will also be an additional group of rats that will be implanted with the highest dose of DU, then impregnated.
They will be monitored for the same parameters as the main group of rats, but will be used to determine if the
physical and hormonal changes associated with pregnancy alter the toxicity of uranium. Due to the 21 day
gestational period, the time course of study for these rats will be shortened to allow enough data to be collected
prior to parturition. Data from this study will also provide us with a time course of the urinary uranium levels,
allowing us to see at what point the levels detected in the urine stabilize. This will give us insight as to the best
time post-implantation to begin breeding the rats in Specific Aims II and III.

. Sample Time Points and Collection Procedures. Blood and urine samples will be collected and
analyzed for uranium levels and biological markers of kidney function. Baseline samples will be collected on
1 and 3 days prior to implantation surgery. To assess whether embedded DU pellets result in acute kidney
toxicity, blood and urine samples will be taken on 3, 5, 7, 15, 30, 45 and 60 days after implantation surgery
and assayed for uranium levels and indices of nephrotoxicity.

To safely collect blood samples, rats will be immobilized by placing them in a Plexiglas® restrainer.
During each collection, approximately 0.3 mi of blood will be obtained from the tail vein using a 22-gauge
needle. Plasma and the red blood cells will be separated by centrifuging for 5 min at 3,000 X g. The plasma
will be analyzed for uranium levels and biochemical indices of kidney toxicity.

Urine samples will then be collected by housing the rats in individual metabolism cages (23.5 cm
diameter x 12 cm high) where they will have continuous access to food and water. The rats will be acclimated
to the metabolic cages for 5 days before the study begins because naive exposure to these housing procedures
has been shown to induce stress in the animals and to increase the toxicity of uranium®.

A 24-hour urine collection sample will be obtained from each rat and the volume recorded. Rats in the
preliminary study produced 10-20 ml urine in a 24 hour sampling period. Care will be taken to prevent
contamination of the urine with food or feces. After collection, urine will be filtered to remove any debris and
stored in plastic containers at 4°C until analyzed. The metabolic cages will be disinfected and decontaminated
between each animal use. During the animal-handling periods, overt signs of behavioral toxicity and the overall
appearance of the rats will be noted.

Assessment of Uranium on Kidney Function. Measurement of urine volume and osmolarity, urine
levels of NAG, LDH, glucose, total protein, creatinine, and blood levels of glucose, urea, and creatinine will
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be used as indicators of kidney function. Osmolarity or .2 v:ine will be measured with a vapor pressure
osmometer (model 5100-B, Wescor Inc., Logan, UT). .1 Kcdak Ektachem 700 Analyzer will be used to
determine serum and urine levels of creatinine, glucose, ana .. :a. Total urine protein will be measured with
a dye-binding assay (Coomassie Blue, BioRad) sensitive down to 1 «g. The activity of NAG will be measured
by the methods of Tucker et al.*, using 4-methylumbelliferyl-N-acetyl-p-D-glucosaminide as the fluorescent
substrate (excitation wavelength = 356 nm; emission wavelength = 446 nm). The dilution of the urine for this
assay eliminates the effects of any inhibitors present®. For LDH measurements, 1 ml of urine will be dialyzed
for 4 hours at 4°C with 1 liter of deionized water. LDH will be quantitated with a colorimetric assay that
measures a reaction product proportionate to LDH activity (Oxford Biomedical Research Inc.). Only 50-100
+] of fluid (urine or serum) are required for each assay.

Although urine volume and osmolarity can vary greatly with fluid intake, these measures provide
physical indicators of renal function. For example, kidney failure drastically decreases urine volume, while
moderate renal insufficiency can increase urine output. Osmolarity can reflect the ability of the kidney to
concentrate (or dilute) the urine. Plasma urea also changes with renal insufficiency. Because the rate of urea
formation is proportionate to the rate of protein metabolism, other factors such as hepatic injury or altered
protein intake can affect the measured urea in plasma. A small concentration of protein is normally present in
the urine. Increases in total urine protein could result either from glomerular leakage or failure of tubule
reabsorption. Urinary enzymes are sensitive noninvasive markers of toxicity primarily in the kidney tubules®.
NAG is a lysosomal enzyme found in proximal renal tubule cells. LDH is a cytosolic enzyme of the tubular
epithelium.

Creatinine clearance is a commonly used measure of the glomerular filtration rate in the rat, despite a
significant but constant tubular secretion. The use of an intrinsic metabolite has an obvious advantage over
inulin or mannitol which (although not secreted) must be infused. Interpretation must be cautious since tubular
injury with uranium could cause an underestimate of the glomerular filtration rate regardless of the marker
used'. Creatinine clearance (C,) will be calculated from the equation: C, = U.*V/P,, where U, and P, are the
creatinine concentrations in urine and plasma,'respectively, and V is the rate of urine production as ml/min.

Appearance of glucose in the urine occurs when the tubule reabsorption maximum from the filtrate is
exceeded. This can occur with hyperglycemia or with a decrease in tubular reabsorption capacity.
Measurement of both urine and plasma glucose will help to distinguish between these two possibilities.
Changes in reabsorption will be reflected in the calculated fractional excretion (FE): FE = (Ug/P,)+(U/P)),
where U, and P, are the glucose concentrations in urine and plasma, respectively.

Thc proposed assays will provide a broad spectrum of measures of kidney toxicity. Many of these
substances have been shown to be very sensitive biomarkers of acute uranium toxicity'" *. Glucose is one of
the most sensitive indicators of nephrotoxicity"' 2 (and data from the preliminary study) with increased glucose
detected in the urine but no concurrent increases found in the plasma LDH, and to a lesser extent NAG,
increased following uranium exposure'**. A tran51ent mcrease in urine volume and the appearance of protein
in the urine also occur with acute uranium toxicity® (and preliminary data). These measures will be used
together as indicators of kidney toxicity and carefully interpreted and correlated with histopathology.

Histopathology. Histopathology will be conducted by AFRRI's Veterinary Sciences Pathology
Department to determine if acute exposure to DU produces renal changes. Sixty days after implanting DU
pellets, all rats will be euthanized, and the kidneys dissected out. Animals not surviving prior to the scheduled
euthanization will be necropsied to determine the cause of death. At the time of necropsy or sacrifice, all DU
pellets will be retrieved. Standard procedures for handling biologic specimens will be used in the preparation
of the samples. Tissues will be perfused, embedded and stained with hematoxylin and eosin stain (H & E)*.
Specialized stains will be used, as warranted, to demonstrate specific lesions or further delineate lesions not well
defined with H & E stain.

The histopathological evaluations will be done blind such that the technician preparing the tissue and
the pathologist evaluating the tissue will not know the experimental group in which each rat belongs. A
histopathology worksheet will be prepared for each animal. Any unusual gross tissue alterations noted during
necropsy (i.e., neoplasia) will be collected and added to the histopathology worksheet. The pathologist will
generate a 0 to 4 scoring system to evaluate the degree of microscopic changes observed where 0 = no change,
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1 = minimal change, 2 = mild change, 3 = moderate cka.  :, :ad 4 = marked or severe change. All tissue
changes observed in the rats implanted with DU will be ccntr:sted and compared to the tissues taken from the

controls. If there are significant changes noted in the renal sys..:>:. a detailed statement of criteria for 0-4 scores
will be made by the pathologist at the time of interpretation.

‘Specific Aim II. Determine the effects of in utero exposure to embedded DU pellets on prenatal
and postnatal development and behavior.

Previous research shows that uranium exposure to the fetus can produce both prenatal and postnatal
toxicity in the form of physical abnormalities’. The effects of uranium exposure on behavioral development,
however, remains unknown. Specific Aim II is designed to address this issue by assessing the developmental
toxicity of rats exposed in utero to embedded DU from birth to adulthood. A battery of behavioral tests
designed to assess functional toxicity will be used. Behavioral measurements of cognitive functioning will
assess the development of the rat's learning and short-term memory capacity.

Subjects and Experimental Groups. Subjects will be 240 male and 240 female Sprague-Dawley rat
pups obtained from the litters of 60 females bred at the Armed Forces Radiobiology Research Institute,
Bethesda, MD. There will be six experimental groups with 10 female rats in each group. Dams in three of the
experimental groups, 30 females, will be surgically implanted with DU pellets. The number of DU pellets
implanted will differ to represent a low, intermediate, and high dose of DU and will be determined based on
the results of the DU dose ranging studies in Specific Aim I. The goal will be to select a high dose of DU that
produces some overt sign of maternal toxicity, but does not result in a maternal death rate greater than 10%.
The low dose will be selected so that it induces no observable effects attributable to the DU pellets, while the
intermediate dose will be located logarithmically between the hi gh and low. The three remaining experimental
groups will be controls, with 10 dams per experimental group. One group will be implanted with tantalum
pellets to control for the invasive presence of the pellets. Another group will control for the surgical procedures
but will receive no implants, and the final group will receive no surgical treatment. In order to ensure that we
obtain at least 10 pregnant female rats per group, 12 female rats will initially be assigned to each experimental
group.

Surgical Procedures for Pellet Implantation. The surgical procedures for pellet implantation will be
the same as those described in General Research Design and Methods.

. Mating Procedures. Two female rats will be housed with a single male rat once urine uranium levels
are stable in the females, but no sooner than 7 days postsurgery. The male rats will be approximately thé same
age as the female rats and will have been individually housed for at least one week in cages 46 cm long x 23
cm wide x 20 cm deep. Male rats will not receive any DU treatment and will serve only as breeders. Vaginal
washings will be performed each morning and examined microscopically for the presence of sperm, which will
define GD 0. If sperm is not detected in the vaginal washings after 15 breeding days, then the female rat will
be housed with another male breeder for 15 days. This procedure will be repeated at least three times before
the female rat is removed from the study. Male rats will also be removed from the study if they fail to
impregnate female rats after two such rotations. A total of 50 male rats will be used as breeders. On GD 0,
dams will be removed from the males' cages and housed individually. Nesting material will be provided for
each dam on GD 18. At parturition, the litters will be examined and records made of litter size, number of
males and females, pup weights, and any overt teratological signs. On PND 1, the litters will be culled to 8
pups per litter consisting of 4 males and 4 females. All pups used in this study will be permanently marked
by tattooing their hind and/or forepaws for identification.

Subject Assignment. On PND 4, one male and one female pup from each litter will be assigned to one
of four testing conditions. In the first test condition, the rats will be assessed at 30 and 90 days of age using
the Functional Observational Battery (FOB), a locomotor activity test, and an active avoidance learning and
retention test. In the second test condition, the short-term memory capacity of 30-day-old rats will be
determined using a passive avoidance test, while in the third testing condition, a passive avoidance task will be
used to assess short-term memory capacity of 90-day-old rats. Animals assigned to the fourth testing condition
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will serve as an experimental group for determination of ... .1 levels in the fetuses and dams described in
Specific Aim III.

- Indices of Maternal Toxicity. To separate maternal :~ city from fetal and/or developmental toxicity,
the following measures of maternal toxicity will be recorded: gestation length, litter size, body weight changes
(during gestation and after gestation), and food and water intake throughout the study.

Indices of Developmental Toxicity. Throughout the study, any behavioral changes and signs of
toxicity in the rat pups will be recorded. In addition, physical maturation features and reflex behavior, as
ontogenic markers of CNS maturation, will be monitored. The maturation signs to be observed will include
pinna detachment, upper and lower incisor eruption, ear canal and eye opening and fur development™. Surface
righting will also be tested. Each pup will be placed on its back and given 60 sec to right itself to a normal
position with all 4 paws on the surface. The number of pups per litter that right themselves will be recorded
each testing period, until the entire litter meets the criterion, at which time the litter will no longer be tested for
righting reflex. If a pup fails to meet the criterion at a given test period, that pup will be retested after the entire
litter has been tested. This is an attempt to control for the fact that the pups' attention and arousal states tend
to fluctuate, and failure to right itself may be due to a problem with arousal and not to a delay in development.
These assessments will be made twice a day from PND 1 until PND 21.

. Functional Observation Battery and Locomotor Activity. The functional observation battery (FOB)
is commonly used in toxicity testing to characterize alterations in sensorimotor, neuromuscular, and autonomic
function, and CNS excitability. This test battery consists of home-cage, handling, open-field, and
manipulative measures, as well as physiological measures. See McDaniel and Moser, 1993, Moser et al., 1989
and Part C.2 for details of the specific testing and scoring procedures. An automated assessment of activity will
be made to quantify locomotor behavior (Digiscan Animal Activity Monitor, Omnitech Electronics, Columbus,
OH). The Digiscan Monitor uses an array of infrared photodetectors to determine horizontal ambulation
expressed as the distance moved and rearing activity expressed as the number of vertical movements. On
testing days, locomotor activity will be assessed for 1 hour. The FOB and locomotor activity tests are
noninvasive, and therefore they can be administered throughout development. Subjects assigned to this
experimental condition will be tested at least at 30 and 90 days of age. Rats at these ages are considered
adolescents and young adults, respectively.

‘Evaluation of Learning and Memory Function. Learning and short-term memory capacity will be
measured using active and passive avoidance paradigms to assess the potential affects of DU on cognitive
functioning. Learning and memory funcnonmg are routinely measured to evaluate the developmental toxicity
of a number of chemical compounds®. These assessments will be made in a computer-controlled two-way
shuttle box (San Diego Instruments, San Diego, CA). The shuttle box is a two-compartment chamber separated
by a vertically driven door. Each chamber consists of lights mounted on the far wall, speakers, and a grid floor.
Shuttle boxes will be located in sound-attenuating cubicles.

The same animals tested on the FOB and the locomotor activity test will be tested on the active
avoidance test beginning at PND 30°**, On PND 90, these animals will receive an active avoidance retention
test. Before training begins on the active avoidance test, animals will receive a single 15-minute habituation
trial during which they will be placed in the shuttle box where they will be free to explore both chambers of
the box. Training begins the following day when an animal will be placed in the shuttle box for 2 minutes with
the lights off and the vertical door closed. At that time, the door will be opened and both the light and tone will
be activated. If the rat fails to move to the opposite compartment within 10 sec, it will receive a low-level foot
stimulation (0.5 mA at PND 30 and 1.2 mA at PND 90) for 10 seconds, or until it moves to the opposite
chamber. Trials will be separated by 10-second intertrial intervals. The rat's performance on each trial will be
scored in one of three ways. If the rat moves to the opposite chamber before the stimulation occurs, the trial
will be scored as an avoidance response. If, however, the rat does not move to the opposite chamber until after
the stimulation occurs, then the trial will be scored as an escape response. If the rat does not move to the
opposite chamber during the entire 10 second stimulation period, then the trial will be scored as a failure. Each
rat will receive 50 trials/day, until it avoids the foot stimulation on 80% of the trials or until it has received 300
training trials. The number of training trials required to reach this criterion is an indicator of learning. At 90
days of age, the retention capacity of these animals will be tested. The retention test will be identical to the
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initial training paradigm. A retention index will be determ:. v comparing the number of trials required to
reach criterion at 30 days of age with the number of trials . - : red to reach criterion at 90 days of age.

Short-term memory function will be assessed using a passive avoidance test™. Animals tested on the
passive avoidance test will be naive and will only be tested at either 30 or 90 days of age. In the passive
avoidance paradigm, rats will be placed in one of the darkened compartments with the door closed. After 15
sec, the light and tone will be activated only in the chamber where the rat is located and the door will be raised.
The natural tendency of the rat is to avoid the light and noise, so it will cross into the darkened chamber. When
the rat moves to the dark chamber, the door will be closed, and the animal will receive a mild, 1-second
electrical stimulation (0.5 mA at PND 30 and 1.2 mA at PND 90). Rats will then be removed from the
apparatus and returned to their home cages for 1 minute until the start of the next trial. This procedure will be
repeated a maximum of 8 times or until the rat leamns to stay in the lighted chamber for 60 sec for 2 consecutive
trials. The same start compartment will be used on each trial. The latency to cross from one chamber to the
other will be recorded on each trial.

. Memory capacity will be assessed 72 hours later for both the 30- and 90- day-old rats. For these tests,
the rat will again be placed in a darkened chamber. After 10 seconds, the light and tone will be presented in
the compartment holding the rat and the door raised. However, the rat will not receive a mild foot stimulation
if it crosses into the opposite darkened chamber. The latency for the rat to cross to the other compartment 72
hours later will be compared to its initial crossing latency. Increased latencies will be considered as evidence
that the rat remembers the foot stimulation and is avoiding it. Similarly, no change or a reduced latency will
indicate that the rat has no memory of the mild foot stimulation.

Specific Aim IIL. Determine the level of uranium that enters the rat fetus exposed in utero to
implanted DU.

While previous research has demonstrated that the placenta does not act as a barrier to prevent the
transfer of uranium from the mother to the fetus™, the degree of fetal exposure from maternal implanted DU
is unknown. Specific Aim III will address this question by comparing the blood uranium level of the fetus with
the blood uranium level of the mother. The uranium level of the placentae will also be measured. Bone,
kidney, spleen, liver and muscle tissue of the mother and fetuses will be removed and frozen for potential
determination of specific distribution of uranium at a later date.

Subjects. Subjects will be 50 female Sprague-Dawley rats and their litters. Because all female rats will
not become impregnated, an additional 10 rats will be bred (N = 60 female rats). Male Sprague-Dawley rats
described in Specific Aim II will be used for breeding. All rats will be housed according to the procedures
outlined in Specific Aim L.

Experimental Groups. Female rats will be equally divided into 5 treatment groups (10 rats per group):
3 DU dosage groups (low, medium, and high dosages to be determined in the dose response study in Specific
Aim I), a Ta pellet control group, and a nontreated control group. Sham surgery and anesthesia control groups
will not be used in this experiment because there is no reason to believe that either of these treatments will alter
uranium levels. At GD 20, dams and their litters from each group will be sacrificed, and their tissues analyzed
for uranium levels. Uranium levels. will also be analyzed at PND 21 using pups and dams from litters in
Specific Aim II

Surgical Procedures for Pellet Implantation. Procedures will be the same as described in General
Research Design and Methods.

Surgical Recovery and Stable Level of Uranium in Urine. Procedures will be the same as described
in Specific Aim II.

Mating Procedures. Breeding procedures will be the same as described in Specific Aim II. ,

Indices of Maternal Toxicity. Maternal weights and food and water intake will be monitored
throughout gestation in all dams in this study.

Prenatal Tissue Collection. Unlike the procedures described in Specific Aim II, these dams will not
deliver their litters, but will be euthanized on GD 20 via decapitation. Maternal trunk blood will be collected
at this time. Dams will be immediately cesarean sectioned, and the uterine horns removed. Fetuses will be
dissected out, and all the placentae for that litter collected. The uterine horns will be examined for any
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resorption sites. Litters will be examined, and a record maue of (1) total number of fetuses, (2) number of
viable fetuses, (3) fetal weights, (4) sex ratio, and (5) any nvert signs of teratological effects. Any nonviable
offspring will be eliminated from further study. Any obviously malformed fetuses will be set aside and
analyzed separately from the viable, nonmalformed offspring. All viable offspring of the litter will be analyzed
for uranium levels. The placentae from all pups will be collected and pooled for uranium analysis for each
litter.  The viable offspring will be used for determining uranium tissue levels. Immediately following
dissection of the brains from these pups, hind-limb muscle and bone tissue will be removed, and the liver and
kidneys dissected out. These tissues will be pooled for the entire litter, homogenized, and frozen for potential
further analysis of uranium content. For each of the five treatment groups there will be 10 samples of maternal
blood for a total of 50 maternal samples. There will also be, for each of the five treatment group, 10 placentae
and 10 brain, for a total of 100 samples.

Postnatal Tissue Collection. This phase of the experiment is designed to assess the degree of uranium
exposure in nursing pups as sampled on PND 21. Twenty PND-21 pups, ten male and ten female, and their
dams will be obtained from each of the five treatment groups in the experiment outlined in Specific Aim II (in
order to maximize the use of animals). On the day of analysis, dams will be euthanized by decapitation and
trunk blood obtained for uranium level determination. Pups will also be euthanized, and trunk blood collected
and pooled for uranium level analysis. The brains will also be analyzed individually for uranium. Muscle,
bone, kidney and liver tissues will also be removed and frozen for possible future analysis of uranium levels.

Tissue Preparation and Uranium Analysis. On site tissue preparation will consist of centrifugation
of blood for serum collection, homogenization of placentae using a polytron homogenizer, and homogenization
of euthanized fetuses. The homogenate will be frozen and stored for shipment for analysis of uranium levels
to Quanterra whose procedures are briefly outlined in Part C.1.

6. Preliminary Data

Several DU studies have been or are curfently being conducted at AFRRI. An initial study to determine
the ability to implant the pellets into the rat biceps femoris and measure the uranium in the urine and kidney
was successful. Illustration 1 depicts a time course of the measurable urinary uranium for a period of 120 days,
at which time the rats were euthanized and the kidneys analyzed for uranium content.

Another pilot study ongoing in this laboratory is examining the ability to breed DU embedded rats and
to detect uranium in the fetus.. This pilot study involved the implantation of several doses of DU pellets (No
pellets, Tantalum pellets, 4, 8 and 12 DU pellets) in mature female rats. Fourteen days post-implantation, the
rats were placed in cages with male rats for breeding. On average, the rats were impregnated within 4 days of
being exposed to the male rat, although there were several rats that were not pregnant until much later post-
~ implantation. The food and water intake, as well as maternal weight gain, were monitored throughout gestation.
On day 20 of gestation, one day prior to parturition, the rats were sacrificed and various maternal and fetal
tissues removed, including maternal blood. Whole fetus, placenta and maternal kidney homogenates, along
with maternal serum, were sent to Quanterra labs for analysis of uranium content. The results are not
completely received, although a picture can be made from what has been received.

From the results it would seem that (a) serum levels of uranium do not exhibit a dose response
relationship, (b) no dose response relationship can be seen in the whole fetus levels of uranium either, (3) there
does appear to be a dose response effect on uranium levels in the placenta, (d) a dose response relationship is
also evident in the uranium levels found in the dams kidneys. The kidney levels, however, did not achieve the
level we had anticipated being necessary for reproducing the effects seen by previous researchers, that being
a kidney level of a minimum of 0.7 ug/g. Our highest DU level only averaged approximately 0.5 ug/g U in the
maternal kidney. It is also important to note that the DU pellets did not adversely affect the ability to breed
these rats, or for them to maintain the pregnancy until the day of sacrificing. The maternal toxicity parameters
of maternal weight gain, food intake and water intake were also not adversely affected by the DU dose levels.
All litters were examined for any very obvious overt signs of teratogology, and none were noted. The litter
sizes and sex distributions were not altered by the DU dose levels. There were also 15 dams that delivered their
litters, due to an error in calculating their gestational day 0. These litters were maintained in the lab, weighed
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and monitored periodically until post-weaning. The DU dc:¢ 2opeared to have no obvious adverse affect on
these litters.

The resuits of this preliminary study has opened up more questions than were answered. It is important
that we now attempt to reach a level of DU exposure that is maternally toxic. The DU level achieved in the
kidneys of our highest dose was not even at the minimum level that is known to be nephrotoxic. Future
attempts will be made to achieve and possibly exceed this minimum of level of 0.7 ug/g. This may be done by
increasing the DU dose via increased numbers of implanted pellets, or by allowing the pellets to remain longer
before the rats are bred. It is possible that a longer time period is needed for the uranium levels to stabilize and
our attempts to breed the rats soon after surgery in our preliminary study may have actually hindered our ability
to achieve and equilibrium. A lack of uranium in the whole fetus is to be expected if the uranium is
sequestering in specific tissues in the fetus, such as the kidney or bone. Then homogenizing the whole fetus
will dilute the uranium to levels that may not be detectable with our assay. Analysis of individual tissues should
answer this problem.

.Additional data from an ongoing DU study at this institute also answers the question of whether the DU
can accumulate in the rat brain. Rats that were implanted with 20 DU pellets had a mean uranium level of
176.2 ng/ml in the urine, mean kidney level of 1706.0 ng/g of tissue and a mean brain level of 24.9 ng/g of
cortex. This is significantly different from the control rats as well as from lower doses of DU (4 and 10
pellets). If DU is able to penetrate to the brain of these adult animals with intact blood brain barriers, it is
possible also that the fetus brain is being exposed to uranium during the vital developmental periods, making
it extremely susceptible to damage from the DU insult.
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MEMORANDUM FOR DIRECTOR, PROFESSIONAL SERVICES, OFFICE OF THE
SURGEON GENERAL (SGPS-PSP)

SUBJECT: Research Request; Health Effects of Depleted Uranium Imbedded in Tissue

Reference: Brigadier General Ronald R. Blanck (SGPS-PSP) letter of 26 February 1992

In response to your letter of 26 February 1992, subject as above, AFRRI has conducted a
detailed review of the pertinent scientific literature regarding the health effects of depleted
uranium (DU) fragments which are imbedded in tissue. In addition, we have consulted with a
wide range of scientists with expertis€ in this area. A summary of our findings is attached.

It is clear from our analysis that there are several areas in which there is little or no
scientific data which would enable more definitive risk assessments to be made.
Nevertheless, in order to meet your operational requirements, attachment (1) addresses each of
. the issues raised in your letter. To address areas in which there remains substantial scientific
uncertainty, attachment (1) also identifies specific research needs. .

Based on available data, in almost all cases, we recommend that standard medical criteria
should be used to determine the advisability of the removal of imbedded DU fragments
without regard to the radiological characteristics of the fragment. More specific guidance is
provided in attachment (1).

Point of contact is Lieutenant Colonel Eric G. Daxon, Chief, Operational Dosimetry
Division, Radiation Biophysics Department, 301-295-2299.

ot A

Attachment: ROBERT L. BUMGARNE '
as stated Captain, MC, USN
Director
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Assessment of the Risks
From Imbedded Depleted Uranium Fragmer=s

1. General
a. Authority
Letter, Office of The Army Surgeon General, (SGPS-PSP). = _-e=2 ==sesarch

Tez -z T 202.

Request; Health Effects of Depleted Uranium Imbedded in Tissue. 22
b. Mission

Assess the health risks associated with implanted DU fragme—= ~ & :Joq'y to
provide medical guidance for current and future patients with these ~==—="=. 2nd
provide recommendations for future research.

2. Background

The primary conclusion of the review of the uranium literature''® anc =s=.==ons with
others'"*® in the field is that this situation is radiologically and toxicclcccz."» —=ue. The
health risks of allowing depleted uranium (DU) fragments or any other ==.-=z="»2 heavy
metal to remain imbedded in an organ have not been studied. The BT izerature
reviewed is focused on inhaled or ingested uranium compounds. ~—zrz = 2niy one
reported instance of a DU fragment accidentally injected subcutans-._z-s — =z Zatient.
“This case, as reported by Cole,*¥ provides little information for -r<—=— =ffects
because the fragment was surgically removed after 8 months.?%%”

3. Chemical Toxicity

The toxicological effects of uranium are well known. The target organ ‘= -z~ heavy

metal toxicity is the kidney. The literature concerning the acute effec‘a =5 .zm ..heavy-
metal poisoning on the kidney is extensive and is summarized irn -=z= ~icles by
Leggett'®, Diamond'® and Kocher.' While the generally accepteﬁ “"-—c’:_c ’Vel for
kidney toxicity is from 1-3 ug of uranium per gram of kidney —zss. 7f mere s

considerable discussion in recent literature concerning this limit.'= >
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« A review of uranium toxicology conducted by USAEHA" concluded that, while there was

substantial toxicologic data for inhaled and ingested uranium compounds, there was little
or no data for the metabolic behavior of implanted DU fragments. Key uncertainties
include organ specific solubilities; organ specific retention functions; the metabolic impact
of a source term other than the lung or Gl tract; the potential for chronic kidney toxicity;
the impact of fibrotic encapsulation, if it occurs: and the chemical form of the imbedded
fragment.

The potential for wound contamination (the injection of small sub-millimeter fragments)
and for spallation of small fragments from large fragments introduces two additional
dispersal mechanisms - macrophage transport and the physical movement of intact
particles by the blood stream. The impact of both is an increase in the rate at which
uranium is deposited in the kidney and other organs. De Rey et al.? found insoluble uo,
particles in the kidney 6 to 48 hours after injection of 4 to 40 micrometer diameter UQ,
micro-spheres into the subcutaneous tissue of the dorsal skin of female rats. This is
significantly quicker than predicted by standard metabolic transfer models for insoluble
compounds of uranium.

These limitations and uncertainties preclude a definitive assessment of the toxicologic
risks of allowing DU fragments to remain in the body for extended periods of time.

4. Radiological Effects

The literature is extensive concerning the deterministic and stochastic effects of acute and
chronic exposure to inhaled and ingested uranium compounds.?3% The lack of data for
imbedded uranium fragments precluded a direct determination of the potential long-term
radiological effects of these fragments. An estimate of the potential effects was obtained
by reviewing the literature available for plutonium, Thorotrast, and hot-particles.

The plutonium (Pu) literature®*** reviewed also focused on inhalation and ingestion, but
there were several studies that dealt with injected plutonium compounds.
Lushbaugh'®** and Langham et al.* summarize the findings of studies of eight patients
with injected plutonium. Lagerquist et al.”® and Carbaugh et al.** discuss patients with
plutonium contamination of puncture wounds. While these studies are somewhat useful,
their usefulness is limited because the exposure duration was relatively short (the longest
was 5-8 years), the particle sizes were small, and in each case the wounds were
debrided to removed the injected plutonium. For both the animal and human studies, the
plutonium injected was in the form of the fine particulates expected from injection wounds
caused by contaminated, sharp tools.
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The Thorotrast literature is extensive***®2 and important because of the radiological
similarities with the situation under study. Thorotrast is a colloidal suspension of thorium
dioxide (ThQ,) that was used as an intravenously-injected contrast agent for radiographic
imaging from the late 1920’s until the late 1950's when its long-term radiologic health
effects became apparent.***® The Thorotrast literature provides the most definitive
evidence that both clinicaliy-significant deterministic and stochastic effects are possible
from long-term irradiation of low dose-rate o and emitting radionuclides.

However, the differences in particle size and chemical properties between Thorotrast and
DU are significant enough to preclude a direct application of the data. The ThO, particles
in Thorotrast were small enough (nanometers in size) to be engulfed by both the mobile
and fixed macrophages in the reticuloendothelial (RE) system which led to a time
dependent, selective concentration in the liver and spleen. This time dependence makes
dose-dependent extrapolations from Thorotrast data to a DU fragment difficult. In
addition, the selective retention by the RE system limited the exposure to the organs in
this system.

Although directed specifically at the radiation effects on the skin of a highly radioactive,
beta-emitting particle, the hot-particle research literature®* provides valuable information
concerning the differences between the highly nonuniform irradiation that results from an
imbedded fragment and the results of the uniform organ irradiation upon which
assessments of radiation risk are based. Specifically, the hot particle research sheds light
on the relationship between the fraction of an organ system irradiated and the dose
required to produce both deterministic and stochastic effects. The primary conclusion of

this work is that the radiation risk of both endpoints is dependent upon dose and the
number of cells irradiated.

- Based upon this review, the following radiobiological effects are possible from imbedded

DU fragments.
a. Granuloma Production

Cole’s®? experience and Lushbaugh’s'®** work indicate that granuloma
production in the muscle and fatty tissue will probably occur and will occur in all other
tissue types that elicit similar cellular responses to foreign bodies. It is still questionable
whether this encapsulation is permanent or will undergo the degradation-regeneration
cycle suggested by Lushbaugh for the plutonium cases he studied.

The data to date are insufficient to allow a determination of whether Thorotrastoma-like
growths are possible. A Thorotrastoma is a large growth that appears at the sites of
extravascular Thorotrast with a latent period of from 5-35 years postinjection, 77425360
These granulomas grow to large sizes: in a few cases, clinically significant blood vessels
and/or nerves were enveloped, resulting in fatal conditions.2* While a strictly chemical

causation cannot be dismissed, there is sufficient evidence to suggest a radiogenic
mechanism. g



b. Local Tissue Necrosis

The results of the Thorotrast, lung inhalation studies, and animal studies showed
that local tissue necrosis followed by fibrosis was possible from the long-term irradiation
of tissues by a low dose-rate, a and 3 emitting radionuclide.

Dose estimates made at AFRRI based upon published data’’>7*7* indicated that the
probability of deterministic effects at distances greater than 1-3 mm from the surface of
any fragment is negligibly small. Depth-dose calculations indicated that at the distances
from the surface of all particle sizes studied (1-4 mm in diameter) the dose-rates were
less than the repopulation dose-rate for non-proliferative cells provided by the ICRP?® (1-5
mGy/d). The assumption in this analysis is that at distances greater than this,
deterministic effects will not occur because cell repopulation will compensate for cell
death for most tissue types. The most notable exception to this assumption is mature
neural tissue, the neurons of which do not usually have a proliferative potential.

The clinical significance of necrosis at distances closer to the fragment is dependent upon
the location of the fragment and the body’s response to the fragment. Lushbaugh,* in
his analysis of cases of injected plutonium, found that “...metallic plutonium implanted in
the skin in minute amounts elicits a foreign-body reaction of the granulomatous type,
_-which after subsiding in cellular activity becomes fibromatous." As time progressed, the
" collagen in the vicinity of the fragment hqumed

Lushbaugh speculated that the "pointed" nature of the granulomas he found and the fact
that the granulomas became more superficial, suggested that the altered collagen might
induce a cycle of inflammatory reaction followed by a reorganization and re-liquefaction
of the collagen.

c. Whole-Organ Deterministic Effects

The potential for multiple fragments in a single organ led to the examination of the
potential for whole-organ deterministic effects. A whole-organ deterministic effect is
defined as one in which there is a clinically significant compromise of organ function due
to the ionizing radiations emitted by one or more DU fragments.

The appearance of whole-organ deterministic effects from acute, high dose rate exposure
is well documented. Mettler and Mosely,”® Conklin and Walker,’®and ICRP 41% provide
excellent summaries with extensive bibliographies for whole-organ deterministic effects
based primarily on examination of the Japanese atomic bomb survivors, radiation accident
victims, and radiation therapy patients. Direct extrapolation from high dose rate, acute
exposure to low dose rate protracted exposure is difficult because of the dose rate
depend%n*gne of the threshold dose required to produce a deterministic effect.?®



The results of inhalation studies with uranium and plutonium summarized in ICRP 31%°
and in other references®’*** show that whole organ deterministic effects are possible
frominhaled particulates. The Thorotrast studies'***”*2 provide the clearest evidence that
deterministic effects are possible from protracted exposures to low dose rate internal
alpha emitting isotopes. These studies showed that both fibrosis of the spleen and
cirrhosis of the liver could be related to the radiation emitted by the thorium dioxide
(ThQ,) in the Thorotrast. The latent period for the onset of clinically significant liver
cirrhosis was on the order of 20 years after Thorotrast administration.’” The latent period
for significant spleen fibrosis was not reported but is assumed to be comparable.

A dose calculation, made using similar methodology as described above, showed that the
risk of whole-organ stochastic effects do not become significant until the fragment density
in the organ exceeds one frag