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These studies were undertaken to derive a lowest-observed-ad-
verse-effect level (LOAEL) in the New Zealand White rabbit fol-
lowing a 91-day exposure to uranium (U, as uranyl nitrate hexahy-
drate, UN) in drinking water. Males were exposed for 91 days to
UN in their drinking water (0.96, 4.8, 24, 120, or 600 mg UN/L).
Subsequently, females were similarly exposed for 91 days (4.8, 24,
or 600 mg UN/L). Control groups were given tap water (< 0.001 mg
U/L). Regular observations were recorded, and urine was collected
periodically. Four males showed evidence of Pasteurella multocida
infection and were excluded from the study. Following the study,
all animals were euthanized, and multiple hematologkal and bio-
chemical parameters were determined. Necropsies were con-
ducted, and histopathological examination was performed. The
hematological and biochemical parameters were not affected in a
significant exposure-related manner. Dose-dependent differences
consisted of histopathological changes limited primarily to kidney.
Changes in renal tubules were characteristic of uranium toxicity.
Based on changes in the tubular nuclei, the 91-day LOAEL for
males in this study is 0.96 mg UN/L drinking water. The females
drank 65% more water than the males, yet appeared to be less
affected by the exposure regimen, although they also developed
significant tubular nuclear changes in their lowest exposure group,
deriving a LOAEL of 4.8 mg UN/L. Tissue uranium residue studies
suggested that pharmacokinetic parameters for the males and fe-
males differ, possibly accounting for the difference in observed
sensitivity to UN. An adverse effect of P. multocida infection can-
not be excluded. r> 1998 Society of Toricokpgy.

Key Words: uranium; uranyl nitrate hexahydrate; subchronic ex-
posure; drinking water; New Zealand White rabbit; nephrotoxicity.

1 This work was presented in part at the American Association of Veteri-
nary Anatomists Annual Meeting in Baton Rouge, LA, June 1984.

2 To whom correspondence should be addressed

In a related publication (Gilman et ai, 1998), we have
reported 91-day studies of uranium (U) exposure in the
Sprague-Dawley rat, where a lowest-observed-adverse-ef-
fect level (LOAEL) of 0.96 mg UN/L drinking water was
derived for both males and females. The present studies were
undertaken to provide an estimation of the LOAEL in the
New Zealand White rabbit following exposure to uranium
for 91 days.

METHODS

Five groups of 10 male weanling (initial body weight about 3200 g) New
Zealand White rabbits (obtained from Charles River Breeding Laboratories
Inc ) were exposed for 91 days to uranyl nitrate hexahydrate, UO2
(NO3)2 • 6H,0 (CAS No. 13520-83-7) in their drinking water. Concurrently,
10 control male rabbits (group 1) were given drinking water containing less
than 0.001 mg U/L Exposed animals (groups 2-6 , respectively) received
drinking water with uranyl nitrate hexahydrate (UN) added to concentrations
of 0.%, 4.8, 24, 120, or 600 mg/L.

Similarly, female weanling New Zealand White rabbits (10 per group;
initial body weight about 3100 g) from the same supplier were exposed to
4.8, 24, or 600 mg UN/L drinking water for 91 days (groups 2-4). Ten
control females received drinking water containing less than 0.001 mg U/
L (group I) Female animals were purchased as specific pathogen free
(SPF); males were not

All animals were acclimated for 3 weeks prior to the start of the study
and housed individually in stainless-steel mesh cages with free access to
food (Purina Rabbit Lab Chow; U < 0.5 /ig/g) and drinking water. The
possibility of coprophagia was minimized through the use of wire mesh
floors in the cages. Detailed clinical observations were conducted daily.
Body weight1; were recorded weekly. Food and water intake were measured
four times throughout the experiment.

After 30, 60, and 91 days of exposure, urine was collected from four
male rabbits from each group. Volume was recorded and levels of the
following analytes were determined: uranium, glucose, creatinine, urea ni-
trogen, total protein, albumin, lactic dehydrogenase (LD), y-glutamyl trans-
peptidase (y-GT), leucine aminopeptidase (LAP), and W-acetyl-/9-D-gluco-
saminidase (NAG).

After 30 and 90 days of exposure in the female study, urine was collected
from all the animals in group 4 (600 mg UN/L) and from all the controls.
The following analytes were determined: glucose, creatinine, urea nitrogen,
total protein, albumin, and NAG.

Dye clearance tests were performed 1 week before the termination of
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the studies, using standard bromsulfophthalein (BSP) and phenolsulfonph-
thalein (PSP) test procedures to assess liver and kidney function, respec-
tively (Boldrini and Tirone, 1980). Four male animals from each exposure
group (three from group 3) were injected with BSP and PSP, and timed
blood samples were collected subsequently to determine dye clearance. For
the female study, six animals from each exposure group were similarly
studied for PSP clearance only.

After 91 days of exposure, all animals were anesthetized with sodium
pentobarbital and exsanguinated via the abdominal aorta. Routine hemato-
logical parameters were determined for each animal as previously descnbed
(Gilman et al., 1998). Comprehensive biochemical determinations were
conducted on serum from male and female rabbits, as described previously
(Gilman et al., 1998) but with the addition of urea nitrogen and creatinine

Gross pathological examinations were conducted on all animals at nec-
ropsy. Organ weights were measured on brain, heart, liver, spleen, and
kidneys. Histopalhological examination was performed as previously de-
scribed (Gilman et al., 1998). All tissues were processed through paraffin
embedding, sectioned at 6 (jm, and stained with hematoxylin and eosin
(H&E). The blocks containing renal tissue were subsequently recut at 5
nm and stained with H&E, Heidenhain's iron hematoxylin (HN), and peri-
odic acid-Schiff, methenamine-silver (PAMS) for more specific identifica-
tion of cytoplasmic and basement membrane changes. In the male study,
fatty change in the liver was determined in frozen sections as described
elsewhere (Villeneuve et al., 1979). The animals and tissues were examined
by a pathologist without knowledge of the experimental protocol, according
to a predetermined and standardized severity scoring system as previously
descnbed (Gilman et al., 1998).

Uranium residues were determined in samples of kidney and femur from
five to six males in each exposure group and from all the female rabbits
using the method described by Tracy et al. (1992). The detection limit
for the analytical procedure for uranium measurement in these tissues was
0.03 jig/g.

Statistical analysis of the data was earned out as previously described
(Gilman et al., 1998).

RESULTS

Although all rabbits were expected to be pathogen free,
male rabbits were not SPF derived, and four of the males
were shown to have developed Pasteurella multocida in-
fection during the course of the study. Two of these died
during the study, and the other two presented with clinical
signs (submandibular abscess) which were treated. All
four infected males were removed from the study and
statistical analysis. Two other animals died prematurely;
necropsy findings were consistent with mucoid enteritis
in one and ischemic or toxic renal failure in the other.
These animals were also excluded from statistical analy-
sis; however, it is possible that their signs represented
treatment-related injury, since both were from group 6.
In addition, two other animals were removed from the
study because of gastric obstruction due to hair ball for-
mation. Thus statistical analyses on the males are based
on the surviving 52 animals that did not require any medi-
cal treatment. There was no evidence of Pasteurella in-
fection in the female study.

The average dose of uranium in the exposed groups
ranged from 0.05 to 28.7 mg U/kg body wt/day for males
and from 0.49 to 43.02 for females (Table 1).

No significant differences in weight gain, food con-
sumption, or water intake occurred between control and
exposed groups in either sex throughout the experiments
(Tables 2-3). Water and food consumption in controls
and all exposed groups was lower at Week 12 than at

TABLE 1
Uranium Dosage Levels in Male and Female New Zealand White Rabbits during 91 Days Treatment

with Uranyl Nitrate Hexahydrate (UN)

Group number

Males
1
2
3
4
5
6

Females
1
2
3
4

Exposure
(mg UN/L)

0
0.96
4.8

24.0
120.0
600.0

0
4.8

24.0
600.0

Theoretical"
U content

(mg/L)

0.005
0.46
2.3

11.4
56.9

284.4

0.005
2.3

11.4
284.4

Measured6 average
U content

(mg/L)

0.0
0.6
2.3

10.1
52.0

323.0

0.0
3.4
9.6

306.4

Average"
water intake

(ml/day)

342
351
347
339
365
343

564
561
530
566

Average''
body weight

(kg)

4.085
4.054
4.051
3.903
3.933
3.864

3.885
3.894
3.856
4.029

Average
U intake

(mg U/kg/day)

0.00
0.05
0.20
0.88
4.82

28.70

000
0.49
1 32

43.02

" Uranyl nitrate hexahydrate x 0.474 = uranium equivalent.
* Average of three samples taken at intervals dunng the study.
c Average of four consumption studies undertaken during Weeks 3, 7. 10, and 12 (males) and Weeks 3, 6, 8, and 12 (females).
d Calculated from average of initial and final body weights.
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TABLE 2
Body Weight and Food and Water Consumption in Male New

Zealand White Rabbits during 91 Days Treatment with Uranyl
Nitrate Hexahydrate

Group number
(male)

1

2

3

4

5

6

Exposure
(mg UN/L)

0
Bw (kg)
Food (g/day)
Water (ml/day)

0.96
Bw(kg)
Food (g/day)
Water (ml/day)

4.8
Bw (kg)
Food (g/day)
Water (ml/day)

24.0
Bw (kg)
Food (g/day)
Water (ml/day)

120.0
Bw (kg)
Food (g/day)
Water (ml/day)

600.0
Bw (kg)
Food (g/day)
Water (ml/day)

Week 3

3.825 ± 0.295°
181 ± 28"
382 ± 72"

3.779 ± 0.398*
183 ± 37
381 ± 77

3.704 ± 0.299
180 ± 36
358 ± 80

3 620 ± 0.249*
173 ± 37*
366 + 48*

3.660 ± 0.206"
186 ± 39*
407 + 44*

3.531 ± 0.280^
176 ± 36f

378 ± 63'

Week 12

4.345 ± 0 402*
148 ± 20*
318 ± 79°

4.329 ± 0.547*
142 ± 27
334 + 86

4.397 ± 0.446
153 ± 17
325 ± 93

4.185 ± 0.451*
157 ± 18*
320 ± 49*

4.205 ± 0.307*
152 ± 23*
349 ± 71b

4.196 ± 0.302r

154 ± 19̂
321 ± 71r

Note. Bw, body weight, food, food consumption; water, water consump-
tion. All data are expressed as means ± SD, and n = 10 unless otherwise
noted. Exposed group means and controls were not significantly different
within weeks.

°n = 9.
"n = 8.
' n = 7.

Week 3. However, the females consumed about 65% more
water overall than the males, resulting in the difference
in average dose received.

Water and food consumption declined in the controls
and in all exposure groups, both male and female, as the
study proceeded. Nevertheless, food and water intake was
similar among all groups of the same sex in the study,
and this decline did not appear to be dose dependent
(Tables 2-3).

In male rabbits, no urinary parameters were affected
after 30 days of treatment (data not shown). At the end
of 60 days, group 4 rabbits had significantly higher NAG
activity (p < 0.05), and group 6 rabbits had a significantly
higher total protein (p < 0.05) than the controls (data not
shown). Following 91 days of treatment, there were no
significant differences between the urine parameters of
any exposed male group and controls.

There were no significant differences between urinary
parameters of female rabbits in the control group and
group 4 (600 mg UN/L), after either 30 or 90 days of
exposure (data not shown).

In males, there was no significant relationship between
BSP retention and the UN exposure level. There was,
however, a significant (p < 0.01) linear relationship be-
tween exposure level and rate of PSP excretion, expressed
as the reduction of log PSP concentration (data not
shown). This effect was most pronounced in the highest
exposure group, and detectable in the second highest ex-
posure group. In females, no significant effects on the
rate of excretion of PSP were observed.

A number of changes were observed in various hemato-
logical and biochemical parameters, none of which ap-
peared to be dose dependent (data not shown). In the
male rabbits, the hematocrits in groups 2 and 3 were
significantly lower than that of the control group (p <
0.05). The percentage of polymorphonuclear leukocytes
in group 5 males was significantly higher than that in the
controls (p < 0.05). In the female rabbits, hemoglobin
was found to be significantly lower in group 4 (600 mg
UN/L) than in the control group (p < 0.05). Biochemical
analysis of serum samples in male rabbits showed LD
activity to be significantly increased in group 4 compared

TABLE 3
Body Weight and Food and Water Consumption in Female New

Zealand White Rabbits during 91 Days Treatment with Uranyl
Nitrate Hexahydrate

Group number
(female)

1

2

3

4

Exposure
(mg UN/L)

0
Bw (kg)
Food (g/day)
Water (ml/day)

4.8
Bw (kg)
Food (g/day)
Water (ml/day)

24.0
Bw (kg)
Food (g/day)
Water (ml/day)

600.0
Bw (kg)
Food (g/day)
Water (ml/day)

Week 3

3.460 ±0.142
240 ± 16
645 ± 177

3.565 ± 0.262°
228 ± 34
697 ± 184

3.505 ±0.183
241 ± 31
590 ± 104

3.638 ±0.188
245 ± 35
667 ± 169

Week 12

4.309 ± 0.209
227 ± 27
5 2 3 + 1 1 8

4.222 ± 0.359
211 + 3 9
515 ± 140

4.206 + 0.237
229 ± 31
500 ± 66

4.420 +0.184
243 ± 49
560 ± 134

Note. Bw, body weight; food, food consumption; water, water consump-
tion. All data are expressed as means ± SD, and n = 10 unless otherwise
noted. Exposed group means and controls were not significantly different
within weeks.

°n = 9.
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TABLE 4
Uranium Residues (/xg/g) in Kidney and Bone of Male and Female New Zealand White Rabbits

after 91 Days Treatment with Uranyl Nitrate

Group number

Males
1
2
3
4
5
6

Females
1
2
3
4

Exposure
(mg UN/L)

0
0.96
4.8

24 0
120 0
6000

0
4.8

24.0
600.0

n

5
6
6
6
6
5

10
10
10
10

Uranium

Kidney

0.05
0.04
0.50
0.73
2.97t
4.98t

0.010
0.019
0.07
1.03t

± 0.01
± 0.01
± 0.22
± 0 20
± 1 45
± 0.82

± 0.005
± 0.004
± 0.01
± 0.15

concentration (ftg/g)

n

5
5
5
5
5
5

10
10
10
10

Femur

0.05
0.09
0 05
0 30
0.76
4.04t

0.013
0.053
0 15
3.06t

± 001
± 0.05
± 0.01
±0.15
± 0.24
± 0.55

± 0 002
± 0.004
± 0.01
±031

Note. All errors are standard errors of the mean.
t Significantly different from control group: p < 0.05; Duncan procedure

to the control group (p < 0.05). In females, group 2
(4.8 mg UN/L) had significantly decreased serum glucose
levels compared to the control group (p < 0.05).

For both male and female rabbits, neither organ weights
nor organ to body weight ratios were significantly af-
fected by the administration of UN (data not shown). The

tissue levels of uranium showed qualitative and quantita-
tive differences between the males and females (Table 4).
In males, levels of uranium in kidney tended to be slightly
higher than in bone. In females, the converse was the
case, and the levels of uranium in female kidneys was
generally one-fifth of that detected in males.

TABLE 5
Tabular Summary of Kidney Lesion Incidence of Male New Zealand White Rabbits

after 91 Days Treatment with Uranyl Nitrate (UN)

Group number
Exposure (mg UN/L):
Animals examined per group'

Glomerular
Adhesions

Tubular
Cytoplasmic inclusions
Apical displacement of nuclei
Cytoplasmic vacuolation
Anisokaryosis
Hyperchromicity
Nuclear vesiculation
Nuclear pyknosis
Tubular dilation
Protein casts
Atrophy

Interstitial
Collagen sclerosis
Reticulin sclerosis

1
0

10

8°

9
0
0
0
0
0
0
0
0
0

0
0

2
0.96

10

10

10
0
5
5
0
8
3
3
1
2

1
3

3
4.8
9

9

9
0
3
8
6
8
4
2
2
2

0
3

4
24
10

10

10
1
6
9
8

10
6
3
1
1

2
6

5
120

10

10

10
0
4
9
9

10
7
4
0
4

5
10

6
600

9

9

7
4
6
9
9
9
5
4
4
5

7
8

° Number of animals in group with indicated abnormalities.
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FIG. 1. Renal cortex from a male rabbit in the control group. Tubular diameter, cytoplasmic volume and density, nuclear size, and basement
membranes are normal and relatively uniform throughout PAMS X320.

Exposure to UN was associated with significant dose-
related histopathological changes most prominent in the kid-
ney and thyroid gland and to a lesser extent in the liver. A
summary of the incidence of kidney lesions is presented in
Tables 5 and 6. The statistical analyses of incidence and
severity evaluations are presented in Tables 7 and 8.

TABLE 6
Tabular Summary of Kidney Lesion Incidence of Female New

Zealand White Rabbits after 91 Days Treatment with Uranyl Ni-
trate (UN)

Group number
Exposure (mg UN/L):
Animals examined per group:

Glomerular
Adhesions

Tubular
Cytoplasmic inclusions
Cytoplasmic vacuolation
Anisokaryosis
Nuclear hyperchromicity
Nuclear vesiculation
Nuclear pyknosis
Tubular dilation
Protein casts
Atrophy
Tubular pigmentation

Interstitial
Collagen sclerosis
Reticulin sclerosis

1
0

10

10*

15
0
0
0
0
0
3
5
0
0

2
5

2
4.8

10

10

#
3
4
0
5
1

io:
* •

7

a.
2
7

3
24
10

10

10
3
8
0
8::o

6
2
5
1

3
10

4
600

9

9

9
3
9
9
9
5
9
3
3
5

9
9

° Number of animals in group with indicated abnormalities.

Histopathological Findings in Male and Female Rabbits

Histopathological changes occurred in the kidneys of male
and female rabbits (Figs. 1-3). These consisted of foci of
cytoplasmic vacuolation in proximal renal tubular epithelium
(Fig. 2A) resting on normal basement membranes (Fig. 2B)
in animals at the lowest exposure level. The cytoplasmic
changes were accompanied by both vesiculation and
pyknosis of tubular nuclei both at the lowest (Fig. 2A) and
at higher dose levels (Fig. 3A) where the epithelium was
injured prior to any detectable change in the tubular base-
ment membranes (Fig. 3B).

Changes in the thyroid gland consisted of an irregular
increase in epithelial height from flattened or cuboidal epi-
thelium to epithelium that was approximately three to four
times normal height, with clear foamy cytoplasm and with
vesiculation of nuclei. Hepatic changes were minimal, con-
sisting of accentuation of zonation occurring at the architec-
tural level as well as hepatocellular anisokaryosis.

Metaplastic changes occurred in the aorta in a small num-
ber of treated and control animals. They ranged from focal
laminar mineralization of the media to formation of well-
developed bony plates with, in one case, a bone marrow
cavity. These lesions were generally accompanied by other
minor changes in the endothelium and underlying elastic
membrane, suggesting a general metabolic etiology rather
than the result of a prior atherosclerotic plaque. These
changes did not appear to be dose related.

DISCUSSION

The highest dose of UN (600 mg UN/L) administered
to male rabbits under these study conditions was toxic


