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Extract

Litter-mate homozygous and heterozygous weanling rats of the Gunn strain were thirsted and fasted
for 24 hours. The response of the animals to thirsting was compared by analysis of solute content of
serum and composition of fluid in the renal medullae. The results are given in tables I and II. When
the mean values for weight loss and serum solute concentrations were compared, it was found that
the jaundiced rats were able to conserve body water as well as the non-jaundiced rats and to generate
equally high concentrations of total solute in the tissue water of the renal medulla. Only two of
the twelve jaundiced animals showed evidence of failure to develop the expected hypertonicity of the
medullary tissue water. This failure was qualitatively similar to that found in adult jaundiced rats.
Despite the presence of higher concentrations of bilirubin in serum, the medullary bilirubin content of
the jaundiced weanling rat was only 5 % of the concentration found in adult animals. The sodium and
urea concentrations in the renal medullary fluid were correlated (p <0.001) in the homozygous
jaundiced rats (table IV and fig. 1). A similar correlation was not found in the non-jaundiced
heterozygous animals. This finding suggests that the normal rat kidney has at least two mechanisms
for renal transport of urea, one of which is sodium dependent and the other sodium independent
and that the latter mechanism is inoperative in the jaundiced weanling rat.

Speculation

In vitro studies of bilirubin have previously suggested that toxicity is exerted by its surface activity on
mitochondrial membranes. The examination of renal function in the intact jaundiced animal has
revealed the possibility that tubular transport systems for urea and sodium are impaired in the
presence of high concentrations of bilirubin in the renal medulla. These transport systems involve
the maintenance of concentration gradients of sodium and urea across tubular epithelium. Bilirubin,
through its surface activity, could impair the selective permeability of the membranes involved in
urea and sodium transport within the renal medulla.

Introduction result of a deficiency in the hepatic microsomal en-
zyme, glucuronyl transferase, which catalyzes the con-

The homozygous (jj) Gunn strain rat has a life-long jugation of bilirubin prior to hepatic excretion as the
unconjugated hyperbilirubinemia which develops a diglucuronide ester [3, 15,21].
few days after birth [11]. The hyperbilirubinemia is a Recently, it was reported that the adult homozygous
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(jj) rat, in comparison with the non-jaundiced hetero-
zygous (jj) animal, is unable to form concentrated
urine and develops hyperosmolality of the extracellular
fluids when thirsted [18]. The failure in water conser-
vation has been explained by the presence of greater
urinary water and sodium losses in the distal tubule
associated with lower tissue osmolality of the inner
renal medulla in comparison with conditions found in
the heterozygous animals. Regional analysis of the
kidney for bilirubin revealed a concentration of bili-
rubin in the inner medulla that was 100-fold greater
than that in the cortex. These observations were inter-
preted to indicate that bilirubin may interfere with the
reabsorption and counter-current recirculation of so-
dium and urea in the loop of Henle and thereby limit
tubular reabsorption of solute-free water from the
collecting ducts.

In order to ascertain whether the concentrating
defect and the hyperbilirubinemia were separate but
closely associated genetic defects or whether the renal
lesion was a consequence of bilirubin accumulation,
the response of young animals to thirsting was studied.

Materials and Methods

Twelve homozygous and 12 heterozygous litter-mates
from four litters were separated from their mothers at
,19-26 days of life and were thirsted and fasted for 24
hours.

The weights of the animals were determined just
before and at the completion of the 24-hour thirst.
The animals were anesthetized with pentobarbital,
3 mg/100 g given by intraperitoneal injection, and a
midabdominal incision was made. The abdominal
aorta was transected and blood was collected in capil-
lary tubes directly from the bleeding site. Both kidneys
were removed subsequently and shelled from their
capsules. Each kidney was hemisectioned; the papilla,
including the inner medulla, was excised and its wet
weight measured on preweighed aluminum planchets
with a gram electric balance (Cahn Instrument Co.,
Paramount, California). One medulla was dried for
24 hours at 90° and reweighed to obtain the water
content. The medulla from the other kidney was quan-
titatively transferred to a glass homogenizer with 1 ml
of distilled water. After the sample was homogenized,
aliquots were analyzed for ammonia, urea, sodium
and potassium contents. The capillary blood samples
were centrifuged and the supernatant serum analyzed
for concentrations for total protein, bilirubin, urea,
sodium and potassium. The analytic methods have
been previously reported [18].

After a thirsting period of 24 hours, the bilirubin
content of the inner medulla of the kidney was deter-

mined in six additional homozygous weanling rats by
homogenizing both of the excised medullae in 1 ml of
0.01 N HC1 and 1 ml of chloroform. Following centrifu-
gation, the bilirubin analysis of the chloroform layer was
performed by direct spectrophotometric analysis [18].

These values were compared with the analyses of
medullary bilirubin concentrations in 11 homozygous
adult rats which had not been subjected to thirsting
before the analyses.

Results

The values for the changes in weight and serum analy-
ses of the animals are recorded in table I. There were
no significant differences between any of the mean
values for the homozygous and heterozygous animals
even though the mean weight loss was greater in the
jaundiced animals.

The results of the analyses of the inner medulla of
the kidneys are itemized in table II. Although the
mean values for concentrations of sodium and urea
and the calculated tissue osmolalities were lower in the
homozygous animals, these differences were not sta-
tistically significant. Animals jj 10 and j j 13, however,
did exhibit a deficiency of water conservation in that
they incurred the greatest weight losses and had the
highest concentrations of sodium in serum. Despite
these indications of dehydration, the tissue osmolali-
ties of their renal medullae were the lowest in the entire
group, and involved reductions in the concentrations
of sodium and urea.

The bilirubin contents of the inner medullae of the
kidneys in the thirsted weanling rats are given in table
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Fig. 1. The simultaneous relation between the papillary
urea and sodium concentrations in weanling and adult
homozygous j aundiced rats. O, represents the weanling
ratsjj 10-21 of table II. • , represents the adult animals
j j l -6 previously studied [18].
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Table I. Weight changes and chemical values in serum of thirsted homozygous animals

239

Animal

jjio
j j l l
JJ12
JJ13
JJ14
JJ15
JJ16

JJ17
JJ18
JJ19
JJ2O
JJ21
Mean
SD±

jjio
JJH
JJ12
JJ13
JJ14
JJ15
JJ16
JJ17
JJ18
JJ19
JJ2O
JJ21
Mean
SD±

Age

Days

22
22
24
24
20
20
22
22
25
25
27
27

22
22
24
24
20
20
22
22
25
25
27
27

Sex

<J
S
9
<?
S
$
<?
9
2
?
9
9

9
<?
4
9
6*
9
$
$
$
$
$
9

Initial
weight

g

42.2
38.7
34.0
48.5
31.6
32.3
39.8
40.2
44.5
46.8
49.6
56.3

42
7.5

36.6
47.7
49.0
45.3
31.2
30.0
45.4
41.2
49.3
51.4
56.8
59.9

44.7
9.3

Weight
loss

%

21.1
19.7
21.2
23.1
14.5
13.3
12.6
10.0
16.9
16.5
17.8
14.7

16.7
4.0

16.7
17.7
16.3
17.2
14.1
13.7
10.8
11.2
14.8
16.9
15.1
11.5

14.6
2.4

Concentrations in

Na

146.0
141.2
148.2
153.6
141.0
139.0
144.2
141.4
139.0
137.8
142.0
139.0

142.6
4.6

141.6
145.4
143.6
146.8
142.5
131.0
140.4
144.0
139.8
137.6
140.2
144.0

141.2
4.2

K

mM/1

5.0
4.6
4.2
5.6
4.2
4.6
4.6
5.4
4.8
5.4
4.4
5.4

4.9
0.5

6.2
5.0
5.6
4.9

5.0
5.2
5.6
4.6
4.6
5.2

5.2
0.5

serum

Urea

7.9
7.3
8.2
8.1
6.4
5.9
4.6
3.9
8.5
7.9

11.8
8.4

7.4
2.1

9.4
8.4
6.4
6.9
7.4
7.6
4.5
4.3

10.0
6.4

10.9
7.0

7.4
2.0

Total
Protein

g/100 ml

5.1
6.0
4.5
4.6
5.3
4.9
5.1
5.5
5.6
5.2

5.2
0.5

4.9
4.9

5.1
5.2
5.4
5.1
5.0
5.2

5.1
0.2

Bilirubin

mg/100 ml

22.4
16.8
13.6
16.8
14.4
17.0
36.0
13.6
16.8
12.8
15.6
16.8

17.7
6.3

III and are compared with the values found in adult
animals. It is evident that there was much less bilirubin
within the medullary portions of the kidney in weanling
rats despite higher concentrations of bilirubin in serum.

In table IV are listed the derived statistical correla-
tions for the major medullary solutes. There were
highly significant correlations between the total osmo-
lality and the concentrations of sodium and urea within
the medulla in both groups of animals. When the so-
dium and urea concentrations were compared with
one another, however, differences were found between
the homozygous (jj) and heterozygous animals.

The concentrations of sodium and urea varied in-
dependently of one another in the heterozygous ani-
mals, whereas the concentrations of these two medul-
lary solutes were closely associated with one another
in the homozygous animals. Recalculation of the cor-
relation by eliminating animals jj 10 and jjl3 results in

an even higher correlation (r = 0.98, p < 0.001); thus
the existence of the correlation was not dependent upon
just these two animals.

Discussion

The analyses of the solutes of the inner medulla in the
homozygous weanling rat demonstrated that their
medullary structures could generate and maintain the
hypertonicity of the papillary fluid comparable to the
values of non-jaundiced heterozygous animals. Since
there is general agreement that, in the presence of
antidiuretic hormone, osmotic equilibrium exists be-
tween the tubular fluid of the collecting duct and the
adjacent interstitial fluid of the papilla [1, 8, 23, 24],
the present results suggest that the jaundiced weanling
rat could concentrate urine as well as could its hetero-
zygous litter-mate. It therefore seems reasonable to
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Table II. Composition of inner medulla of the kidneys

Animal

jjio
JjH
JJ12
JJ13
JjH
JJ15
JJ16
JJ17
JJ18
JJ19
JJ20
JJ21
Mean
SD±

jjio
JJH
JJ12
JJ13
JJ14
JJ15
JJ16
JJ17
JJ18
JJ19
JJ20
JJ21
Mean
SD±

Sample

weight
mg

4.16
4.67
5.16
4.54
2.80
3.60
3.76
5.67
7.46
6.11
4.31
4.72

4.75
1.24

4.78
4.42
4.63
4.14
3.46
4.81
3.73
5.20
6.30
6.18
6.71
3.90

4.85
1.06

Water

%

82.2
79.0
76.5
82.0
78.0
80.0
82.0
80.0
76.0
76.5
76.4
76.4

78.7
2.4

77.8
78.8
76.0
75.2
80.3
80.6
79.0
79.0
76.2
77.4
79.2
78.6

78.1
1.7

Content

^1

3.42
3.68
3.95
3.71
2.18
2.88
3.10
4.53
5.66
4.67
3.29
3.60

3.73
0.91

3.72
3.49
3.52
3.11
2.76
3.90
2.94
4.08
4.80
4.78
5.32
3.06

3.79
0.82

Na

230
329
318
229
389
382
297
320
282
392
456
486

343
81

227
352
415
424
351
259
381
275
334
343
410
451

351
70

Solute

K
mM/1

73.9
65.2
88.0
73.4
83.0
79.8
67.6
63.9
74.0
75.0
85.1
75.0

75.2
7.6

67.2
66.0
99.0

106.0
61.6
82.1
74.8
56.5
79.1
62.8
82.2
78.4

76.2
15.0

concentrations
NH4

tissue water

17.0
13.6
30.7
18.3
21.3
18.6
19.6
17.3
24.6
29.1
28.2
29.7

22.3
5.9

17.3
22.4
22.3
23.0
15.5
15.6
18.1
17.6
23.8
20.9
23.5
21.0

20.1
3.1

Urea

510
679
626
357
in
775
729
746
641
735
743
879

682
138

699
904
790
885
536
652
754
765
725
662
714
749

736
100

Osmolality1

mOsm/kg

1152
1495
1500
991

1758
1737
1499
1548
1403
1727
1881
2061

1563
298

1321
1784
1862
1991
1394
1366
1702
1465
1599
1516
1746
1849

1632
221

1 Calculated osmolality = [Na + K + NH4] x2 + urea.

Table III. Bilirubin contents of inner renal medulla

Adult j j (n =

Weanling j j

Serum
mg/100

= 11) 9.4±2

(n=6) 12.7 ±1

Bilirubin

ml

.3

.7

Medulla

wet weight

1.39±0.53

0.05 ±0.02

Table IV. Correlations in medullary solute composition

jj (n = 12)

JJ (n = 12)

T. osm. vs urea r
T. osm. vs Na r
Urea vs Na r
T. osm. vs urea r
T. osm. vs Na r
Urea vs Na r

= 0.935
= 0.971
= 0.833
= 0.739
= 0.876
= 0.338

p < 0.001
p < 0.001
p < 0.001
p <0.01
p < 0.001
p>0.1

conclude that the impairment in urine concentration
uniformly seen in adult jaundiced rats does not exist
as a defect operative from birth. Of relevance was the
observation that the bilirubin content of the inner
medulla was only 5 % of that found in the older jaun-
diced animals despite higher concentrations of circulat-
ing bilirubin in the young rats. The bilirubin concen-
tration in the medulla, however, was still five-fold
greater than the values previously found in the cortex
[18]. Only two of the 12 jaundiced animals (jj 10 and

jjl3], demonstrated subnormal medullary tonicity de-
spite excessive weight losses and relative hypernatremia
in response to thirsting. In this respect they exhibited
qualitatively the same failure of water conservation as
that of the adult animals. Unfortunately, the bilirubin
content of their medullae was not simultaneously ana-
lyzed with the other solutes and could conceivably have
been considerably greater than that found in the few
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animals studied. Although there is insufficient evidence
to justify a definitive conclusion, it seems likely that the
progressive accumulation of bilirubin in the renal pa-
pilla is associated with a progressive impairment of the
capacity of the renal medullary structures to form and
maintain the necessary hypertonicity of interstitial
fluid. Such an interpretation would explain the failure
in older homozygous animals for maximal reabsorption
of solute-free water during thirsting. The accumulation
of bilirubin in the kidney of homozygous animals is
presumably dependent upon the postnatal retention
of bilirubin and/or related to the change in the animals'
diet from maternal milk to laboratory chow.

It has been previously postulated from in vitro studies
[18, 19] that the accumulation of bilirubin in the renal
medulla was related to the high ionic strength of the
medullary fluid. By this mechanism, the protein-bound
bilirubin circulating through the vasa recta is exposed
to media of high ionic strength which increases the
dissociation of bilirubin from the plasma protein and
permits its escape to the extra vascular medullary struc-
tures. The medullary solute content, and therefore
ionic strength, of the kidneys in young animals is known
to be lower than that of older animals of the same spe-
cies [6] and could account for the lower concentrations
of bilirubin in the medulla of weanling animals. Pro-
tection from bilirubin accumulation would also occur
if the diet of the suckling ainmal contained minimal
solute for excretion in the available water for urine
formation. Under such dietary circumstances, the
renal medullary fluid would not be as hypertonic as
it is during antidiuresis.

An unexpected finding was the close correlation be-
tween the concentrations of sodium and urea in the
medulla in the homozygous animals; this was not
found in the heterozygous animals. Reexamination
of the previously reported studies in adult animals [18]
revealed the same correlation between the concentra-
tions of sodium and urea in the medulla in the jaun-
diced rats and an absence of such a correlation in the
medullary solute composition of the pair-fed control
animals. The combined data from the previously studi-
ed adult homozygous animals and the presently re-
ported weanling jaundiced rats are shown in figure 1.
The regression line indicates that concentrations of
urea in the papillae were related to the simultaneous
concentrations of sodium in a 2:1 molar ratio within
the range of observed values.

A number of studies have indicated that the move-
ment of urea in the mammalian kidney may occur by
two distinct mechanisms. The first, elucidated by BER-
LINER and others, is related to the passive diffusion of
urea from the collecting duct to the peritubular fluid
along a concentration gradient [1, 7, 12, 13, 16]. Dur-
ing antidiuresis, urine in the collecting duct undergoes

concentration by the osmotic movement of water across
the duct epithelium into the hypertonic interstitium.
The hypertonicity of the medullary interstitium is
created by the active reabsorption and counter current
recirculation of sodium from the ascending limb of the
loop of Henle [10]. As water leaves urine in the collect-
ing duct, the concentration of urea increases and urea
can diffuse passively into the adjacent medullary inter-
stitium consistent with its concentration gradient
across the duct epithelium. This passive diffusion of
urea is enhanced by antidiuretic hormone [7, 17].
Consequently, one might anticipate a correlation be-
tween the concentrations of sodium and urea in the
renal medulla.

It has been suggested that the other mechanism for
urea transport by the kidney is an active process [2,4,5,
9, 13, 14, 20, 22] whereby urea can be concentrated
within the medullary interstitium even though its con-
centration is lower within the lumen than in the peri-
tubular fluid of the collecting duct. BRAY and PRESTON
[2], as well as TRUNIGER and SCHMIDT-NIELSEN [20],
found urea concentrations lower in urine than in the
medullary tissue slices of the kidney from protein-
deficient rats. LASSITER et al. [14] have subsequently
shown by micropuncture sampling techniques that the
concentration of urea within the vasa recta was greater
than it was in the adjacent collecting duct. By this
active transport mechanism, urea content of the me-
dulla may vary independently of sodium reabsorption.

The present results are consistent with an inter-
pretation that the mechanism for tubular transport of
urea which is independent of sodium reabsorption was
impaired in the jaundiced Gunn rat and is the earliest
manifestation of bilirubin nephropathy. Only later,
when the medullary concentration of bilirubin in-
creases, does sodium reabsorption -become impaired;
then the urinary concentrating defect is apparent.

Although the animals were litter-mates of com-
parable weight, they were not pair fed and their
urinary excretions were not actually measured. The
interpretation, therefore, suggested for the urea results
must remain as conjecture until more definitive data
are available.

Summary

The response to thirsting of weanling jaundiced (jj)
and non-jaundiced (jj) Gunn strain rats was compar-
ed. In contrast to adult (jj) rats, it was found that the
weanling (jj) rat was able to generate hypertonic con-
centrations of sodium and urea in the renal medulla
comparable to that found in the non-jaundiced litter-
mate. The calculated milli-osmolalities in tissue were
1563 and 1632/kg of medullary tissue water respectively.
Consequently, the polyuria characteristic of older ani-
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mals would not be expected in weanling animals. Only
two of the 12 jaundiced weanling animals exhibited
impairment of water conservation qualitatively similar
to that uniformly seen in mature (jj) animals.

It was found that the medullary concentration of
bilirubin in the weanling j j rat was 0.05 jMg/mg wet
weight. This concentration is only 5 % of the value ob-
served in mature animals despite higher concentra-
tions of bilirubin in serum in the weanling rats.

In both the weanling and adult jaundiced rats, there
was a significant correlation between the concentra-
tions of sodium and urea in the medulla which was not
observed in control animals. These observations sug-
gested that the earliest lesion of bilirubin nephropathy
may be an interference with the capacity of the medul-
lary structures to control urea movement independent-
ly of sodium transport.
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