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EFFECT OF STEROIDS ON WATERDIURESIS ANDVASOPRESSIN
SENSITIVITY *

By ROBERTD. LINDEMAN,t H. CARMERVAN BUREN4: AND
LAWRENCEG. RAISZ §

(From the Medical Service, Veterans Administration Hospital and Department of Medicinc,
State University of New York Upstate Medical Center, Syracuse, N. Y.)

(Submitted for publication June 23, 1960; accepted September 15, 1960)

The ability of glucocorticoids to reverse the ab-
normal diuretic response to water in adrenal in-
sufficiency (1-5) and to increase water diuresis
in normal subjects (6, 7) is well known. Al-
though glucocorticoids appear to be specific in this
regard, the possibility that other steroids may have
a pharmacologic effect on water diuresis in normal
man has not been investigated systematically.
The present study was therefore undertaken to
compare the effects of large doses of cortisol, pro-
gesterone, estrogen and aldosterone on the maxi-
mal rate of free water clearance during water diu-
resis in normal man. The effects of low sodium
diet and an aldosterone antagonist also were ex-
amined. It was found that only cortisol appeared
to have a specific effect on this rate. Variations
in maximal water diuresis also were encountered
in control studies and after treatment other than
cortisol, but these appeared to be related to changes
in total solute excretion.

It has been suggested that glucocorticoids may
antagonize the action of antidiuretic hormone (1,
6, 8). To test this possibility, the effect of a con-
stant infusion of a submaximal dose of exogenous
vasopressin on water diuresis was examined be-
fore and after treatment with cortisol and other
steroids. Variations in the response to vaso-
pressin were encountered which were related to
variations in the initial maximal rate of water di-
uresis in control studies. None of the agents
tested, including cortisol, appeared to alter this
relationship.

* Presented before the annual meeting of the American
Federation for Clinical Research, Atlantic City, N. Y.,
May 1, 1960. Aided by grants from the National Kidney
Disease Foundation and G. D. Searle & Co.

t Present address: State Department of Health, Okla-
homa City, Okla.

t Present address: 19 Woodlawn Road, Burlington, Vt.
§ Veterans Administration Clinical Investigator. Pres-

ent address: Strangeways Research Laboratory, Cam-
bridge, England.

METHODS

Five healthy, paid volunteer medical students served
as subj ects. The experiments were performed in the
postabsorptive state, but at different times of day. Af-
ter an initial oral water load of 20 ml per kg of body
weight, the subject maintained water diuresis by drink-
ing an amount of water equal to the amount voided during
the last urine collection period. Urine collections were
obtained by voluntary voiding at 15-minute intervals.
An infusion of 5 per cent dextrose in water was main-
tained at a constant rate of 0.6 or 1.2 ml per minute
throughout the experiment. Blood samples for deter-
mination of total solute, electrolyte and creatinine con-
centration were obtained at the beginning and the end of
the infusion. In order to minimize antidiuretic stimuli,
no injection or venipuncture was performed during the
experiment except for 3 experiments in Subject L.B., in
which inulin clearance was measured. After a steady
rate of water diuresis had been established for at least
3 periods, the infusion was changed to one containing
vasopressin in an amount to provide 4, 8, 12 or 16 mUper
hour. A freshly opened ampule of commercial vasopressin
(Pitressin; Parke, Davis & Co.) was used for each ex-
periment. One lot (S216F) was used for 4 subjects.
The lot used in Subject L.B. (Y108HA) had less anti-
diuretic potency when the two lots were compared in the
same experiment. In most experiments, the response to
a single rate of vasopressin administration was observed.
In selected experiments, two different rates were used.
Each rate was continued for 90 to 120 minutes, until the
urine flow was again steady. After vasopressin was dis-
continued, the return to a new steady state of maximal
water diuresis was observed. This usually required 75
to 90 minutes. The data from such experiments are pre-
sented as the mean values for 2 to 4 consecutive periods
in which urine flow did not vary by more than 10 per
cent during maximal water diuresis, or by more than
0.5 ml per minute during vasopressin infusion.

In addition to 3 or 4 control experiments in each sub-
ject, the experiments were repeated after the following
forms of treatment.

1. Cortisol. Three subjects took 40 mg of cortisol
orally every 6 hours for 4 days.

2. Progesterone. Two subjects received intramuscular
injections of 100 mg of progesterone in oil every 12
hours for 4 days.

3. Estrogen. Two subjects took 0.1 mg of ethinyl es-
tradiol orally every 6 hours for 7 days.
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4. Aldosterone. Three subjects received intramuscular
injections of 0.3 mg of dl-aldosterone monoacetate every
6 hours for 3 days. A fourth subject (R.B.) was stud-
ied after 1 day of aldosterone administration.

5. Low salt diet. Three subjects ingested a 200 mg
sodium diet for 3 to 5 days prior to study.

6. Spironolactone. At the completion of the experi-
ment on a low sodium diet, these subj ects took 200 mg
of spironolactone, an aldostefone antagonist, orally
every 6 hours for 2 days while remaining on a low so-
dium intake. A fourth subject (A.G.) was studied after
receiving spironolactone for 4 days while on an unre-
stricted diet.

Chemical methods and calculations

Methods for determination of osmolality, creatinine,
sodium and potassium have been described previously
from this laboratory (9). The net excess of water in
the urine, or free water clearance (CH20), was calcu-
lated as the difference between urine flow and osmolal
clearance. Creatinine clearance values served as a check
on the constancy of bladder emptying and as a rough
measure of glomerular filtration rate. Inulin clearance
(10) was measured in three experiments in Subject L.B.
Antidiuresis occurred with blood sampling and at the
time of injection of the inulin prime, and the experi-
ments had to be prolonged in order to obtain data on
steady state water diuresis. For this reason, inulin
clearance was not measured in any other experiments.
The response to vasopressin was measured as the change
in free water clearance which occurred between the ini-

20
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.

4
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6E I tial maximal water diuresis and the steady state during
vasopressin infusion. This has been termed ACH20 (11).

RESULTS

The results are summarized in Table I.
I. Maximal-water diuresis. Values for free wa-

ter clearance during maximal water diuresis va-
ried considerably. In control studies, changes in
maximal CHO could be related to variations in
total solute excretion (Figure 1). This relation-
ship was observed whether the variation in solute
excretion could be related to diurnal rhythm or
to a change in dietary intake. Although sodium
excretion and total solute excretion often were
parallel, the former showed a greater variability,
and the correlation between sodium excretion and
CHOwas not significant in control experiments.
Data obtained after progesterone and estrogen ad-
ministration showed slightly high values for so-
dium excretion, total solute excretion and CH2o.
After intramuscular administration of aldosterone,
sodium excretion was somewhat decreased com-
pared with the mean control values, and potassium
excretion was increased. However, total solute
excretion and CH20 decreased only in Subject L.B.
A marked decrease in sodium excretion and a de-

C.D. A.G.

1200 0 400 600 1200
SOLUTE EXCRETION (josm / min )

FIG. 1. MAXIMAL FREE WATERCLEARANCE(CHlzO) VERSUS TOTAL SOLUTE EXCRETION. Data are shown
for the subjects individually before and after the administration of cortisol, estrogen, progesterone, al-
dosterone, a low sodium diet and an aldosterone antagonist. The solid lines represent the regression
line calculated by the method of least squares for all data for each subject exclusive of values obtained
after cortisol administration.
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TABLE I

Water diuresis and vasopressin response in normal young men. Control studies and effect of cortisol (Cort),
progesterone (Prog), estrogen (Estr), aldosterone (Ald), 200 mg sodium diet (Low Na) and spironolactone

on low sodium diet (Sp + low Na) or on unrestricted diet (Sp) are shown. Time given is for the
beginning of vasopressin infusion

Subject Study Vaso- Urine Urine Solute Sodium Creatinine
Age Date pressin Flow Osmolality Excretion CH2O Excretion Clearance
Surface Area Time mu/hr ml/min mOsm/L AOsm/min ml/min mEg/min ml/min

S. S. Control 0 15.0
24 10/16/59 4 6.8
1. 98m2 9:30 am 0 13.1

Cort 0 20.5
10/23/59 4 8. 5
9:45am 8 2.8

0 21.8

Control 0 16.8
11/2159 4 4. 5
9:45 am 8 1.7

0 14.0

Low Na 0 10.4
11/6/59 4 3. 1
10:15am 0 8.5

Sp+low Na 0 10. 5
11/9/59 4 2. 4
10:30 am 0 6.8

Control 0 11.6
2/27/60 4 4. 1
12:45 pm 0 12.3

Aid 0 14. 1
3/5/59 4 4.9
1:30 pm 0 13.9

C. D. Control 0 18.8
24 7/22/59 8 5. 4
2.03m2 9:45am 0 12.6

Prog 0 16. 0

7/29/59 8 4.4

10:00 am o 14.3

Control 0 14.2
10/2/59 8 5. 0

2:30 pm 0 14. 3

Estr 0 14. 8
10/9/59 8 5. 5

1:30pm 0 13.7

Control o 18. 3
11/18/59 8 5.2
10:30 am o 13.6

Low Na 0 7.8
11/23/59 8 0.7
1:30 pm 0 9.3

Spilow Na o 12.8
11/25/59 8 3. 4
10:00 am 0 10. 3

R. B. Control 0 1 3. 6

24 11/4/59 4 8.6

1. 80m2 9:45 am 8 2.0
0 17.2

Cort 0 23.5
11/14/59 4 14.6
12:45 pm 8 6.6

0 23.8

Control 0 12.4

11/27/59 4 7.4

11:15 am 0 15.6

Low Na 0 11. 3
11/30/59 4 4. 7
1:30pm 0 13.0

65
158
68

60
98

312
53

76
190
469

78

73
167
64

76
254

87

64
164
68

58
151
62

58
168

61

79
238

73

63
172
6Z

73
205

69

6 3
150

54

52
479

44

50

193
56

49
90

348
52

39
56

121
36

45
92
42

54
122

42

974
1071

896

1'230
837
874

1155

1265
849
769

1102

760
512
538

798
613
596

748
675
828

817
744
870

1100
895
769

1280
1060
1055

896
860
870

1083
1121
944

1147
772
7 18

404
356
404

6 35
652
578

665
774
696
895

916
817
802
856

558
677
646

597
572
546

11.6 126
3.0 194
9.9 130

16.3 240
5.6 71
-. 3 120

17.7 292

12. 3 189
1.5 190

-1. 1 234
10.1 305

7.7 7
1.2 12
6.5 41

7.7 110
.2 78

4.7 70

8.9 43
1.7 128
9.3 146

11.2 76
2. 3 84

10.8 158

14.9 120

2.1 115
9.8 160

11.5 201
0.6 230

10.5 175

11.0 72
1.9 152

1. 1 137

10.9 188
1.4 282

10. 3 202

14.1 161
2.3 99

10.8 106

6.3 9
-.6 2
7.8 12

10.4 41
0.9 65
8. 1 40

11.2 43
5.8 97

5 124
14.0 172

20.2 91
11.6 92

3.6 112
20. 6 169

10.3 2 5
4.8 101

13.0 70

9.1 4

2.6 7
10.9 8

104
99

100

146
120
140
155

123
121
119
112

115
104
107

112
103

104
117
119

122
113
119

155
142
191

144
128
127

122
144
138

138
161
145

102
112
123

148
152
126

128
132

87

89
101
99

102

105
101
78

110

78
83

97
95

154

ACHzO
ml/min

8.6

10.7
16.6

10.8
13.4

6.5

7. 5

7. 2

8.9

12. 8

10.9

9. 1

9. 5

11.8

6. 9

9.5

5. 4
11.7

8. 6
16.6

5. 5

6. 5
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Table 1. (cont. )

Subject Study Vaso- Urine Urine Solute
Age Date pressin Flow Osmolality Excretion
Surface Area Time mu/hr ml/min mOsm/L W.Osm/min

R. B. (cont.) SpeIow Na 0
12/2/S9 4
10: 30 am 0

Control 0
12/19/59 4
10:30 am 0

Ald 0
12728/59 4
10: 30 am 0

A. G. Control 0
25 4/17/59 8
1. 80m2 10:45 am C

Control 0
9/11/59 8
10:00 am 0

Estr 0
9/20/59 8
10:45 am 0

Control 0
10/5/59 8
10:45 am 0

SP 0
10/10/59 8
11:00 am 0

Control 0
11/16/59 8
2:00 pm 0

AId 0
3/5/60 8
10:30 am 0

L. B. Control 0
26 12/31/59 8
Z. OOm2 1:45 pm

Control 0
1/8/60 16
1:45 pm 0

Pro 0
1716T60 16
1:15 pm 8

0

Control 0
1/22/60 16
2:00 pm 0

AId 0
1/29/60 12
2:45 pm 0

Control 0
2/5/60 12
10:00 am 8

0

Cort 0
4/9/60 16
12:00 am 8

0

9.2
4. 5

14.2

15.9
10. 2
17.4

14.0
8. 7

16.9

16.9
3. 3

15.6

15.6
2. 5

14.2

14.7
4. 1

11.7

13.2
2.4

16.7

14. 1
3. 0

12.4

12. 5
1. 1

13.2

13.8
2. 8

13.6

14.7
12.4

10. 5
1.9

12.6

14.6
4. 1
9.6

16. 1

11.4
3.4

13.2

10.4
4. 1

10.8

15. 1
6.9
9. 2

12.6

22.4
9.9

22.6
26. 8

57 525
117 531

50 704

52 832
92 950
52 907

50 706
105 911

57 965

68 1150
240 800

50 782

61 959
286 720

61 862

66 978
290 1178

82 950

51 675
268 623

56 951

72 1021
316 947

70 860

62 765
551 584

51 673

60 818
300 830
62 842

56 830
67 830

64 666
281 525

50 635

58 842
169 687
78 744
50 807

73 833
211 694

56 746

59 615
153 621

59 634

60 908
128 880

89 821
61 778

56 1265
124 1236
63 1418
47 1261

Sodium
CH2O Excretion
mil/min uEg/ min

7.3 19
2.5 35

11.6 83

12.9 77
6.8 196

14.1 305

11.5 38
5.4 116

13.4 155

12.9 286
.5 162

12.8 142

12.2 95
-.1 140

11.1 164

11.3 126
-.2 210
8.2 178

10.8 72
.1 116

13.2 225

10.4 184
-.4 200
9.3 155

9.8 68
-1.1 Ss
10.7 140

10. 8 103
-.2 106

10.6 103

11.7 109
9.4 120

8.1 33
.0 77

10.2 105

11.6 104
1.6 63
6.8 112

13.1 161

8.5 89
0.9 94

10.6 80

8.2 38
1.9 70
8.6 79

11.9 75
3.7 111

6.3 111
9.8 61

17.8 336
5.5 215

17.6 318
22.4 328

Creatinine
Clearance ACHzO
ml/min ml/min

99
94
98

105
100
110

103
105
102

146
127
172

144
149
172

208
181
142

171
150
179

148
142
154

4. 8

6.1

6.- 1

12.4

12. 3

11.5

10.7

10. 8

10.9

11.0

92
115

95
*100
105

122
107
110
114

1 34*
120
143

1 34*
135
128

132
110
106
126

130*
125
132
136

2. 3

8. 1

10.0
4.8

7.6

6. 3

8.2
5.6

16.9'
4.8+

*Mean inulin clearance values were 109 ml. per minute for Control experiment, 115 ml. per minute after Aldosterone and
160 ml. per minute after Cortisol.

'tWater diuresis was increasing when vasopressin infusion begun, therefore, ACH2Owas measured from final water diuresis
in this experiment.
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.E

z

._

1

MAXIMUM C 0 (ml /min)

FIG. 2. VASOPRESSIN RESPONSE (ACH2o) VERSUSMAXIMALFREE WATERCLEARANCE(MAXIMAL CH20).
Data are shown for subj ects individually before and after the administration of cortisol, estrogen, pro-

gesterone, aldosterone, a low sodium diet and an aldosterone antagonist. The regression lines shown
were drawn visually to represent the equation ACH2o = k (max. CH2O+ a). The intercept on the abscissa
(value of constant a) was the same at two different dose levels in Subjects S.S., L.B. and R.B. The re-

sponse to 8 mUper hour of a less potent vasopressin preparation in L.B. was less consistent.

crease in total solute excretion and CH2o was ob-
served on a low salt diet. When spironolactone
was administered to these subjects, sodium ex-

cretion increased strikingly, but this was accom-

panied by an increase in CH2o and total solute ex-

cretion only in Subject C.D. In all of the fore-
going experiments, the relationship between total
solute excretion and CH2o was similar to that ob-
served in control studies. After cortisol adminis-
tration, there was a variable increase in sodium
and total solute excretion; however, CH2O in-
creased markedly in each subject out of proportion
to the change in solute excretion.

Creatinine clearance values could not be re-

lated to changes in CH2O in the present study.
Subject S.S. showed a rise in creatinine clearance
on cortisol. In Subject L.B., inulin clearance in-
creased on cortisol but creatinine clearance did
not. Creatinine clearance was not altered con-

sistently by any of the other treatments studied.
II. Vasopressin sensitivity. The response to a

given dose of vasopressin, in terms of its effect on

free water clearance (ACH2o), was not constant in
the same subject (Figure 2). As the value of
CH2O obtained during initial maximal water diu-

resis increased, the value for ACH2o obtained in
the steady state by the infusion of a given dose
of vasopressin also increased. This relationship
can be described by the equation:

ACH20 = k (maximal CH2O+ a)

where k is a constant which varies with the dose
of vasopressin and a is a constant amounting to
4 to 10 ml per minute in different subjects. For
the few data available, the value of a appeared to
be the same at different dose levels in the same

subject. This relationship between ACH20 and
maximal CH20 accounts for much of the variability
encountered both in control studies and after
treatment. Thus, the increase in maximal CH2o
after cortisol administration is accompanied by an

increase in ACH2O, particularly in response to the
infusion of larger doses of vasopressin.

DISCUSSION

Variations in the diuretic response to a water
load which cannot be attributed to changes in en-

dogenous antidiuretic hormone production have
been described previously. These have been re-

lated to glomerular filtration rate (12), solute

4S I4mu/hrmu*Xht,. > mu/h
S mu Ihr

12

6 2m/hr
4muh/1vwh

mur~~~~~~~~4mu/h
L.B. R.B.

4 8 12 16 20

16 0. CONTROL
8 mu / hr CORTISOL1S ESTROGEN12 Samu /hr A PROGESTERONE

* 200 mg Ne DIET
.

.
0 200 me NodDIET +8- / . /SPIRONOLACTONE
o SPIRONOLACTONE

(UNRESTRICTED DIET)
.- X ALDOSTERONE

C.D. A.G.

0 S 2 6 0 4 S 20 4 a 12 16 0 4 a 12 16 20
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excretion (12, 13) and sodium excretion (13, 14).
In the present study, a close relationship between
maximal CH20 and total solute excretion was ob-
served in normal subjects with diurnal, dietary
and hormonally induced variations in solute ex-
cretion. It is possible that under these circum-
stances variations in both C1120 and total solute
excretion are determined by the amount of so-
dium and water delivered to the distal diluting
site. Subsequent variations in reabsorption and
exchange of sodium in the distal tubule could ac-
count for the lack of correlation between urinary
sodium and CH20. In osmotic diuresis delivery
of non-reabsorbable solute to the distal tubule can
result in an increase in solute excretion without
an associated increase in CH2O (14-16).

As previously noted (7), cortisol increases CH120
out of proportion to its effect on total solute ex-
cretion. This increase has been attributed to the
effect of an increase in glomerular filtration rate,
together with either a redistribution of solute re-
absorption between proximal and distal tubules,
or an alteration in tubular permeability to water
(5, 7).

A few observations are available which suggest
that maximal water (liuresis is increased in preg-
nancy (17, 18). Progesterone administration has
been reported to enhance the rate of water elimina-
tion in rats (19) while estrogen has no effect (6).
In the present study, progesterone and estrogen
had little effect on water diuresis in normal young
men. Moreover, in preliminary experiments, wa-
ter diuresis showed no consistent variation at dif-
ferent phases of the menstrual cycle in normal
young women (20).

Conceivably, aldosterone could alter the rela-
tionship l)between Cn.,() and solute excretion by en-
hancing direct sodi5 m reabsorption at sites where
free water is made available. In the present study,
such an effect could not be detected with exoge-
nous aldosterone or when endogenous aldosterone
production was increased by sodium restriction.
Similarly, an aldosterone antagonist failed to de-
crease free water clearance. However, the vari-
ability of water diuresis in these chronic experi-
ments may have masked slight alterations in CH20
caused by aldosterone.

It is possible that small changes in glomerular
filtration rate could account for the changes in
C112o and total solute excretion observed in the

1resent stuldy. Creatinine clearance measurements
could not detect such changes, particularly where
only initial and final blood values were meas-
ured. Unfortunately, we have been unable to ob-
tain inulin clearance measurements without in-
terfering with maximal water diuresis in our sub-
jects.

In the present study, AC1120 in response to a
given dose of vasopressin was found to vary with
the initial value of maximal C1120. Hollander, Wil-
liams, Fordlham and Welt (11) also noted an in-
crease in ACH20 in response to the same dose of vaso-
pressin in experiments in which solute excretion
was increased and initial maximal CH11o was high.
Theoretically this relationship would be expected
if the action of vasopressin were to increase the
permeability of the cell membrane (21), since the
amount of water reabsorbed would then depend
upon the mean osmotic gradient along the distal
tubule during vasopressin administration. When
more free water was available in the distal tubule.
the amount reabsorbed in response to vasopressin
wNas greater, but the final urine was also more di-
lute. Both the lower urine osmolality and the
larger value of ACI120 would appear to be the
physicochemical consequence of the change in
available free water and do not indicate a specific
change in the sensitivity of the renal tubules to
vasopressin. On the other hand, more endoge-
nous antidiuretic hormone secretion may be re-
quired to concentrate the urine and maintain the
water economy under conditions when maximal
CH20 is increased. This change in requirement
would apply whether Cll120 was altered by cortisol
or by any other means (15).

Whatever its theroetical basis, the observed re-
lationship between AC-IIo and maximal C1120 can
be used to assess variations in vasopressin re-
sponse under experimental conditions. Previous
studies on the effect of glucocorticoids on vaso-
pressin response based on the effect of a single
injection (7) indicated that the tubule was not in-
sensitive to the action of ADH. Using the more
precise technique of the present study, neither
cortisol nor any of the other steroids tested altered
the sensitivity of the renal tubule to vasopressin.

SUMMARY

The maximal rate of water diuresis and the re-
sl)onse to a constant infusion of vasopressin were
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studied before and after the administration of
cortisol, progesterone, estrogen, aldosterone, a low
sodium diet and an aldosterone antagonist in
healthy young men.

Variations in free water clearance during maxi-
mal water diuresis were observed. These varia-
tions could be related to changes in total solute
excretion in control experiments. This relation-
ship was not altered by any of the treatments ex-
cept cortisol administration. After cortisol ad-
ministration, free water clearance increased more
than would be expected from the change in solute
excretion.

The decrease in free water clearance observed
with the infusion of a given submaximal dose of
vasol)ressin was directly related to the initial maxi-
mal rate of free water clearance. This relationship
was unchanged by treatment, including cortisol
administration.
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