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A Micropuncture Study of Collecting Tubule

Function in Rats with Hereditary Diabetes Insipidus

REXL. JAMISON, JOHNBUERKERT, and FRANKLACY, with the technical
assistance of DANMARCUSand BETTYHENTON

From the Departments of Medicine and Physiology and Biophysics,
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St. Louis, St. Louis, Missouri 63110

A B S T R A C T The reabsorption of water and solute by
the papillary collecting duct was studied during water
diuresis and vasopressin-induced antidiuresis in young
rats with hereditary hypothalamic diabetes insipidus. The
tip of the left renal papilla was exposed and fluid was
obtained by micropuncture from loops of Henle and from
collecting ducts at the papillary tip, and at an average of
1 mmproximal to the tip. In water diuresis the ratio of
tubule fluid to plasma (TF/P) osmolality (osm) of loop
fluid was 1.73 +0.058 (SE); of fluid from the proximal
collecting duct, 0.63 ±0.027; and from the tip, 0.55
-+-0.024; indicating a substantial osmotic pressure differ-
ence across the collecting duct epithelium. The fraction
of filtered water reabsorbed (X 100) by the terminal
collecting duct was 1.58% ±0.32. In antidiuresis the
TF/P osm of loop fluid was 2.65 ±0.109; of fluid from
the proximal collecting duct, 2.20 ±0.093; and from the
tip, 2.71 ±0.111; indicating a marked decrease in the
driving force for water reabsorption. The fraction of
filtered water reabsorbed (X 100) by the terminal col-
lecting duct was reduced to 0.58% ±0.08, while the
delivery of solute to the same segment was unchanged
from that in water diuresis. The glomerular filtration
rate (GFR) of the right kidney declined from 327 ± 24.4
,ol/min in water diuresis to 274 ±24.4 /d/min in anti-
diuresis (P < 0.005); similar results were obtained in a
study comparing right and left GFRs in five additional
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rats. Thus, fractional reabsorption (and very likely the
absolute volume) of water reabsorbed by the terminal
collecting duct was less in antidiuresis than in water
diuresis (mean difference, 1.01% +0.29, P < 0.005).

INTRODUCTION
During water diuresis, fluid in the lumina of collecting
tubules is hyposmotic to systemic plasma, but the renal
medullary interstitium remains hyperosmotic (1-4). In
antidiuresis, the permeability to water of the collecting
tubule epithelium is increased by antidiuretic hormone
(5, 6); as a result, more water is absorbed and the
osmolality of fluid in the collecting tubules approaches
equilibrium with that of the medullary interstitium. At
the same time, the osmolality of the medullary intersti-
tium also increases (1, 2, 7). These observations seem
inconsistent: how can the medullary interstitium become
progressively more hypertonic if, simultaneously, more
water is reabsorbed from the collecting duct? Among
several hypotheses (8-12) is the suggestion (11, 12)
that the quantity of water reabsorbed from the medullary
collecting duct in antidiuresis is actually less than that
reabsorbed in water diuresis. The recent discovery of a
strain of rats with diabetes insipidus (13) coupled with
the observation that the papilla in young rats is accessi-
ble to micropuncture (14), have made it possible to test
that hypothesis. The results are reported in this paper.

METHODS
Young rats with hereditary hypothalamic diabetes insipidus
(Brattleboro strain) (12, 14-16) weighing 55-85 g were
allowed free access to food and water up to the onset of
the experiment. Only animals excreting a hypotonic urine
before the experiment were used, and if during the experi-
ment, the urine was not hypotonic in water diuresis, the
results were discarded. After each rat was anesthetized
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each from the tip of the collecting duct and from the
proximal site were obtained.

At the end of the first (water diuresis) period, the in-
fusate was changed to undiluted Tyrode's solution con-
taining inulin and antidiuretic hormone (Pitressin, Parke,

*/ Davis & Co., Detroit, Mich.), 2.2 mU/ml. The infusion
rate was set to equal exactly half the initial measured rate.
Thus, these animals received antidiuretic hormone at a
rate ranging from 88 to1110 /U/min. (Preliminary studies

* showed that under the above experimental conditions, the
urinary osmolality increased as the infusion rate of anti-
diuretic hormone increased until it reached 50AuU/min;Measu/ec t1 ±0 SE above that rate there was no further increase in urinary

Colculoted concentration). After an hour for equilibration, a loop

f erent from the first one was punctured. Next, the col-
lecting duct was punctured, usually at the same sites as
those in the first period.

Samples of blood (65 ,l) were obtained from the femoral| Il I I| | catheter approximately every 30 min during puncture. The4,000 8,00 I,000 1 1$ 6 blood pressure was measured through the same catheter.
Inulin Concn.(Colculoted)mg/lOlmm At least one urine collection from the right kidney was
analyses of 12 consecutive samples made during each of the two periods.

i inulin concentrations by the micro- In a separate study of five rats, the experimental condi-

tions were identical with those described, including placing
the left kidney in the glass cup, except that micropunc-
ture was not performed. The left ureter was catheterizedLactin, 80 mg/kg body weight, a tra- rather than excised, in order to compare the unilateral

ned, and polyethylene catheters were GFRs of right and left kidneys during water diuresis and
ular veins and into the left femoral antidiuresis.
iey was exposed through a midline The manufacture and treatment of the pipettes and the

left ureter was excised to uncover analytic methods have been described previously (19).
and the kidney was placed gently Standard statistical methods were used (20).

ithed with mineral oil at 380G. The 12 consecutive specimens containing known quantities of
d by a fiber optic light guide (17). inulin were measured by the microinulin technique. The

ft ureter was ligated and a catheter results are illustrated in Fig. 1. Among samples ranging
adder to collect urine from the right in inulin concentration from 1600 to 14,100 mg/100 ml, the

ceived a prime and maintenance solu- mean ratio, measured/calculated inulin concentration, was
ed to achieve a plasma concentration 1.009+0.009.

e first period, Tyrode's solution (18),
tilled water, was infused at a rate

ml/min to insure a brisk water di- RESULTS
A summary of arterial blood measurements in 18 ratsof infusion to permit equilibration, a is presented in Table I. Of the variables listed, only

ctedso as to maintain thedroplet in the hematocrit changed significantly. The reduction in
)r to allow it to move slowly down- packed cell volume reflected the repeated arterial blood
a single loop puncture, the collecting sampling throughout the experiment.

irst at the papillary tip and then as
sure permitted. The fluid was col- Rightkidrey
an the flow of fluid within the col-

t experiments, at least two samples The mean weight of the right kidney was 310 mg+ 11.
A summary of various measurements of renal function

TABLE I in the right kidney in 18 rats is presented in Table II.
I Blood Measurements* Comparing values obtained in antidiuresis with those in

water diuresis, there was a striking decrease in urine
ater diuresis Antidiuresis P flow and fractional excretion of water, a marked increase
96.7 42.6 96.8 43.1 >0.5 in urine osmolality, no change in solute excretion, and a

decrease in sodium excretion. The mean glomerular fil-
41.9 tO.86 38.8 :1.04 <0.001 tration rate decreased 15%.
90 4:5.7 293 46.0 >0.4

45 41.7 145 42.4 >0.5 Left kidney
The protocol of a typical experiment is presented in

!an 4sE. Table III and its results are illustrated in Fig. 2. The
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TABLE I I
Renal Function of the Right Kidney in 18 Rats*

Water diuresis Antidiuresis P

Urinary flow rate, 19.49 4:1.42 1.81 :l:0.16 <0.001
jd/min

U/P osm 0.51 =10.022 4.12 4-0.238 <0.001
P/U inulin X 100 6.33 =10.62 0.73 4-0.09 <0.001
GFR, id/min 326.6 4:24.4 274.4 4:24.4 <0.005
U/P osm/inulin X 100 3.17 4:0.48 2.84 4:0.29 >0.2
U/P Na/inulin X 100 0.31 :410.05 0.07 4-0.02 <0.001

* P, plasma concentration; osm, osmolality.
Data presented are the mean 41 SE.
U, urinary concentration.

data obtained in water diuresis (first period) are shown
in Fig. 2a and in antidiuresis (second period) in Fig. 2b.
The results of duplicate punctures were averaged. Note
the hypertonicity of the fluid in the loop of Henle during
water diuresis. As the fluid passed down the collecting
tubule it became more dilute despite the fact that there
was continued reabsorption of water. The fraction of
filtered water reabsorbed (X 100) was 91.7% at the
proximal portion of the collecting duct and 93.9% at the
tip, indicating the reabsorption of 2.2% of the filtered
load of water by the terminal portion of the collecting
duct and the excretion of 6.1%. The papilla became more
hypertonic in antidiuresis, as indicated by the higher
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TFP IN 12.1 16.4 Filtered
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FIGURE 2 Results of experiment outlined in Table I, a.
Water diuresis, b. Antidiuresis. The distances from the tip
are drawn roughly to scale. For further description see
text. OSM, osmolality; IN, inulin.

TABLE II I
Experimental Protocol

Experiment 9/14/70

8:10 Anesthetized with Inactin (8 mg/100 g body wt).
Surgery: rat infused with Tyrode's solution
diluted with an equal volume of water at 0.03
ml/min.

10:03 P0, Hct 44%.
10:05 Prime and maintenance infusion of Tyrode's solu-

tion diluted with an equal volume of water at
0.082 ml/min.

1:09 Si, loop, 0.65 mmfrom tip of papilla.
1:11 Pi, Hct 47%.
1:12 Begin collection of urine (Ul) from right kidney.
1:16 S2, CD (tip), 0.29 mmfrom tip.
1:24 S3, CD (prox), 1.24 mmfrom tip.
1:29 S4, CD (tip), same site as S2.
1:35 P2, Hct 45%.
1 :39 S5, CD (prox) same site as S3.
1:43 End Ui- (V = 15.06,Ml/min).
1 :47 P3, Hct 46%. Mean arterial pressure, 90 mmHg.
1 :52 Begin second infusion of undiluted Tyrode's at

0.041 ml/min containing 2.2 mUADH/ml (=90
MAU/min).

3 :07 P4, Hct 47%.
3:08 Begin collection of urine (U2) from right kidney.
3:40 Ss, loop, 0.78 mmfrom tip.
3:46 P5, Hct 44%.
3:52 S7, CD (tip), 0.20 mmfrom tip.
4:00 S8, CD (prox), 1.24 mmfrom tip.
4:08 S9, CD (tip), same site as S7.
4:13 P6,Hct43%.
4:20 S1o, CD (prox), same site as St.
4:25 End U2- (V = 0.91 /Al/min).
4:28 P7, Hct 44%. Mean arterial pressure, 94 mmHg.

End experiment.

ratio of tubule fluid to plasma osmolality (TF/P osm)
of the loop sample. In contrast to water diuresis, the
osmolality of fluid in the collecting tubule at the tip of
the papilla was higher than that of fluid in the proximal
collecting duct in antidiuresis. The filtered water reab-
sorbed was 98.2% at the proximal portion of the collect-
ing duct and 98.8% at the tip. Thus, 0.6% of the filtered
water was reabsorbed in antidiuresis, and 1.2% was
excreted.

The micropuncture data obtained from experiments in
18 rats are presented in Table IV and the analyses of
fluid samples from the collecting tubules are summarized
in Tables V-VII. The results obtained at each collecting
duct site (tip and proximal) were averaged and are
given as single values. The mean weight of the left
kidney was 309 mg +10.

'Abbreviations used in this paper: GFR, glomerular fil-
tration rate; TF/P, tubule fluid to plasma ratio; U/P,
urine to plasma ratio; osm, osmolality.
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TABLE IV
Micropuncture Data from Left Kidney

(TF/P Na/inulin) (TF/P K/inulin)
TF/P osm P/TF inulin X 100 X 100 X 100

TF/P
Rat Infusion osm CD CD CD CD CD CD CD CD

number period loop prox tip prox tip Diff. prox tip prox tip

1 WD
AD

2 WD
AD

3 WD
AD

4 WD
AD

5 WD
AD

6 WD
AD

7 WD
AD

8 WD
AD

9 WD
AD

10 WD
AD

11 WD
AD

12 WD
AD

13 WD
AD

14 WD
AD

15 WD
AD

16 WD
AD

17 WD
AD

18 WD
AD

2.09
2.26
1.81
3.42
1.55
2.62
1.83
2.34
1.54
2.75
1.93
3.16
1.63
2.32
1.67
3.04
1.59
2.68
1.78
2.13

1.54
2.78

2.08
1.66

1.86
2.64
2.25
3.25
1.52
2.93
1.36
2.00

0.57
1.77
0.72
2.79
0.49
2.08
0.51
1.89
0.69
1.69
0.74
2.20
0.56
2.32
0.52
2.43
0.78
1.90
0.67
1.94
0.76
2.39
0.48
2.60
0.83
3.23
0.56
1.87
0.62
2.30
0.75
2.30
1.58
1.90
0.50
2.00

0.47
2.14
0.61
2.97
0.43
2.29
0.57
2.25
0.54
2.04
0.47
2.57
0.52
2.86
0.54
2.83
0.74
2.73
0.52
3.43
0.65
3.37
0.48
2.58
0.71
3.62
0.45
3.09
0.63
2.71
0.74
2.95
0.40
2.17
0.46
2.24

6.5
1.9
2.5
1.0
6.5
1.4
3.8
1.9
5.0
1.8
8.3
1.8
4.5
1.9
4.9
1.6

10.2
3.7
6.0
2.2

15.4
2.6
9.0
1.2
1.8
1.1
7.0
1.9
4.2
1.2
3.1
1.4
9.0
1.3
7.6
1.8

5.2
1.5
2.4
0.7
5.9
1.1
2.6
1.7
4.0
0.9
6.1
1.2
4.0
1.4
3.7
1.1
8.8
2.6
4.4
1.2

10.4
1.6
4.5
1.0
1.7
0.8
5.2
0.8
3.2
0.9
2.7
0.9
6.9
0.9
5.2
1.0

1.3
0.4
0.1
0.3
0.6
0.3
1.2
0.2
1.0
0.9
2.2
0.6
0.5
0.5
1.2
0.5
1.4
1.1
1.6
1.0
5.0
1.0
4.5
0.2
0.1
0.3
1.3
1.1
1.0
0.3
0.4
0.5
2.1
0.4
2.4
0.8

0.41
0.58
0.24
0.74

1.08
1.62
2.69
0.57
0.60
0.41
0.34
0.77
1.90
1.10
0.80
0.65
0.40
0.70
1.65
0.70
1.20
0.70

0.32
0.98
0.06
0.93

0.11
0.15
0.54
0.35
0.30
0.72
0.10
0.11
0.40
0.10
0.20
0.43
0.36
0.66
0.20
0.20
0.27
0.13

23.30
49.20
14.00
37.80

32.77
24.01
62.30
42.30
65.20
46.30

1.50
13.00
24.80
31.20

3.00
23.00
11.60
39.20
50.25
23.65
38.80
40.35

25.10
44.90
16.00
32.00

29.13
37.89
20.4%

3.30
18.40
34.80

0.10
12.40
12.50
41.90

1.80
23.90

7.50
24.30
20.80
20.95
15.15
38.33

TF/P, tubular fluid to plasma ratio; osm, osmolality; P/TF inulin X 100, per cent filtered water unreabsorbed; (TF/P
osm/inulin) X 100, per cent filtered solute unreabsorbed; (TF/P Na/inulin) X 100, per cent filtered sodium unreabsorbed;
(TF/P K/inulin) X 100, per cent filtered potassium unreabsorbed; CD prox, sample obtained by micropuncture of papillary
collecting duct as far proximal as exposure allowed; CD tip, sample obtained by micropuncture of collecting duct at papillary
tip; Diff., difference, CDprox value minus CD tip value; WD, water diuresis; AD, antidiuresis.

WATERDIURESIS

The results of the collecting tubule punctures during
water diuresis are summarized in Table V.

1. Comparison of urine obtained from the tip of the
collecting duct of the left kidney (Table V) with urine
collected from the right kidney (Table II). The urine
excreted from the left and right kidneys was diluted to
a similar extent (U/P osm, 0.55 4+0.024 and 0.51 ±0.022,

respectively); the fractional excretion of water (X 100)
was approximately the same from the left and right
kidney (4.82% ±0.53 and 6.33% ±0.62, respectively,
P > .05), and the fractional excretion of solute (X 100)
was also similar (2.68% ±0.38 and 3.17% ±0.48, re-
spectively, P > 0.4).

2. Comparison of collecting tubule fluid obtained at the
tip with that obtained at the proximal site. The mean

Collecting Tubule Function in Rats with Diabetes Insipidus 2447



TABLE V
Water Diuresis*

CDprox CD tip P N

TF/P osm
TF/P inulin
P/TF inulin X 100
(TF/P osm/inulin) X 100
(TF/P Na/inulin) X 100
(TF/P K/inulin) X 100

0.63 ±0.027
20.3 ±2.82

6.41 ±0.77
4.05 ±0.59
1.03 ±0.23

29.8 ±6.73

0.55 ±0.024
25.3 ±2.89

4.82 ±0.53
2.68 ±0.38
0.26 ±0.04

15.7 ±2.91

<0.00 1 18
<0.00 1 18
<0.00 1 18
<0.00 1 18
<0.005 1 1
>0.1 11

* CD prox, sample obtained by micropuncture of papillary collecting duct
as far proximal as exposure allowed; CD tip, sample obtained by micro-
puncture of collecting duct at papillary tip; TF/P, tubular fluid to plasma
ratio; osm, osmolality; P/TF inulin X 100, per cent filtered water un-
reabsorbed; (TF/P osm/inulin) X 100, per cent filtered solute unre-
absorbed; (TF/P Na/inulin) X 100, per cent filtered sodium unreabsorbed;
(TF/P K/inulin) X 100, per cent filtered potassium unreabsorbed; data
presented are the mean ASE.

interval between tip and proximal punctures was 0.98
mm. The fraction of filtered water not reabsorbed
(X 100) at the proximal collecting duct was 6.41% and
at the tip 4.82%. Thus, the terminal collecting duct re-
absorbed 1.58% ±0.32 of the filtered load of water
(P < 0.001). There was a decrease in tubular fluid os-
molality as the fluid passed through the terminal portion
of the collecting duct; the mean difference in TF/P osm
was 0.078 (P <0.001). The fraction of filtered solute
reabsorbed (X 100) by the terminal collecting duct was
1.37% ±0.27, (P < 0.001). In 11 experiments, sodium
and potassium concentrations of the tubule fluid samples
were measured. There was significant reabsorption of
sodium by the exposed portion of the papillary collecting
duct (0.77% ±0.19 of the filtered load, P < 0.005).

In 16 animals, a loop of Henle was punctured in water
diuresis. The mean TF/P osm of loop fluid was 1.73
+0.058.

ANTIDIURESIS

The results of the collecting tubule punctures during
antidiuresis are summarized in Table VI.

1. Comparison of urine obtained from the tip of the
collecting duct of the left kidney (Table VI) with urine
collected from the right kidney (Table II). The frac-
tional excretion of water (X 100) in antidiuresis was

TABLE VI
Antidiuresis*

CDprox CD tip P N

TF/P osm 2.20 ±0.093 2.71 ±0.111 <0.001 18
TF/P inulin 62.7 ±4.29 93.8 +6.19 <0.001 18
P/TF inulin X 100 1.76 ±0.15 1.18 ±0.07 <0.001 18
(TF/P osm/inulin) X 100 3.73 ±0.28 3.23 ±0.31 <0.001 18
(TF/P Na/inulin) X 100 0.78 ±0.10 0.43 ±0.10 >0.1 11
(TF/P K/inulin) X 100 33.6 ±3.45 28.6 ±3.9 >0.4 11

Data presented are the mean ±SE.
* Abbreviations defined in Table V.

TABLE VI I
Comparison, Water Diuresis, and Antidiuresis*

CD prox$ CD tipt P N

TF/P osm -1.57 ±0.087 -2.16 40.10 <0.001 18
P/TF inulin X 100 4.64 ±0.69 3.64 40.47 <0.005 18
(TF/P osm/inulin) X100 0.33 40.46 -0.55 40.25 =0.005 18
(TF/P Na/inulin) X100 0.25 ±0.24 -0.17 ±0.11 >0.1 11
(TF/P K/inulin) X100 -3.86 ±5.91 -12.89 44.24 >0.1 11

Data presented are the mean±SE.
* Abbreviations defined in Table V.

Each value is the mean of the differences obtained by subtracting the value
obtained in antidiuresis from the respective value obtained in water diuresis
for each rat.

slightly but significantly greater from the left kidney,
1.18% ±0.07, than from the right kidney, 0.73% ±0.09,
(P <0.001), while fractional excretion of solute
(X 100) was not significantly different, 3.23%±o0.31
and 2.84% +0.29, respectively, (P > 0.4). The average
urinary osmolality from the left kidney (TF/P osm, 2.71
±0.111) was significantly less than that of urine from
the right kidney (4.12 +0.238), (P < 0.001).

2. Comparison of collecting tubule fluid obtained at the
tip with that obtained at the proximal site. The mean
interval between tip and proximal punctures was 1.00
mm. In contrast to water diuresis, there was a rise in
osmolality of tubule fluid between the proximal site and
tip of the collecting duct in antidiuresis, mean difference,
-0.51 +0.091 (P < 0.001). The fraction of filtered
water not reabsorbed (X 100) at the proximal collecting
duct was 1.76% ±0.15 and at the tip 1.18% ±0.07. The
difference, 0.58% ±0.08 (P < 0.001), represents the
filtered water reabsorbed by the terminal collecting duct.
The fraction of filtered solute reabsorbed (X 100) by
the terminal collecting duct was 0.49% ±0.07 (P
< 0.01). In the 11 samples in which the electrolytes were
measured, no statistically significant net reabsorption of
either sodium or potassium was detected.

In 16 animals, a loop of Henle was punctured in anti-
diuresis. The mean TF/P osm of loop fluid was 2.65
±0.109.

DIFFERENCE IN COLLECTING TUBULE FUNCTION BE-
TWEENWATERANDANTIDIURESIS

These data are presented in Table VII.
1. Comparison of the changes in urine excretion from

the left and right kidney. In antidiuresis, on the right
side, the U/P osmolality increased by 3.6 and the frac-
tional excretion of water (X 100) decreased by 5.6%.
The respective changes in fluid emerging from the tip
of the exposed papilla on the left side were significantly
less marked (P <0.01): The TF/P osm increased by
2.2 and the excretion of water decreased by 3.6%.
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2. Comparison of changes in reabsorption by the ex-
posed portion of the collecting tubule. The TF/P osm of
fluid in the proximal collecting duct increased by 1.57
±0.087 and that of fluid in the tip of the collecting duct
by 2.16 ±0.10 (P < 0.001). The fraction of filtered water
unreabsorbed (X 100) by the collecting duct decreased
by 4.64% ±0.69 at the proximal site and by 3.64% ±0.47
at the tip of the collecting duct (P < 0.005). Of special
importance is the fact that the fraction of filtered water
reabsorbed (X 100) by the exposed portion of the col-
lecting duct in water diuresis exceeded that reabsorbed
in antidiuresis by 1.01% ±0.29, (P < 0.005).

Net fractional reabsorption (X 100) of solute by the
exposed portion of the collecting duct in water diuresis
exceeded that in antidiuresis by 0.88% ±0.27 (P =
0.005). The reabsorption of sodium and potassium by
the exposed portion of the collecting duct was less in
antidiuresis than in water diuresis but the differences do
not achieve statistical significance.

In 15 rats in which the loop was punctured in both
periods, the mean TF/P osm of loop fluid in antidiuresis
exceeded that in water diuresis by 0.96 ±0.108 (P
<0.001).

BILATERAL GLOMERULARFILTRATION RATES

The GFR of the right kidney in five additional rats
averaged 333 AI/min in water diuresis (range: 188-473)
and 298 Atl/min in antidiuresis (range: 162-412). The
mean differences, right minus left, were 49 ±25 SE and
19 ±12 Al/min, respectively.

DISCUSSION
The principal finding in these experiments is that frac-
tional water reabsorption by the terminal collecting duct
was greater in water diuresis than in antidiuresis (Fig.
3). The data also show that urinary dilution as well as
concentration occurred in the collecting duct.

Water reabsorption by the terminal collecting duct.
In the terminal collecting duct, water reabsorption in
water diuresis exceeded that in antidiuresis by a volume
equal to 1% of the glomerular filtrate. In interpreting
the significance of this difference, several factors need to
be considered. First, as shown in Fig. 1, the difference is
certainly measurable, i.e., the difference in inulin con-
centration of collecting duct fluid between proximal and
tip puncture sites can clearly be distinguished by the
microinulin technique. Second, the figure of 1% repre-
sents a minimal estimate of the excess water reabsorbed
by the medullary collecting duct in water diuresis, since
the length of the medulla, papillary tip to cortical-medul-
lary junction is 4-5 mmin these rats.2 Third, the esti-
mated absolute volume of water reabsorbed by the papil-

2 Unpublished observations.
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FIGURE 3 Filtered water reabsorbed by papillary collecting
duct in water diuresis and antidiuresis. The height of the
vertical bar represents ±+1 SE.

lary tip is appreciable. Although the GFR of the left
kidney could not be determined during micropuncture, in
separate experiments under nearly the same conditions
(except that the ureter was not excised), the GFRof the
left kidney was only slightly less than that of the right
kidney. It seems likely, therefore, that in the micropunc-
ture experiments, the GFR of the left kidney was ap-
proximately the same as that of the right kidney. The
volume of fluid reabsorbed (estimated by multiplying
the fraction of filtered water reabsorbed in the papillary
collecting duct of the left kidney by the GFRof the right
kidney) was 5.2 ul/min in water diuresis and 1.5 il/min
in antidiuresis. Since the wet weight of the papilla in
these rats is approximately 4-5 mg,3 the calculated vol-
ume of water reabsorbed approaches a flow per minute
equal to the papillary weight in water diuresis and one-
third of the papillary weight in antidiuresis.

Wehave no ready explanation for the decrease in GFR
in antidiuresis. If the rats were more volume expanded
in water diuresis, the corresponding plasma osmolality
and sodium concentration (Table I) and urinary ex-
cretion of sodium (Table II) suggest that the differ-
ence was small. It is possible that the duration of these
experiments was a factor. A similar decline in GFRof
adult Brattleboro rats was observed by Schnermann, et al.
(21), in antidiuresis, and the decrease was not corrected
by a return to water diuresis. (We attempted to reverse
the order of our experiments but were unable to achieve
a sustained water diuresis after antidiuresis.) It is very
unlikely that the decline in GFRby itself could account
for the marked changes in urinary osmolality and frac-

3Unpublished data.
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FIGURE 4 Profile in tubule fluid to plasma osmolality of
collecting duct and loop fluid in water diuresis and anti-
diuresis. The height of the verical bar represents ±+1 SE.

tional excretion of water. In experiments in dogs in
which the presence of vasopressin was excluded, Ber-
liner and Davidson (22) found it necessary to reduce
GFRby more than 20% before urinary osmolality ex-
ceeded plasma osmolality, and the maximum urinary os-
molality rarely exceeded 350 mOsmdespite a reduction
in GFR as great as 70%. According to Valtin (16),
when rats with hereditary diabetes insipidus were de-
prived of water for 12 hr, the animals lost 11% of their
body weight, implying that the GFRmust have decreased
substantially, yet urinary osmolality increased only to
358 mOsm, which was probably little more than the
osmolality of the plasma in those rats (16). Nor could a
difference in total solute load (22) be a factor. The ex-
periments were designed to insure an unchanging solute
delivery. At the proximal collecting duct site there was
no significant difference between water diuresis and
antidiuresis in either (a), the fractions of filtered solute
or sodium unreabsorbed or (b), the product of the frac-
tion of filtered solute unreabsorbed times the GFR (the
osmolar clearance) (12.26 4+1.55 Al/min in water diu-
resis; 9.93 ±0.88 Al/min in antidiuresis, P > 0.2).

Could the difference in water reabsorption be an arti-
fact owing to sampling error, that is, did the composition
of the fluid in the collecting duct in deeper layers of the
papilla differ from that of the punctured collecting ducts
on the surface? It is important to recall that the collect-
ing ducts fuse at least five times before reaching the
external portion of the papilla and thereafter fuse two or
three times more (23). It seems reasonable to assume
that an adequate mixing of fluids from deep and super-
ficial nephrons had already occurred, an assumption in-
herent in the previous studies by Ullrich and his associ-
ates (24, 25).

The fact that the urinary osmolality of the fluid emerg-
ing from the tip of the exposed papilla in antidiuresis

was less than that from the untouched right kidney im-
plies that the urinary concentrating function of the left
kidney was somewhat impaired. The cause of this im-
pairment is not clear but it has previously been observed
by others (26) and may be attributable to loss of urea
from the exposed papilla (27). Nevertheless, the papilla
clearly retained the capacity to concentrate, as indicated
by the fact that in antidiuresis, the osmolaliLy of fluid
from the tip of the collecting duct was significantly
higher than that from the proximal collecting duct and
by the substantial increment in osmolality of the urine
excreted from the left side in antidiuresis compared with
that in water diuresis.

The results of these experiments confirm the idea ex-
pressed by Kiil and Aukland (11), by Berliner (12) and
later by Morgan (28) that water reabsorption in the
medullary collecting ducts is greater in water diuresis
than it is in hydropenia. It was reasoned (12) that, even
in the absence of antidiuretic hormone, the collecting
duct is still appreciably permeable to water, a supposition
demonstrated to be true (5, 6, 22), while in hydropenia,
water reabsorption is limited by the small volume enter-
ing the papilla and consequent rapid rise of osmolality
as water is reabsorbed in that segment. The fraction of
filtered water reaching the proximal portion of the ex-
posed collecting duct was reduced in the present experi-
ments from 6.4% in water diuresis to 1.8% in anti-
diuresis. An estimate of the driving force for water
reabsorption may be obtained by calculating the differ-
ence in osmolality between the fluid emerging from the
tip of the collecting duct and the fluid in the loop of
Henle, which reflects the osmolality of the papillary
interstitium (29) (Fig. 4). In 15 animals in which these
values were obtained in both water diuresis and anti-
diuresis, the osmolality of fluid from the loop of Henle
exceeded that of fluid emerging from the tip of the col-
lecting duct during water diuresis by a TF/P osm of
1.2, i.e., by roughly 350 mOsm, while there was no sig-
nificant difference in osmolality between fluid in the loop
of Henle and that in the tip of the collecting duct in
antidiuresis. In summary, even though the water perme-
ability of the collecting tubule epithelium is greater in
antidiuresis, the driving force for the reabsorption of the
collecting duct is reduced to the extent that, at least in
the terminal portion, the absolute amount of water re-
absorbed is less.

These findings are also in accord with the suggestion
(30) that the degree to which the volume of water re-
maining is diminished between its emergence from the
loop of Henle and its reentry into the medullary portion
of the collecting duct is of prime importance in the effec-
tiveness of urinary concentrating mechanism. Because
neither the end of the ascending limb nor the beginning
of the medullary collecting duct is accessible on the
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kidney surface, this hypothesis may be difficult to test
directly, but a comparison of the volume of fluid reab-
sorbed by the accessible length of the distal tubule in
water diuresis with that in antidiuresis might provide an
index of quantitative differences involved.

The terminal collecting duct as a diluting site. An
unexpected observation in these studies was the reduc-
tion in the TF/P osm of fluid as it passed through the
terminal collecting duct in water diuresis from 0.63 to
0.55 (Fig. 3). Wirz demonstrated a higher osmolality
in fluid from the distal tubule than that of ureteral urine
during water diuresis in rats (31), but Clapp and Robin-
son (32) reported the opposite findings in dogs. How-
ever, the latter experiments, as the authors noted, were
not performed during conditions of maximum water
diuresis. It is difficult to assess the importance of the
present finding in view of the small difference in os-
molality between the two sites, but it implies that the
collecting duct, at least in the rat, participates in the
process of urinary dilution.
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