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Inhalation of Uranium Oxides to Mimic 
Gulf War Exposures: 

Deposition and toxicity in brain, lung, and kidney

J ohnny e  Lew is, Ph .D ., DABT 
Director, Community Environment al Health Program, Un iversity  of New Mexico Health Sciences Cante r

Co-Investigations; 
Graham Bench, PhD,, CAMS, Lawrence Livermore National Laboratory 

Fletcher Hahn, DVM, PhD,, DACVP, Lovelace Respiratory Research Institute 
Jenny Karlsson, Ph.D„ Community Environmental Health Program, UNM HSC 

Ed Barr, MSEE, Lovelace Respiratory Research Institute 

Background of Team

Nose-Brain Barrier Epithelial structure, damage, & uptake

Normal Epithelium

HYPOTHETICAL STAGES OF EPITHELIAL DAMAGE 
AND INHALANT TRANSPORT



Perspective on Gulf War Exposures and 
Disease

What were unique characteristics of Gulf 
War exposures?

•   Multip le toxicant exposures ( + neurotoxicants)  

• Inhalation –  major route of exposure

   •  Potential for sensitization

•  Many irritants –  d u sts , s m o k e , petro leum  com bustion  
products

•   Acute and chronic exposures both likely

DU as a contributor

■ Potential for exposures to  DU aerosols
–  Tank-Im pact –  High concentration , acute  (15  min) e xposure
–  March-Through –  Low concentration –  s in g le  day
–  Clean-up –  Low concentration –  up to  30  day
–  M aintenance –  Very low  concentration –  longer duration

■ Aerosols resulted from im pact, com bustion, 
resuspension
–  Estim ates o f  exposure inconsistent

■ Varied from  300  m icrog ram s to  > 25 g ram s
■ E stim ates o f solubility a n d  resp irab ility  varied

–  Respirable fraction could m ove susp en ded  for hours

■ Other heavy m etals neurotoxic and neuroim munotoxic

Assem bly of multidisciplinary team  
. . .collaborative history

■ Inhalation toxicology o f  m etals and neurotox –  J, Lewis, DABT & J 
Karlsson  (UNM)

–  Ol fa c to ry  u p ta k e  o f  in h a le d  m e ta ls  to  CNS –  Nose-B rain B arrie r
–  N e u ro c h e m /a n a to m y  o f n e u r o d e g e n e ra tiv e  d is e a s e

■ Generation of complex respirable aerosols –  E, Barr (IRRI)
–  > 2 0  y e a r s  o f  a e ro s o l g e n e ra t io n  h i s to r y –  m e ta ls ,  so lv e n ts , r a d s
–  S tu d ie s  of f a c to rs  in f lu e n c in g  r e s p ir a to ry  t r a c t  d ep o s itio n

■ Quantitative localization of metals – G, Banc (LLNL)
–  M ic ro-PIX E a n a ly s is  –  h igh  re s o lu tio n , low  d e te c t io n  lim it, s in g le -s c a n  –  

m u ltip le  m e ta l  a n a ly s is ;  H is to ry  w ith  b io lo g ic  t i s s u e s

■ Pathology of kidney and lung –  F, Hahn, DAVP (LRRI)
–  H isto rica l w o rk  in DU s h r a p n el im p la n ta tio n
–  P a th o lo g y  o f  in h a le d  m e ta l s  an d  ra d io n u c lid e s



Hypotheses

1. In h a la tion  o f  uranium  a e ro so ls  d u rin g  th e  G u lf W ar from  
co m b u stio n  o f  D U -containi n g  w ea p o n s r e s u lte d  in  CNS  
d e p o sitio n  a n d  su b se q u e n t n e u ro d eg en era tio n  in  a s u b s e t o f  
th o se  e x p o se d

2. T ran sien t c o n d itio n s w hich  co m p o m ise  th e  o lfa c to ry  
ep i th elium  wil l  en h an ce th e  e n tr y  o f  uranium  a n d  th e  
su b se q u e n t d e v e lo p m e n t o f  n eu ro d eg en era tio n

3. M arkers o f  n e u ro d eg en era tio n  w ill b e  c o rre la te d  w ith th e 
co n cen tra tio n  a n d  p a tte r n  o f  d e p o sitio n  o f  Ur a n ium  w ith in  th e  
CMS  fo llo w in g  in h a la tion  e x p o su re

Scope:

■ Expose rats by inhalation to  a eroso ls  o f  uranium varying in 
s olubility , to  tantalum  ox ide, or to  air

–  Tan k -Im pact Scenario;

■ A cu te  (1 5  m in )  -  h ig h -le v e l c o n c e n tra tio n s  (5 0 0  m g / m3)

–  M arch-Through Scenario:

■ s h o r t  d u ra tio n  –  m o d e ra te  c o n c e n tra tio n  (1  m g /m 3 -  6  h r s )

–  C lean-Up Scenario:

■ L o n g er d u ra tio n  –  m o d e r a te  c o n c e n tra tio n  (1 m g /m 3 / 6  h r s / 3 0  d a y s )

–  M aintenance Scenario:

■ L o n g -te rm  -  low  c o n c e n tra tio n  (0 .0 1  m g /m 3 / 6  h r s / 3 0  d a y s )

Scope (cont'd):

■ Expose w ith and w ith out concom m itant respiratory tract 
inflam m ation

■ Localize  U & a sse ss  pathol ogy in CNS, lun g ,  kidney

■ A ssess tim e course o f  respon se through s e rial sacrifices at 0 , 
3 0 , 1 8 0 , and 3 6 0  days post-exposure

Importance of team experience

■ R elevant exposure m ethods
– M agnitude o f  effec t, ta rg e t  o rgan , a n d  overall toxicity 

d e p e n d en t on ro u te  a n d  p a t te rn  o f exposure

■ P h y sio lo g ic exposures
– Physiological de fen se  m echan ism s can  be sw am ped  by 

excessive exposure concen tra tions

■ Intra regional localization in  s i tu
– N on-hom ogeneous deposition  ca n  be d ilu ted  by inclusion of 

no n -a ffec ted  tissu es

■ history  w ith  sensitization  protocols



Glove Box Enclosure System

EXPOSURE

Ed Barr, MSEE 

Lov elace Respiratory 
Research  Institu te

Exposure  Chamber Pass Box

Aerosol 
Generation 
System

96-Port Nose-Only 
Exposure Chamber

Uranium atmosphere 
Tank-impact scenario

Size Distribution

Compound Cone [mg/m2] MMAD, μm GSD

Ta2O6 548 2.1 1 .9

UO2 329 1 .6 1.7

DUOx 609 2 .8 1.4

UO2 572 2 .4 1.4

UO2 + UO2

Air
305 2 .0 1.5

To test sensitization, endotoxin used to 
induce nasal inflammation

UO2 + UO2 + en dotoxin  

DUOx  + endotoxin 

A ir + endotoxin

U analysis via Nuclear Microscopy

Graham Bench 

C e n te r  For A cce lerato r M ass Spectro m etry , 

L a w re n c e  L iverm ore N atio nal Lab orato ry, 

L iverm o re , C A  9 4 5 5 0

Brain Tissue Prep

Dissection: 

Three sagittal planes 
identified to encompass 
brain regions of interest

PIXE at early time points — 
frozen tissue only 
Longer survival, fixation



Preparation of tissue sections for PIXE analysis

• Bilateral sagittal 10 micron cryosections mounted on nylon foils and 
freeze-dried

• Adjacent sections mounted onto glass slides for immunohistochemical 
analysis or cytological staining.

• Adjacent slide-mounted sections stained cytologically, photographed and 
regions of interest identified

•  M arked images sent as portable document files (pdf) along with the freeze 
dried sections to  LLNL for analysis.

Nuclear microscopy: spatially 
resolved elemental and mass 
quantitation

PIXE - Proton Induced X-ray Emission 
STI M - Scanning Transmission Ion Microscopy

Element profiles within identified regions 
measured with PIXE
• Structures on adjacent stained sections identified on serial 

freeze dried section with a x 40 optical microscope

• PIXE utilized 3 MeV protons to produce x-ray spectra.

• STIM measured the residual energy of the proton beam after 
it had passed through the sample.

• Beam spot sizes varying between 0.2 x 0.2 and 0.5 x 0.5 mm 
were used to irradiate brain regions for 15 microcoulombs of 
charge.

• X-ray spectra were analyzed and the incoming and outgoing 
energies of the proton beam as it traversed the sample were 
used to convert x-ray yields to concentration in units of 
mg/kg using the the P IXEF analysis package (PIXEF; The Live more 

PIXE S pectrum Analysis Package, A. J  Antolak  and  G , Bench  N u d , In s tr a n d  Meth, B 90 , (19 94), 
596-601

Deposition at 4 hr post-exposure 

Tank-Impact Scenario



Kidney metal uptake

At 4 hr post "tank-impact" exposures, only UO3 
animals showed detectable U in kidneys 

Max concentration expected at 7 days post exposure

Pooled ti ssue to increase sensitivity - U03 early deaths

Day 6 death (n=5) 34.2 ± 2.1 mg/kg U Dry weight
Day 7 death (n=3) 34.6 ± 1.7 mg/kg U Dry weight
Day 8 death (n=3) 24.6 ± 1.7 mg/kg U Dry weight
Day 10 and 13 death (n=2) 23.4 ± 1.3 mg/kg U Dry weight,

Uranium uptake in brains 
4 hr post 15 min high dose exposure

Characterization of MDLs across Brain Regions Analyzed
95% Cl 

Structu re MDL SE Lower Upper □
CPU 2 .5 3 0 .0 5 2 .4 3 2 .6 3  □

Glomeruli 2 .6 0 0 .0 3 2 .5 3 2 .6 6  □

Mitral 2 .6 2 0 .0 3 2 .5 6 2 .6 9  □

SN 2 .5 5 0 .0 5 2 .4 5 2 .6 5  □

Sp 2 .6 7 0 .0 5 2 .5 8 2 .7 6  □

Tu 2 .4 3 0 .0 5 2 .3 3 2 .5 3  □

Overall 2 .5 8 0 .0 2 2 .5 4 2 .6 2  □

No detectable uptake –  regardless of form

Pathology at 4 hr post-exposure 

Tank-Im pact Scenario

(Moribund sacs & deaths at <14 dincluded)

Early Deaths and Mori b ind Sacrifice of Rats 
After Inhalation Exposure to UO3

Days Post 
Exposure

Numbera 
M/F

Histologic Scoreb

Kidney 
Tubular Necrosis 

Lung 
Uremic  Pneumonia 

M F M F
2 1/0 0 - 0 -
4 0/1 - 4 - 2
6 0/5 -3 .8 - 3 .4
7 0/3 -3 .3 - 4
8 1/2 44 3 4
10 0/1 - 3 - 3
13 1/0 3 - 3 -

3/12
aIni t ial n u mb e r at ris k : 3 4 M; 3 4 F 
b2  = M ild ; 3  = Modera te : 4  = Marke d



Renal Tubular Necrosis

More soluble UO3 resulte d in renal tubular necrosis 
and uremia

Uremic Pneumonia 
Mild vs. Marked, Fatal

■ Uremic pneumonia was the immediate cause of death

■ Females had a higher death rate

Lung Pathology – 4 hr post Tank-Impact 
Lung Histologic Score (Ave)a

Exposure 
Atmosphere

Number 
M /F

Alveolar 
Macrophage 

Particles 
M /F

Alveolar 
Macrophage 
Hyperplasia 

M /F

Air 4/4 0/0 0/.25
UO2 3/3 1.3/.66 1/.66
UO3 3/3 0 / 1 0/.66

U O 3 + U O 3 3/3 0 / .66 1/1 3
TaO2 3/3 .3 3 / 1 0/.66
DUO 3/3 .3 3 / .66 .3 3 / .66

Endotoxin 3/3 0 / 0 1/ .66
UO2 +UO3 + Endotoxin 3/3 .66 /3 3 .33/13

DUO + Endotoxin 3/3 0 / 1 1 / 1

a 1=Minimal; 2 = Mild

 •Few particles foun d ing sections, no concentration at broncho-alveolar junction
• Nearly all particles in alveolar macrophages
• Number of alveolar macrophages only minim ally increased

GFAP methods
staining Quantitation



Brain inflammation — GFAP data 
Tank-im pact scenario

■ Solubility related increase in GFAP

■ Endotoxin increases GFAP response in all 
exposures

GFAP 4 hours post 15 min high dose 
exposure Tank-im pact Scenario

What is the significance of glial activation?

■ Are glia synthesizing & releasing cytokines?
– Im m unohistochem istry cytokine p atterns
– P rotective or d egen erative  respon se?
– Proinflam matory

■ I L-1, IL-6, TNFα or
– Antiinflam m atory

■ IL -10 ,  TGFβ1

■ W hat are microglia doing?
– OX-42, daintain (AI F -1)

What is happening to neurons in regions 
with glial activation?



Low dose, longer duration U exposures 
March-Through Scenario 
Clean-up Scenario

Exposure Characterization 

■ Nose-only inhalation, rats, male and female
■ 1 or 30 day exposure (6 h/day. 5 days/week)
■ UO2:UO3,  1:1 mixture
■ Target cone 1 mg/m3

– Actual conc 1.02 + /-  0.12  mg/m3
– Size 1.66 + /-  0.01 micron
– sigma-g 1.55 + / - 0.11

■ Sacrifices 0, 3 0 , 180, 360 days post-exposure

Results -- 4 hr post-exposure

■ Clean-Up Scenario  (30 d x 6 hr – 1 mg/m3 UO3+UO2)

–  no endotoxin –  no Uptake observed

■ March-Through Scenario (1 d x  6 hr – 1mg/m3 UO3+UO2)

–  no endotoxin –  no Uptake observed

■ March-Through Scenario with nasal  inflammation

–  2  o f  6  animals show  Up ta k e  in  glom erulus, 1 also in  
deeper m itral ce ll layer

Conclusions 
■ Very Short/High Dose –  Tank-Impact scenario

– no detectable CNS uptake regardless of solubility
–  Solubility-related neuroinflammation
– Most soluble forms result in extensive renal deposition 

and renal toxicity
– Females more sensitive to renal toxicity

■ Short-term/ Moderate Dose –  March-Through 
Scenario
– Nasal inflammation increases the probability of CNS 

deposition and transport with low dose inhalation for 6 
hr durations

■ Longer-duration/ Moderate Dose –  Clean-Up 
Scenario
– No Uptake observable in animals without inflammation

In progress

■ Characterization of nasal inflammation

■ 30 day exposure with inflammation

■ Characterizing longer survival times

■ Continued analysis of neurotoxicity at longer 
survival times

■ Additional exposures at lower doses 
(Maintenance Scenario)
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