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The deficient diuretic response to water which
is characteristic of patients with adrenal insuffi-
ciency can be rapidly corrected by the administra-
tion of cortisone (1-3). The mechanism of the
defective diuresis and the precise nature of the
response to hormonal replacement have not been
established. A number of observations, chiefly in
experimental animals, have suggested that ad-
ministration of various adrenocortical preparations
in large “pharmacologic” doses also influences wa-
ter diuresis in the normal organism (4). How-
ever, no systematic study of the latter effect has
been made in man. The present report describes
the effects of large doses of cortisone and hydro-
cortisone on water diuresis, renal solute excretion,
glomerular filtration rate, and effective renal
plasma flow in man. Striking augmentation of the
maximal rates of urine flow observed during
maintained water loading was a regular occur-
rence. The steroids studied appear to have a
specific influence upon water reabsorption by the
renal tubules, an action which can be separated
from their effect on renal hemodynamics.

MATERIALS AND METHODS

The subjects were adult male patients free from cardio-
vascular, renal and endocrine disease. Three sets of
studies concerning water diuresis were carried out.

Group I-A—Intermittent studies during prolonged in-
tramuscular administration of cortisone. In these experi-
ments creatinine clearance was measured, but not inulin
or para-aminohippurate clearances. Urinary total sol-
ute concentration was calculated from determined ca-
tions and urea; freezing point determinations were not
made.

1 Present address: Veterans Administration Hospital,
Syracuse, New York.

Group I-B—Serial studies at intervals of one to three
days during prolonged oral cortisone and hydrocortisone
administration. Clearances of inulin and para-amino-
hippurate, as well as of creatinine, were determined.
Urinary osmolality was measured cryoscopically.

Group II—The acute respomse to intravenous infu-
sion of hydrocortisone during water diuresis. Renal
clearances and urinary total solute concentrations were
measured as in I-B.

Details of experimental procedure will be given to-
gether with the results in each group.

Chemical methods and calculations

Urine and serum were analyzed for sodium, potassium,
chloride and creatinine by methods previously described
(5). Serum creatinine was determined after adsorption
on Lloyd’s reagent (6). Total solute concentration in
urine and serum was measured by freezing point depres-
sion using a Fiske osmometer (Advanced Instruments,
Inc, Needham, Mass.). Duplicate samples checked
within 2 per cent. Results are recorded for simplicity as
“mOsm. per L.” although they actually are determina-
tions of osmolal concentrations, i.e.,, milli-osmols per
kilogram of serum or urine water. Glomerular filtration
rate was measured with inulin employing an anthrone
method (7). Serum recoveries performed with each set
of analyses averaged 98.2 per cent with a range of 94.7
per cent to 105.7 per cent. No correction was applied
for the recovery error. Effective renal plasma flow was
measured with para-aminohippurate (8). Clearance val-
ues were not corrected for the concentration of plasma
water. Free water clearance (Cms0) was calculated as the
difference between urine flow (V) and osmolal clear-
ance (Cosm) as follows:

UoumV

Cao =V - Poun

Only one urine sample and one blood sample were
analyzed for urea and ammonia (9) in each of the serial
experiments during oral administration of steroid
(Group I-B) ; whereas in three of the four studies of the
effects of hydrocortisone infusion (Group II) these
constituents were measured during successive periods
throughout the experiment.
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TABLE 1

Intermittent observations during prolonged intramuscular administration of cortisone *

Patient, age, ?oatl:i
di , and Cortisone Day of Days Urine Sodium  Potassium Urea Creat.  solute
duration of treatment dosef studyt Diet on diet Weight flow excretion excretion excretion clear. conc.
mg./day Kg. ml.fmin.  pEg./min. pEg./min. pmol./min. ml./min. mOsm.[L.
A.D. 27 yrs. -14 Rice 3 70.3 10.0 10 72 203 139 378
Neurodermatitis 200 14 Rice 3 73.1 321 150 69 380 175 28
32-day course 200 21 Rice 10 71.0 24.2 57 35 398 160 30
+10  Ad lb. 10 74.2 179 294 104 217 146 56
A.S. 24 yrs. -1 Rice 3 63.2 6.7 2 99 195 118 62
Allergic rhinitis 200 19 Rice 5 66.1 15.3 12 82 278 147 32
33-day course 200 26  Ad lib. 1 71.1 24.0 149 66 322 158 31
+ 6 Adlib. 2 75.3 16.5 86 101 352 155 45
H.S. 39 yrs. — 1 Lowsalt 11 58.5 17.2 18 77 259 122 32
Asthmatic bronchitis 200 12 Lowsalt 24 59.3 21.6 21 50 261 129 25
45-day course 200 29  Ad lib. 3 60.2 33.0 209 72 380 180 32
200 33 Rice 3 57.7 27.8 122 79 176 154 24
+17  Adlib. 17 57.9 21.8 92 78 250 147 30
B. H. 23 yrs. — 1 AdWlb. —| 605 13.3 58 75 159
Rheumatoid arthritis 500 14 Lowsalt 3 59.2 24.8 87 55 146
14-day course + 6 —_ 6 58.4 16.0 26 45 119
W.H. 51yrs. — 1 Lowsalt 7 61.4 7.7 28 56 113
Rheumatoid arthritis 500 4 Lowsalt 13 62.2 10.8 2 55 116
32-day course 500 15 Lowsalt 22 65.5 20.6 36 63 132
+10 Lowsalt 49 65.6 19.0 229 38 98
+17 Lowsalt 56 63.3 10.9 25 83 113
G. S. 37 yrs. — 2 Highsalt 2 54.6 11.5 85 55 121
‘Rheumatoid arthritis — 1 Highsalt 3 54.6 13.0 126 53 109
14-day course 500 3 Highsalt 6 54.6 16.0 17 61 117
500 9 Highsalt 12 59.8 211 29 54 139
500 13 Highsalt 16 61.6 30.2 307 77 169
+19 Highsalt 33 54.9 13.3 51 79 107

* Values given represent the mean renal excretion rate for 90 to 180 minutes of sustained water diuresis.
1 Intramuscular cortisone acetate either 125 mg. q.6.h. or 100 mg. q.12.h.
1 (=) and (4) sign indicate pre- and post-cortisone control days, respectively.

Italicized values are calculated as 2(Na + K) + urea.
|| Patient had been eating well on an unrestricted diet prior to cortisone therapy; after therapy he was offered the

same diet but ate very poorly.

EXPERIMENTAL PROCEDURE AND RESULTS

Group I. Intermittent studies during prolonged
intramuscular cortisone administration (Table

Ik

Six male patients were studied at various in-

tervals before, during, and after the administration
of cortisone acetate intramuscularly in doses of
125 mg. every six hours or 100 mg. every twelve
hours for 14 to 45 days. The following diets were
employed : '

2 A preliminary report of this work appeared in the
Proceedings of the 43rd Annual Meeting of the Society

for Clinical Investigation, Atlantic City, New Jersey,
May, 1951 (10).

1) Rice Diet—Containing less than 15 mEq. of
sodium per day.

2) Low Salt Diet—Containing 15 to 35 mEq.
of sodium per day.

3) Ad Ubitum Diet—Sodium intake approxi-
mately 130 to 200 mEq. per day.

4) High Salt Diet—Low salt diet plus 43 mEq.
of sodium every six hours as a 0.45 per cent solu-
tion of NaCl; total intake 187 to 207 mEq. per day.

About one hour after a light breakfast the sub-
jects, who remained seated except to void, were
given an oral water load of 20 ml. per kilogram of
body weight. Urine flow, electrolyte excretion,
and creatinine clearance were measured during one
and one-half to three hours of sustained diuresis,
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with replacement of water based upon serial weigh-
ings of the subject. Urea excretion was deter-
mined in three of the six subjects. Total osmo-
lality of the urine was not measured cryoscopically,
but when urea and ammonia were determined total
urinary solute was calculated as the sum: 2(Na +
K + NH,) + urea.?®

The rate of urine flow during maintained water
diuresis rose in each case while cortisone was be-
ing given. The flow rate on the third and fourth
day of steroid administration in the two subjects
tested on these days had increased by 3.0 to 3.1
ml. per minute. The increase after the eighth day
ranged from 4.4 to 22.1 ml. per minute. Aug-
mentation of flow took place irrespective of change
in sodium excretion. However, in the four sub-
jects who were studied on more than one occasion
after the eighth day of cortisone administration,
© the magnitude of increase appeared to vary with
the contemporaneous rate of sodium excretion.
The changes in natriuresis could in turn be re-
lated to dietary salt intake except in G.S. This
subject received the high salt diet throughout.
He retained sodium and gained weight during the
first ten days of steroid administration, while his
maximal urine flow almost doubled. Thereafter,
with cortisone intake constant, there was little
further weight gain, sodium excretion rose strik-
ingly and concomitantly a further marked rise in
flow was demonstrated. Although weight gain
was the rule, subject B.H., whose urine flow in-
creased strikingly, lost 1.3 Kg. Creatinine clear-
ance generally increased during cortisone adminis-
tration but changes in urine flow and creatinine
clearance were sometimes dissociated. For ex-

3In 36 urine samples, obtained during other studies of
water diuresis, which varied between 33 and 72 mOsm. per
L. measured cryoscopically, total solute concentration was
compared with the sum: 2(Na + K+ NH,) +urea. The
calculated values were equally distributed above and below
the cryoscopic values with an average difference of 2.0
mOsm. per L. It is recognized that twice the concentra-
tion of the univalent cations exceeds the osmolal con-
centration provided by these electrolytes owing to in-
complete dissociation and to the presence of anions of
valence greater than one. However, the osmolal concen-
tration of undetermined solutes must approximate this
discrepancy in magnitude to explain the good agreement
between calculated and cryoscopically determined values.
Similar good agreement has been obtained in dilute urine
samples which do not contain inulin or para-aminohip-
purate.
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ample, in patient A.S. urine flow fell from 24 to
16.5 ml. per minute when cortisone was discon-
tinued, but creatinine clearance did not change.
In the three subjects whose urea excretion was
measured, calculated urinary osmolality during
cortisone administration was lower than the con-
trol in six of seven comparisons. In one of the
studies of H.S., urine solute concentration was
the same as before steroid administration, but salt
had been added to the diet and total solute excre-
tion had risen from 540 to 1060 uEq. per min.

Group I-B. Serial studies at intervals of one to
three days during prolonged oral cortisone and
hydrocortisone administration (Tables II and
II1; Figures 1 and 2)

Three men, hospitalized because of chronic skin
conditions, but otherwise healthy, were studied
before, during and after a two-week period of
oral administration of cortisone acetate or hydro-
cortisone. Their basic diet provided 10 mEq. of
sodium and 2,000 calories, but they were allowed
to eat extra portions from this diet as desired so
that in some instances sodium intake might have
been as much as 25 mEq. per day. The salt-poor
diet was begun three days before the first experi-
ment, and the subjects were given water loads
on several occasions before the experiments were
actually performed in order to accustom them to
the procedure.

The schedule of individual experiments with the
dose of hormone administered to each of the three
subjects is given in Table II. Equally divided
doses were taken at 6-hour intervals. After the
high doses of hormone were discontinued, A.B.
received a daily “maintenance” dose of 37.5 mg.
of cortisone for four days and R.H. received 20
mg. of hydrocortisone daily for three days. Each
experiment was begun about one-half hour after
a light breakfast and two hours after the last dose
of steroid. The subject was weighed and a ve-
nous blood sample obtained. After a suitable
priming dose, an intravenous infusion of inulin
and para-aminohippurate in isotonic saline was
given at the rate of 0.6 ml. per min. The subject
then drank 20 ml. of water per kilogram of body
weight. This load was maintained after each
voiding by having the subject drink an amount of
water equal to the volume of urine excreted plus
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30 to 50 ml. per hour for insensible loss. After
the urine flow had reached a peak, four consecu-
tive 20 to 30 minute collections were obtained by
voluntary voiding.* Venous blood samples were
obtained at the midpoint of three of the four clear-
ance periods. The data for urine flow, osmolal
clearance and free-water clearance recorded in
Table II are the average of all four collection pe-
riods. Only the last three periods were averaged
to obtain mean values for clearances of inulin,
para-aminohippurate and excretion rates of indi-
vidual solutes. The first high-flow period was
discarded in order to avoid washout errors during
rising urine flow. Data for the last experiment
on B.C. and the last two experiments on A.B. are
based on only three urine collection periods, of
which the last two were averaged to provide mean
values for inulin clearance, para-aminohippurate
clearance and excretion rates of individual solutes.
In R.H. and A.B. the water loading was performed
daily throughout the period of study, regardless of
whether clearances were being measured.

The maximal urine flow following a water load
rose during steroid administration in each sub-
ject (Table IT). In B.C. the control rates were
109 and 129 ml. per min. “The rate increased
progressively to 21.1 ml. per min. on the eighth
day of hydrocortisone (Figure 1). In R.H. flow
increased from control values of 19.2 and 18.1 to
26.3 ml. per min. on the fourteenth day, the last
on which hydrocortisone was given in high doses.
The oldest subject studied, A.B., had the smallest
increase, from controls of 13.4 and 12.8 to a peak
of 17.6 ml. per min. on the fifth day of cortisone
administration.® There was no further rise in this
subject despite continued administration of ster-
oid. Maximal urine flow decreased soon after the
steroid was discontinued, or the dose decreased to

4 To assess the completeness of voluntary voiding the
variation in creatinine output was ascertained in each
subject as suggested by Mills, Thomas, and Yates (11).
In 114 clearance periods of 38 studies the average devi-
ation of creatinine excretion in any single period from
the day’s mean was 3 per cent. In 112 periods the devia-
tion from the mean was no greater than 8 per cent. In
the other two periods, the deviations were 10 and 13 per
cent.

5 A.B. was also the only subject who received oral cor-
tisone. However very large increments in flow were ob-
served in subjects receiving intramuscular cortisone
(Table I).

(i)t

TABLE III

Correlation coefficients (r) and their significance (p) for
Cre0 v5. UnoV, Cowm, and weight, for
data shown in Figure 2

B.C. R.H. A.B
r ? r ? r ?

UnaV

vs. 969 <.001 896 <.02 886 <.02
Cry0 >.01 >.01
Cosm

vs. .898 <.001 716 <.10 -.052 >.10
Crso >.05

Weight

vs. 917 <.001 878 <.01 596 >.10

Caypo ' >.001

a maintenance amount. In all three subjects
osmolal clearance changed only slightly, never
increasing by more than 1.2 ml. per min. so that
the change in urine flow was largely due to an
increase in free-water clearance.

Although glomerular filtration rate (Ci) was
somewhat higher during hormone administration
in each subject, the differences were small. When
the data for all three subjects were combined, the
average of control observations (including stud-
ies on a maintenance dose) was 124.7 ml. per min.
(standard error = 2.3 ml. per min.) and the com-
bined average of all studies during steroid ad-
ministration (except on maintenance dose) was
130.0 = 1.2 ml. per min. (p < 0.05). The dif-
ferences in filtration rate did not reach conven-
tional levels of significance when the data for each
subject were considered individually, or when
studies on maintenance doses of steroid were
grouped with those on higher doses. Since the
rate of urine flow after water loading invariably
rose during steroid administration and filtration
rate usually increased the two changes were neces-
sarily often associated. However, increase in
urine flow did not parallel augmentation in Ci,.
Thus B.C. manifested a marked rise in Cy, on the
first day of steroid administration with little rise
in flow and no rise in the fraction of filtered water
excreted (V/Cin). Thereafter his flow rate rose
progressively with virtually no further change in
Cm. Moreover, after hydrocortisone was discon-
tinued flow and V/C;, fell almost to the range of
the control period, while Cy, remained above con-
trol values. In R.H. the initial rise in flow and
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V/Cia was unassociated with elevation of Cjp. In
A.B. the highest rate of urine flow was observed
on the fifth day of hydrocortisone administration
when C;, was at control levels.

Effective renal plasma flow (Cpag) showed more
random variation than C;,. No consistent trend
was observed in subjects B.C. or A.B. In RH,,
the youngest subject, Cpag was consistently higher
during steroid administration; during the control
periods before and after steroid administration,
his average renal plasma flow was 763 = 13 ml.
per min. whereas it was 806 = 10 ml. per min.
(p < 0.05), while hormone was being given.

Endogenous creatinine clearance generally par-
alleled inulin clearance, although in individual ex-
periments the ratio of creatinine to inulin clear-
ance (Cor/C, Table IT) ranged between 1.08 and
1.40. The average C¢r/Cin ratio was 121 +
0.02 during control studies and 1.18 =% 0.02 during
steroid administration.

The data concerning urea clearance, which

represent one period in each experiment, are pre-
sented in terms of the ratio to inulin clearance
(Curea/Cin, Table II). This expression minimizes
errors due to bladder emptying. In each subject
there was an increase in the ratio of urea to inulin
clearance during steroid therapy. In subject B.C,,
for whom the most extensive data are available,
Curea/Cin averaged 0.69 == 0.01 during control
studies and 0.77 = 0.01 during steroid adminis-
tration (p < 0.01). The serum urea concentra-
tion was not affected by steroid administration.

In addition to the increase in free-water clear-
ance (Cg,0) during steroid administration there
was an increase in sodium excretion (Ux.V),
osmolal clearance (Cosm), and the body weight.
When hormone administration was discontinued,
Ca,o fell promptly. However, Un,V, Cosm, and
weight all remained elevated above pre-steroid
control values in subjects R.H. and A.B.; so that
there was no correlation between these variables
and water excretion during the period after steroid



CORTISONE AND WATER DIURESIS

773

BC RH AB
60 r
oo [
|2° - ° L] o o -
° ° o
UyV eof & i ° e i ° e
(pEq/min) ., ° o
o
.
] 1 1 L - 1 1 1 1 J 1 ° 1 1 J
ar 3 yd i
//o°° yd //
CO.,,., st Jo 4 - /o B
soe /o ° / °
30 o - v B
° /e v o o . °
tmismin) | ° / o o
X / '/ o
20 / X i 1 1 1 ) 1 1 1 )
25 B B
20 - - R °
Weight 15| e F °F
Gain 'Of g ° T i o °
° o
xk 97 o ° i %o °° I
ot 10 1 O - 4 1 X e [ d 1 2 )
8 -3 K4 6 BK4 6 B 20 22 248 10 12 K4 6

C 2o (m!/ min)

F16. 2. THE ReraTiONSHIP BETWEEN FREE WATER CLEARANCE (Ca0) AND SODIUM
ExXcrReETION (UxaV), OsMOLAR CLEARANCE (Cosm) AND WEIGHT GAIN IS SHOWN IN
ScatTErR D1acrams For Susjects B.C.,, R.H. anp AB.

Closed circles represent the second of two control determinations; open circles rep-
resent values obtained on high doses of steroids. The dashed lines on the charts
showing Cosm 7s. Cmso indicate the relationship that would exist if urinary dilution
remained at the control value. Except for one period in B.C. all points during steroid
administration fall to the right of the line, indicating a urine more dilute than the

control.

was discontinued. On the other hand, when the
values for UnaV, Cosm, and weight obtained just
before and during steroid administration are
plotted against Cg,o (Figure 2) there is a sig-
nificant correlation between Uyx,V and Cg,o in
all three subjects and between weight and Cg,o
in two subjects (Table III). The changes in
Cosm were relatively smaller than the changes in
Ca.0 so that as urine flow increased, the urine be-
came somewhat more dilute in each subject (Fig-
ure 2). The rate of potassium excretion showed
little change during steroid administration and
could not be correlated with any of the other
variables measured. Serum electrolyte concen-
trations also showed little change.

Serum osmolarity varied between 275 and 288
mOsm. per L. before water administration in in-
dividual experiments and fell by 5.5 to 14.5

mOsm. per L. after water loading. The changes
during steroid administration were of the same
magnitude as in the control studies and the mean
decrease in all experiments was 10.4 mOsm. per
L. or 3.7 per cent of the initial value. This is
approximately the change that is to be expected
if the water load were evenly distributed through-
out the total body water (12, 13). The expansion
of plasma volume consequent to water loading, as
reflected by change in hemoglobin, hematocrit and
serum protein concentration, also appeared to be
uninfluenced by steroid administration.

Group II. Acute response to intravenous infusion
of hydrocortisone
The acute effects of an intravenous infusion of
hydrocortisone were studied in four patients with
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F16. 3. CHANGES IN GLOMERULAR FILTRATION RATE
(Cwn) puriNG HyprocorTiSONE (OPEN CIRCLES) AND
ConTroL INFUSIONS (CLoSED CIRCLES)

In Subject R.H., Cin was not measured until one-half
hour after hydrocortisone infusion was begun. The pre-
infusion value in this subject was obtained from a con-
trol study done 72 hours previously.

chronic skin disease, but otherwise healthy, while
they were receiving a salt-poor diet (three were
also the subjects of the studies in Group I-B).
An oral water load was established and maintained
as in the serial studies. Two hundred mg. of hy-
drocortisone dissolved in 40 ml. of 50 per cent
alcohol were diluted to between 1090 and 1340 ml.
with 5 per cent glucose in water and infused at a
rate of 3 to 4 ml. per minute. The volume of
fluid infused was included in the calculation of wa-
ter load maintenance. Control observations of
water diuresis were made just before the steroid
infusion was begun, except in R.H. In this sub-
ject the hydrocortisone infusion was given on the
first day of the serial study of the effect of pro-
longed oral steroid administration. In B.C. and
A.B. the infusions were given at the end of the
post-steroid control period of the serial studies.
In A.B. the effect of an infusion containing 20
ml. of 95 per cent alcohol in 1050 ml. of 5 per cent
glucose in water and in O.D. the effect of an in-
fusion of 1050 ml. of 5 per cent glucose in water
were also determined to provide additional control
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observations. Urine collections and venous blood
samples were obtained at 20 to 60-minute intervals.

A single hydrocortisone infusion had no con-
sistent effect on maximal water diuresis (Table
IV, Figure 3). A consistent increase in Ci, was
observed in each subject (Figure 3), beginning
during the third hour of infusion. This increase
varied between 12 and 27 per cent of the pre-
infusion values. During a control infusion of
glucose and water alone, there was a rise in Cp,
in subject O.D., but a similar infusion did not af-
fect filtration rate in subject A.B. There was no
consistent change in Cg,/Cyy, following hydrocorti-
sone infusion. Cpam rose concurrently with Ci,.
The Cyrea/Cin ratio did not rise although serum
urea values decreased progressively during the
infusion.

Changes in sodium and potassium excretion
were small. Sodium excretion fell from values of
49 to 75 pEq. per min, to 15 to 35 uEq. per min.
during the last part of the hydrocortisone infusion.
Potassium excretion was usually slightly higher
during the last part of the hydrocortisone infusion
than during the first two hours of infusion or dur-
ing control periods. Serum potassium remained
constant, while serum sodium sometimes showed
a small decrease. In several experiments, both
with and without hydrocortisone, there was a fall
in urine flow despite maintenance of the water
load. This decrease included a fall in both free-
water clearance and osmolal clearance, although
the fall in Cg,0 was proportionately somewhat
greater, so that urine osmolality showed a slight
rise.

DISCUSSION

Augmentation of the maximal urine flow during
water diuresis was observed in each of nine sub-
jects who were maintained on large doses of
adrenocortical hormone. This change must have .
resulted from an increased rate of glomerular fil-
tration, a decrease in tubular reabsorption of water,
or both.®

6 Secretion of water by the tubules (14) could also
have been operative, but there is no clear evidence that
such secretion occurs. On the other hand there is strong
indirect evidence that free-water is made available for
excretion, not by tubular secretion, but by reabsorption
of solute from isotonic tubular fluid (15). Changes in the
rate of absorption of water from the intestine would not
account for the observed changes in maintained water
diuresis, which is little influenced by increasing the mag-
nitude of the water load either orally or parenterally.
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An increase in glomerular filtration rate dur-
ing prolonged cortisone or corticotrophin adminis-
tration has been reported by several observers (16—
18). The changes in filtration rate noted during
continued hormone administration in the present
study do not appear to account for the observed
changes in water excretion. Thus, a striking in-
crease in filtration rate occurred during single in-
fusions of hydrocortisone, without augmentation
of the rate of water diuresis. Furthermore, during
prolonged oral administration of hydrocortisone
or cortisone, changes in filtration rate were small,
with large changes in the maximal rate of urine
flow which could be dissociated temporally from
the effect of glomerular filtration rate.

The increase in urine flow during prolonged
oral steroid administration was usually accom-
panied by an increase in total solute excretion.
Such an increase in urinary solute is known to aug-
ment the diuresis resulting from administration of
large water loads (14, 15, 19-22). Moreover,
when the magnitude of diuresis in water-loaded
subjects is enhanced by increasing the solute load,
the concentration of total solute characteristically
rises (22, 23). On the other hand the rise in sol-
ute output during steroid administration, when it
occurred, was so small compared to the increase
in urine flow that solute concentration fell. Hence
the changes in free water clearance observed can-
not be explained on the basis of an increase in
solute load with a fixed “maximal urinary diluting
power.” When dietary sodium was restricted, the
increase in urine flow during steroid administra-
tion was regularly accompanied by an increase in
sodium output ? (Figure 2). This observation is
consistent with the possibility that augmentation
of water diuresis might have been related to an
increase in the rate of sodium excretion (20).
However, this relationship was not regularly ob-
served when the diet was varied (Table I, W.H.

7 Although most observers have described a decrease
in sodium excretion and a rise in potassium excretion
during the administration of cortisone, hydrocortisone,
or corticotrophin, the appearance of such changes and
their magnitude appear to depend upon the conditions
of the experiment (24-27). For example, Liddle, Pechet,
and Bartter (26) have noted that in dogs the rate of
sodium excretion may rise, fall, or remain constant when
adrenocortical hormones are given, depending upon the
relative magnitudes of the changes in glomerular filtra-
tion rate and sodium reabsorption.
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and G.S.). Hence, changes in flow could not
always be related to change either in the excretion
of sodium or of total solute.

Cortisone and hydrocortisone might affect wa-
ter diuresis by some form of antagonism to anti-
diuretic hormone (ADH). Excess ADH activity
has been proposed as the cause of failure of water
diuresis in adrenal insufficiency (4). The evi-
dence is based on bioassays (1, 28) of blood and
urine performed by techniques which have been
seriously challenged (29). Certainly in the water-
loaded normal subject who is in a state of “physio-
logic diabetes insipidus” it is reasonable to assume
that no circulating ADH is present. The validity
of this assumption is supported by the observation
that in such subjects the administration of alcohol,
a powerful inhibitor of ADH, does not enhance
urine flow (30), an observation that we have con-
firmed in a number of subjects, including B.C. of
the present study. Therefore, the increased water
diuresis observed during steroid administration
cannot be ascribed to further inhibition of ADH.
We have also observed that the antidiuretic re-
sponse to small doses of Pitressin® (15 milli-units
intravenously) administtred during water diure-
sis is not altered during cortisone administration,
so that there is probably no change in the sensi-
tivity of the kidney to ADH.

If the increase in maximal rate of water diuresis
during prolonged steroid administration cannot be
ascribed to changes in glomerular filtration rate,
solute excretion or an effect on ADH, it must be
due to an intrinsic change in the renal tubular
handling of water. Moreover, the increase is
chiefly in free-water clearance. Hence the change
must involve the mechanism for formation of
“free” water, an operation which is believed to
occur in the distal tubule (31-33). In the absence
of ADH, the magnitude of free-water clearance is
dependent upon the volume of isotonic or possibly
hypotonic fluid (34), delivered from the proximal
segments, which is rendered free of solute in the
distal tubules.® According to this schema, the

8 Additional reabsorption of water (T°mw0) is believed
to take place at a still more distal site, presumably the
collecting ducts (15). When ADH effect is maximal
the distal tubular fluid remains isotonic, so that the fur-
ther abstraction of water in the collecting ducts results
in the formation of a hypertonic urine. Furthermore it
appears that T°ms0 is operative even under conditions of
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increase in urine flow and free-water clearance ob-
served during steroid administration could only
have been the result of a decrease in proximal
solute and water reabsorption, with increased de-
livery of isotonic fluid to the distal system and in-
creased distal reabsorption of solute without water.

The hypothesis that “free” water is formed in
the distal tubule does not require that all of the
fluid delivered from the proximal system must
be excreted or even delivered to the collecting
tubules during water diuresis. Such complete
excretion would require absolute impermeability
of the distal cells to water in the absence of ADH
and free permeability when ADH effect is maxi-
mal. It is perhaps more reasonable to suppose
that the distal tubular epithelium is always par-
tially permeable to water (33) and that ADH acts
to increase the rate of movement of water in
response to the concentration gradient established
by prior solute reabsorption. Koefoed-Johnson
and Ussing (37) have shown that when such an
osmotic gradient is established across a piece of
isolated frog skin, there is always a net movement
of water, but that this movement is more rapid
when posterior pituitary extracts are added to the
preparation. They suggest that the action of the
posterior pituitary extract is to increase the size
and/or number of pores in this membrane. If a
similar mechanism obtains in the kidney, the in-
crease in free-water clearance during steroid ad-
ministration could be ascribed to diminution in the
permeability of the cell membranes to water. The
same rate of solute reabsorption would lead to
less water reabsorption and the urine would be
more dilute. Such a change might affect all the
cells of the renal tubules; certainly localization of
the site of action to the distal tubule has not been
demonstrated. Lewis (38) has suggested that
the failure of water diuresis in adrenal insuffi-
ciency and its correction by cortisone administra-

water diuresis (35) so that the amount of free-water
actually being formed in the distal system is probably
larger than the amount of free-water excreted in the
urine by about 5 ml. per min., the maximum value of
T°mo in normal man (36). If this moiety of water re-
absorption were reduced during steroid administration
then part of the change observed in free-water clearance
could be explained. However, T°mo, measured in the
hydropenic state during mannitol diuresis, was not al-
tered in one patient whom we studied before and after
seven days of intensive cortisone therapy.
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tion may be due to inability of the distal tubule
to reabsorb solute in excess of water unless an
adequate supply of steroid is present. Our find-
ings in normal subjects do not bear directly on
this problem, and further studies in patients with
adrenal insufficiency are needed.

The augmentation of urine flow and free-water
clearance observed during steroid administration
may therefore be ascribed to either or both of the
following: 1) an increased delivery of solute to
the distal tubule with increased reabsorption of
solute in this area, 2) a decrease in osmotic per-
meability to water, so that less water leaves the
tubular lumen in response to the osmotic gradient
established by solute reabsorption.

The striking changes observed in free-water
clearance provide additional evidence against the
concept of a relatively constant value for this
function (15, 19, 31-33). Other data indicate
that an increase in solute excretion during water
diuresis may be accompanied by augmentation of
free-water clearance (20-22, 34). A fall in free-
water clearance associated with declining solute
excretion regularly accompanies the decrease in
diuresis which occurs when a water load is main-
tained in seated subjects (20, 23). Variations in
diet which are associated with change in the daily
load of solute excreted, as well as with change in
glomerular filtration rate, also influence the mag-
nitude of water diuresis and of free-water clear-
ance in normal man (22). Striking augmentation
of maximal water diuresis occurs in the dog and
the seal when an increase in glomerular filtration
is induced (39, 40). However, it appears that the
administration of adrenocortical hormone, in large
doses continued over a number of days, differs
from all other procedures known to influence the
magnitude of free-water clearance in that its effect
does not depend upon change in antidiuretic hor-
mone, glomerular filtration rate, or renal excretion
of solute.

During water diuresis the tubular reabsorption
of urea is thought to result chiefly from passive
back-diffusion in the proximal tubule. The rise
in urea/inulin clearance ratio observed in the
present studies therefore suggests either a decrease
in the proportion of glomerular filtrate reabsorbed
in the proximal segment, or a decrease in the
permeability of this segment to urea.
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SUMMARY

The effects of large doses of cortisone and hy-
drocortisone on water diuresis and renal function
in man have been examined. The rate of urine
flow observed during a maintained water load was
regularly increased greatly during steroid adminis-
tration irrespective of changes in the dietary intake
and renal excretion of sodium salts.

Serial studies in subjects on a salt-poor diet
demonstrated an increase in maximal urine flow
and in free-water clearance. The increased ex-
cretion of water was usually but not invariably
accompanied by a small increase in sodium excre-
tion, a gain in body weight, and sometimes by an
increase in total solute excretion. The small rise
in glomerular filtration rate noted during steroid
administration did not parallel the increase in
maximal urine flow.

A single intravenous infusion of hydrocortisone
regularly produced an increase in glomerular fil-
tration rate, but without a consistent increase in
the diuretic response to water loading.

The observations indicate that continued ad-
ministration of steroid in large doses influences
the renal tubular reabsorption of water. It is
suggested that more free water is made available
for excretion because of 1) a redistribution of
solute reabsorption between proximal and distal
systems or 2) an alteration in the permeability of
the renal tubular epithelium to water.
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