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Vogel in 1854 (1) observed that the flow of
urine at night was usually less than that by day.
He attributed this nocturnal oliguria chiefly to
decreased fluid intake, but Roberts in 1860 (2)
and Quincke in 1877 (3) showed that urine flow
increased in the morning even when no food or
fluid was taken. This matutinal diuresis did not
occur if the subject went back to sleep (3).
Moreover, although the specific gravity of the
night urine was higher than that of the morning
urine, the change in density was relatively smaller
than that in volume, indicating that excretion of
total solids as well as of water was decreased dur-
ing the night (2, 4-6). Reversal of the normal
excretory pattern was described in patients with
cardiac or renal disease (5, 7). Similar findings
were reported by various authors (8-15). It has
also been demonstrated repeatedly that renal ex-
cretion rates for chloride (4, 16-32), sodium (4,
23, 24, 29-33), and potassium (4, 23, 24, 29-33)
are consistently much lower by night than by day,
even when no food or electrolyte is taken or when
the dietary intake is equally distributed over each
24-hour period. The output of urea characteristi-
cally declines at night (10, 12, 14, 17, 18, 28, 33-
35), but Smits (29) and Borst and de Vries (30)
relate this decrease in excretion, unlike that of
other solutes, to nocturnal diminution of urine
flow; they find that the nocturnal excretion rate,
"corrected" according to the Van Slyke formula
for standard urea clearance, approximates the
rate by day. Uric acid excretion also falls during
the night (8, 36, 37). Phosphate excretion is
ordinarily higher at night than by day (17, 18, 24,
32), but a nocturnal fall has been described in
the fasting recumbent subject (38). Although
creatinine excretion has been found to decrease
slightly at night (19, 36, 37, 39), the change is mi-
nute in comparison with the large variations in ex-
cretion of water, electrolytes and uric acid. The

renal clearances of endogenous creatinine (39,
40) and of inulin (40) normally fall slightly dur-
ing the nocturnal hours; however, the decline in
urine flow at night is almost entirely due to in-
creased tubular reabsorption of water rather than
to decreased filtration.

The mechanisms responsible for the normal
renal excretory rhythm are obscure. Evidence
which suggests that the anterior pituitary is es-
sential for maintenance of some diurnal rhythms
in certain species has been reviewed by Kleitman
(41). The possible dependence of renal excre-
tory rhythms upon diurnal variations in adreno-
cortical activity was considered by Borst and de
Vries, but they found that nocturnal suppression
of sodium and potassium excretion occurred in a
patient with Addison's disease (30). Examina-
tion of other data concerning electrolyte excretion
indicates that the normal diurnal rhythm may be
altered in adrenalectomized rats (42) and in un-
treated patients with Addison's disease (43). On
the other hand, of four patients with Addison's
disease studied by Slessor (44), three showed a
distinct matutinal increase in the rate of chloride
excretion, whereas of three patients with panhy-
popituitarism, two showed no significant increase.

If the diurnal variations in electrolyte excretion
are related to fluctuations in adrenocortical ac-
tivity, they should be modified in patients who re-
ceive large doses of cortisone at regular intervals
during each 24-hour period. Under these circum-
stances endogenous production of adrenocortical
hormones should be minimal (45-47), and varia-
tions in endogenous production would probably
be unimportant with continuing absorption from
large intramuscular depots, or frequent oral ad-
ministration. The observations which form the
basis of this report indicate that the normal
diurnal variations in renal excretion of electrolytes
are indeed greatly modified during cortisone ad-
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ministration, but that the changes are probably
not due to a direct influence of cortisone upon the
renal excretory mechanism.

MATERIALS AND METHODS

The subjects were seven male patients, three with
rheumatoid arthritis, and one each with asthmatic bron-
chitis, allergic rhinitis, neurodermatitis, and benign pem-
phigus. All were free from renal and cardiovascular
disease. Each was studied during the administration of
cortisone acetate (Cortone, Merck) at six- or 12-hour
intervals beginning at 6 a.m. daily. The intramuscular
route was employed in all except Z., the patient with
pemphigus, who received 50 mg. orally every six hours.
Subjects A., C., and D. received 100 mg. every 12 hours,
while B., X., and Y. received 125 mg. every six hours.
Control observations were made before and after the
course of cortisone administration in three patients and
after the course of therapy, but not before, in four. One
of the subjects was also studied while receiving desoxy-
corticosterone acetate, 10 mg. intramuscularly every six
hours. Three of the patients received each day a diet of
unrestricted salt content estimated to contain 130 to 250
meq. of sodium; the others partook of a diet containing
approximately 35 meq. of sodium, with or without a sup-
plement of 43 meq. (as 0.45 per cent saline) at 6 a.m.,

noon, 6 p.m. and midnight. Meals were taken at 7 a.m.,
noon, and 5 p.m., with free access to water at all times.
The patients were ambulatory during the day and re-
mained in bed from 10 p.m. to 6 a.m. Occasional wakeful-
ness at night was controlled by chloral hydrate in doses
of 0.6 gm. or secobarbital sodium in doses of 0.1 gm.
Except when otherwise noted, pooled specimens of voided
urine were collected from 6 a.m. to 10 p.m. and from 10
p.m. to 6 a.m. during each 24-hour period.

In each of two experiments a subject was studied over
periods of 48 to 54 hours, during which he remained at
strict bed rest and ate identical meals 1 at 6 a.m., noon,
6 p.m. and midnight. Fluid intake was constant (720 or
960 ml.) during each six-hour period and 43 meq. of so-
dium chloride were ingested at 7 a.m., 1 p.m., 7 p.m., and
1 a.m. Urine collections were made during consecutive

1The meals consisted of milk and sandwiches which
were made up by taking measured aliquots of single lots
of bread, egg salad, cheese and jam. The feedings taken
by subject Y. were calculated to contain 28 gm. protein,
36 gm. fat, 72 gm. carbohydrate, 24 meq. sodium and 14
meq. potassium per meal. The meals eaten by subject
X. while he was receiving cortisone each contained 30
gm. protein, 40 gm. fat, 72 gm. carbohydrate, 62 meq. so-
dium and 17 meq. potassium. During his control study
each meal contained 23 gm. protein, 25 gm. fat, 85 gm.
carbohydrate, 53 meq. sodium and 14 meq. potassium.

TABLE I
Relation of cortisone administration to the diurnal variation of renal excretion in ambulatory patients

Mean renal excretion rates of

Patient and Cortisone Collection period Water Creatinine Na C1 Kdiagnosis (mg/day)g (indusive treatment days) (mI./min.) (mg./min.) (p Eq/min.) (p Eq./min.) |( Eq./1min.)

Day* Night* Day Night Day Night Day Night Day Night

Ast 200 38th-40th 2.2 2.8 1.20 1.01 158 204 180 220 96 85
Asthmatic
bronchitis None +l8th-19th 1.1 1.0 1.00 0.90 115 91 135 90 56 22

BR t 500 lOth-13th 1.1 1.7 1.08 1.17 31 67 34 81 56 73
Rheumatoid
arthritis None + 15th-1 7th 1.2 0.7 1.07 0.99 40 16 56 21 74 48

CNu 200 24th-26th 2.5 3.4 1.45 1.17 299 250 347 281 92 97
Neuro-
dermatitis None +11th, 12th, 15th 1.0 0.7 1.33 1.20 215 90 245 85 64 23

Djt 200 1Sth-17th 5.0 4.7 1.16 1.07 91 177 92 151 62 71
Allergic
rhinitis None + 7th-8th 1.8 4.0 1.47 1.35 265 312 299 283 142 119

Rheuatoi 500 13th-16th 2.0 4.1 1.05 0.95 69 195 112 290 66 106
Rheumatoid
arthritis None + 2 lst-24th 2.6 1.5 1.01 0.86 144 41 155 53 89 37

Y.§ None -7th to -4th 2.8 2.0 0.86 0.83 142 73 166 71 66 35
Rheumatoid 500 10th 2.2 3.0 0.87 0.84 107 128 150 179 85 98
arthritis 500 14th 2.8 4.3 0.99 0.90 115 303 149 351 90 116

* "Day" period, 6 a.m.-10 p.m.; "night" period, 10 p.m.-
t Unrestricted salt intake.

Low salt diet.
§ Low salt diet plus 43 meq. NaCl every six hours.

(+) sign indicates days after discontinuing cortisone.
(-) sign indicates days before instituting cortisone.
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TABLE II

Relation of adrenocortical hormone administration to diurnal variation of renal excretion. Subject Z. Benign pemphigus

Renal excretory rates (mean 4 standard error) of Creat.
Period Days clear. Weight6 a.m.- (range)

Water Sodium Chloride Potassium Creatinine noon

(ml./ P (KEq./ P (Eq./ P (Eq./ P (mg./min.) P (ml./ (Kg.)
min.) min.) min.) mi.) mix.)

I Low salt* 1-5 D 2.6 40.3 <.01 10±-0.6 <.01 14±11.0 <.01 5142.1 <.01 1.38±+0.04 <.01 111±14.8 67.5-68.0
N 1.3 L0. 1 6±40.8 9 ±0.7 30±-0.9 1.11±-0.04

II Low salt 6-14 D 2.8 ±0.2 <.01 7 ±1.0 <.01 11±41.0 <.02 69 43.7 <.01 1.46±E0.02 <.01 111 42.2 67.5-68.8
DCA N 1.5±40.1 4 ±0.4 8±40.6 48±-1.0 1.19 O0.03

III Low salt 15-19 D 2.5 ±0.2 <.01 44 43.8 <.05 43 43.5 <.02 64 ±2.6 <.01 1.39±40.03 <.05 119 ±5.7 67.7-68.4
N 1.5 +0. 1 28 14.2 25 ±4.2 39 41.8 1.21±-0.06

V Low salt 34-38 D 2.3±40.1 >0.1 15±-1.6 >.05 17 ±1.8 >0.3 48±43.1 >0.3 1.42±-0.03 <.01 123 ±4.5 66.4-66.8
Cortisonet N 2.0 ±0.2 21 ±2.1 20±42.4 42±-4.7 1.20±-0.05

VI Low salt 39-44 D 2.7 ±0.1 >0.1 20 41.5 >0.1 21 ±1.7 >0.5 67±412.2 >0.9 1.45 ±-0.07 <.05 135 46.7 65.6-66.1
Cortisone N 2.4 ±0.1 28 ±4.4 22 ±5.2 67 ±8.7 1.22 ±0.06
K supplement:

VII Cortisone 47-59 D 2.8±0.2 >0.9 116±-3.2 <.01 113±3.3 <.01 64±2.4 <0.1 1.44±-0.02 <.01 12844.9 65.8-68.3
NaC11 and K N 2.8 ±0.1 154 ±7.3 167 48.4 72 ±3.4 1.29 ±0.04
supplement

VIII Cortisone omit- 66-72 D 2.8 ±0.2 <.01 124 ±6.0 <.01 132 ±7.3 <.01 71±-3.5 <.01 1.56±-0.04 <.05 136 48.0 68.2-69.0
ted. NaCl and N 1.7 ±0.2 68±46.1 68 45.5 45 42.3 1.39 ±10.04
K supplement

IX Low salt 76-83 D 2.5 0.1 <.01 11 ±1.7 <.01 15± 1.2 <.01 60±i1.3 <.01 1.40±40.03 <.01 113 ±wi2.9 68.2-68.8
K omitted 79th N 1.3 ±0.1 5 ±0.5 6±0.5 36 1.3 1.16 40.05
dayll

Data pertaining to Period IV are presented in Figure 4.
P-Probability of observed or greater difference between means of night and day values being found assuming hypo-

thetical difference of zero (as determined by "t" test of group comparison). Bold type indicates that nocturnal excretion
rate is not significantly lower than day rate.

D-Day, 6 a.m.-midnight.
N-Night, midnight-6 a.m.
DCA-Desoxycorticosterone acetate in oil, 10 mg. intramuscularly every 6 hours, days 6 through 14.
* Sodium content approximately 35 meq.
t Cortisone acetate, 50 mg. orally every 6 hours, days 25 through 59.
t 500 ml. orange juice at 10 p.m., days 39 through 78.

43 meq. sodium chloride every 6 hours, days 45 through 72.
Excretion rates for K, days 76-78: 57 4i 1.8 (day), 38 :1 4.3 (night), P < .01; days 79-83: 62 z+ 1.5 (day), 35 E 1.1

(night), P < .01.

six-hour periods beginning at 6 a.m. on the first day of
the regime. Samples of venous blood were taken at the
beginning and end of each six-hour collection period.

Concentrations of sodium and potassium in serum and
urine were determined by means of an internal standard
flame photometer. Chloride was determined by the modi-
fied Volhard-Harvey titration (48). The method of
Peters (49) was employed for the determination of cre-
atinine in urine; for serum, the Hare technique (50) was
applied. Calculations of endogenous creatinine clearances
were based either on the mean of serum concentrations at
the beginning and end of each collection period, or on the
concentration in a single sample taken at the approxi-
mate mid-point of the period.

RESULTS

I. Observations in ambulatory patients

Studies conducted before and after cortisone
administration (subject Z.), prior to cortisone
therapy (subject Y.), and 11 days or longer after

discontinuing cortisone administration (subjects
A., B., C., and X.), demonstrated a normal diur-
nal pattern of renal excretion (Tables I and II).
The rate of urine flow was uniformly less by night
than by day. The rate of creatinine excretion
was slightly depressed at night. Excretion rates
of sodium, potassium, and chloride fell markedly
at night. The study of subject D., conducted on
the seventh and eighth days after cortisone ad-
ministration had been discontinued, when endo-
genous adrenocortical activity may well have been
suppressed (45-47, 51), will be described below.

All seven subjects displayed striking deviations
from normal excretory patterns during cortisone
ad-ministration. Urine flow at night became ap-
proximately equal to the rate by day in subjects
D. and Z. and exceeded the day rate in the others.
A higher minute output of sodium and chloride
by night than by day was observed in all subjects
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TABLE III

Diurnal variation of renal excretion in two subjects at bed rest taking identical food and fluids during consecutive
six-hour periods

1st day 2nd day 3rd day

6 a.m.- 12 n.- 6 p.m.- 12 m.- 6 a.m.- 12 n.- 6 p.m.- 12 m.- 612 n. 6 p.m. 12 m. 6 a.m. 12 n. 6 p.m. 12 m. 6 a.m. 6a.m.9 am.

Na ;Eq./min. 106 156 154 77 217 125 172 92 123
Cl uEq./min. 121 148 135 91 239 124 146 95 151

Control before K .Eq./min. 37 33 18 12 36 16 17 12 22
cortisone CRmg./min. 0.96 0.88 0.85 0.87 0.96 0.78 0.79 0.75 0.82

Flow ml./min. 1.2 1.6 2.2 1.2 1.4 1.8 1.8 1.5 0.9
CcRml./min. 110 111 114 119 137 115 113 109 121

Y.
NapEq./min. 24 18 30 37 54 43 85 70 54
Cl p/Eq.1min. 43 34 57 66 93 80 148 116 80

Cortisone K ;Eq. /min. 45 32 42 43 46 39 46 41 42
llth-13th day CRmg./min. 0.87 0.67 0.65 0.72 0.83 0.74 0.80 0.76 0.84

Flow ml./min. 0.7 0.5 0.9 1.2 0.9 1.1 1.2 1.8 0.7
CCRm./min. 148 116 112 126 154 145 160 149 165

NapEq./min. 167 144 95 94 300 173 117 84 267*
Cl pEq./min. 233 160 89 94 377 192 102 96 292*

Control 6 wks. K p&Eq./min. 98 46 32 28 72 34 29 27 55*
after cortisone CRmg./min. 0.95 0.92 0.93 0.88 0.92 0.93 0.89 0.89 0.77*

Flow ml./min. 2.7 1.9 1.0 1.5 3.5 2.2 1.4 1.3 3.5*
CCRml./min. 172 167 169 162 170 169 154 162 140*

X.
Na1AEq./min. 92 159 155 115 156 245 316 163
Cl ,uEq./min. 97 158 200 150 184 298 343 201

Cortisone K pEq./min. 55 63 73 63 62 78 87 59
23rd-24th day CRmg./min. 0.93 0.92 0.92 0.90 0.97 0.95 0.91 0.80

Flow ml./min. 1.5 1.8 1.9 1.7 1.8 2.4 2.7 1.7
CCRml./min. 158 174 174 177 210 225 217 178

*6 a.m.-11:35 a.m.
CR-Creatinine; CcR-Endogenous creatinine clearance.

except C. whose nocturnal excretion rates, al-
though markedly increased, remained below the
rate by day. Nocturnal rates of potassium ex-
cretion were approximately equal to the day rate
in A., C., D., and Z. and exceeded the day rate
in the others. No significant modification in the
pattern of creatinine excretion was noted.

II. Observations during continued recumbency
with equally spaced identical meals

Similar alterations in the diurnal excretory
rhythm occurred when two of the subjects took
identical food and fluid at six-hour intervals while
at bed rest. During the control study before
cortisone administration, Y. manifested a striking
decrease in the excretion of sodium and chloride
during the night periods (Table III, Figure 1).
Potassium output characteristically increased ab-
ruptly during the morning and fell during the
afternoon and evening, as well as at night. These
variations were unassociated with alterations in

creatinine excretion or clearance. While corti-
sone was being given, a remarkably constant
rate of potassium excretion was maintained dur-
ing nine consecutive periods. The excretion of
sodium and chloride exhibited no regular diurnal
rhythm, although a distinct rise took place on the
morning of the second day and the still higher
excretion rates during the period from 6 p.m. to
midnight on this day were followed by a decline
during the subsequent period from midnight to
6 a.m. Urine flow rose during each night period,
while creatinine excretion showed no notable
alteration.

During the control study of X., potassium ex-
cretion was highest during the morning periods,
but while cortisone was being given, a compara-
tively constant excretion rate was maintained un-
til the second night period (Table III). The un-
usually small creatinine output recorded for this
period suggests that the bladder was incompletely
emptied. Creatinine excretion otherwise re-
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mained quite constant during both the experi-
mental and control observations. Urine flow de-
clined markedly at night during the control period,
but not during cortisone administration. The
excretion of sodium and chloride decreased dur-
ing the periods from 6 p.m. to midnight in the
control study but not when cortisone was given.
However, lowering of the excretion rates between
midnight and 6 a.m. occurred whether or not cor-
tisone was being administered.

III. Serial daily observations before, during, and
after cortisone administration

Additional data concerning the temporal rela-
tionship of cortisone therapy to the observed
changes in renal excretory function were ob-
tained for Y. during eight consecutive days prior
to cortisone administration, during the next 14
days while he received cortisone, and during the
following 18 days after cortisone was discontinued
(Figure 2). When cortisone administration was
begun, he excreted little sodium and gained
weight. Despite continued administration of the
agent, sodium excretion subsequently increased
and weight gain ceased.

The changes observed in diurnal excretory
rhythm were as follows. The diurnal variation of
sodium excretion was altered rapidly; the noc-
turnal rate approximately equalled or actually ex-
ceeded the rate of the antecedent daytime period
during and after the 11th day of observation
(third day of treatment). This abolition or re-
versal of the normal diurnal rhythm persisted un-
til the 32nd day (tenth day after cortisone was
discontinued) and a consistently normal rhythm
was re-established during the 38th through 40th
days (16th-18th days after therapy). Changes
in chloride excretion are not shown in the figure
since they paralleled sodium very closely. The
diurnal rhythm of water excretion was eliminated
from the tenth through the 38th day. The period
during which the diurnal rhythm of sodium out-
put was abnormal (1lth-31st days, inclusive)
coincided very closely with the time during which
body weight was increased, presumably owing to
retention of sodium chloride and water. Endoge-
nous creatinine clearance was consistently ele-
vated during most of this period. The marked
diurnal variation in potassium excretion, evident
during the eight-day pre-treatment control pe-

BEFORE
CORTISONE

a
200t

of a5. 1001
0.. I

E

0@
'-SI..

21
EE1.[

150O

CCR 1O
10

DURING
CORTISONE

6 12 18 24 6 12 18 24 69 6 12 1 24 6 12 18 24 6 9

TIME OF COLLECTION PERIODS

FIG. 1. SUBJECT Y. DIURNAL EXCRETORYPATTERN
BEFOREAND DURING CORTISONEADMINISTRATION WHEN
IDENTICAL FOOD AND FLUID WERE TAKEN EVERY Six
HOURSANDRECUMBENTPOSTUREMAINTAINED THROUGH-
OUT

riod (except on the third day), was strikingly
diminished on the ninth and tenth days (first two
days of treatment), and was eliminated or re-
versed from the 11th through the 24th day
(third day of treatment through the second day
after treatment). From the 25th through the
33rd day, the pattern varied until a consistently
normal rhythm had been restored by the 34th day
of observation (12th post-treatment day). Con-
centrations of serum electrolyte were measured at
intervals of approximately one week. During
the two weeks of treatment, serum sodium rose
from 141 to 147 meq. per liter while potassium
fell from 4.7 to 3.2 meq. per liter. During this
period, the hematocrit fell from 38 to 34 per cent
and hemoglobin from 11.3 to 9.8 gm. per 100 ml.
No further change occurred during the first four
days after cortisone was discontinued but after
two more weeks all values approximated the
initial levels.

In X., who was studied the day before institut-
ing therapy, during 24 days of treatment and for
24 days after treatment ended, similar changes
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Open circles represent day values. Solid circles, night values. Logarithmic ordinate scale
for sodium and potassium excretion rates. During periods marked "R" identical food and
fluid were taken every six hours and recumbent posture was maintained.

occurred, but the temporal relationships were

somewhat different (Figure 3). Sodium reten-
tion was less marked than in Y., and weight gain
less rapid. Moreover X., who was treated for
ten days longer than Y., continued to excrete
large amounts of sodium after the first two weeks
and lost 4 kilograms of weight during the last
six days of therapy. A normal diurnal rhythm
of sodium excretion was maintained during the
first ten days of cortisone administration. Re-
versal occurred abruptly on the 13th day (12th
day of treatment) and persisted through the 33rd
day (eighth post-treatment day). After three days
during which excretory rates by day and night
were approximately equal, a small decrease in
nocturnal excretion occurred on the 37th day

(12th post-treatment day) and a marked noc-

turnal fall occurred regularly thereafter. Chlo-
ride excretion throughout the study was similar
to that of sodium and the alterations in the rhythm
of water excretion coincided with these also.
However, the period of altered excretory rhythm
for sodium and chloride did not coincide with in-
creased body weight as in the case of Y. Weight
had increased by almost 6 kilograms during the
first ten days of treatment without change in the
normal excretory rhythm. It is noteworthy that
the patient remained at bed rest during this time
and did not become ambulatory until the 13th
day, after the rhythm had reversed. The return
to a normal rhythm after treatment did coincide
with the final stabilization of body weight. Al-
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though creatinine clearance was not measured be-
fore treatment, the available observations suggest
that an increase to levels above the normal had
occurred by the fourth day of treatment. A grad-
ual decline to normal levels was observed after
cortisone was discontinued. The normal rhythm
of potassium excretion was eliminated on the
fourth day (third day of treatment) and became
reversed on the 13th day, remaining so through
the 33rd day (eighth day after treatment was dis-
continued). During the next four days the ex-
cretion rates by day and by night were approxi-
mately equal; a variable relationship obtained for
the eight days following, after which a consistently
normal pattern was observed.

The studies on Z. (Table II, Figure 4) were
begun while he was taking a diet poor in sodium
without the salt supplement received by X. and
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Y. Following a control period of five days, he
was given desoxycorticosterone acetate in oil, 10
mg. intramuscularly every six hours, for nine
days. During this time a normal diurnal rhythm
persisted (periods I and II, Table II). Increased
potassium excretion during DCA administration
and increased excretion of sodium and chloride
when DCAwas discontinued (period III, Table
II) were unassociated with any change in the
diurnal excretory pattern. Weight changes were
minimal during these first three periods as well
as after cortisone administration was begun on
the 25th day of observation in oral doses of 50
mg. every six hours. The nocturnal decrease in
sodium excretion which was regularly apparent
before cortisone was given and during the first
three days of cortisone therapy was absent or in-
significant after the ninth treatment day (Figure
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4). Nocturnal excretion of chloride increased at
the same time, while the nocturnal urine flow rose

to approximate the day rate 48 hours later.
Thereafter, the diurnal rhythm for sodium and
chloride was eliminated while salt intake remained
low, and reversed when a supplement of sodium
chloride was given (periods V-VII, Table II).
Return to a normal excretory rhythm for sodium,
chloride, and water took place by the 66th day,
within a week of discontinuing the hormone (pe-
riod VIII, Table II). The rhythm of potassium
excretion was altered less promptly than in X.
and Y. The nocturnal decline in excretory rate

was either very small or absent after the 35th day
of observation (11th day of therapy). The noc-
turnal excretory rate regularly equalled or ex-
ceeded the day rate after a nocturnal potassium
supplement was added to the diet on the 39th day
(period VIII, Table II). Despite continued ad-
ministration of this nocturnal supplement, normal
diurnal rhythmicity returned a week after treat-
ment was discontinued and was uninfluenced by
change in sodium intake (periods VIII and IX,
Table II). Change in endogenous creatinine
clearance was far less than in X. or Y. Some
increase was observed during the first two weeks

-X-.X--X,,X-'X"X-,X-ftx.-X--X--X-X...3t, X--X--K--.X- X,..

Wlwol
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on cortisone (Figure 4), but it is to be noted that
the clearance was highest during period VIII,
when cortisone had been discontinued and a nor-
mal diurnal rhythm had reappeared.

An abnormal excretory pattern after cessation
of cortisone administration was observed in D.
on his seventh and eighth post-treatment days
(Table I). At this time his nocturnal rate of
sodium excretion was somewhat higher than the
rate by day and the nocturnal excretion of chlo-
ride almost equalled that by day. However, po-
tassium excretion was distinctly less by night
than by day, although the rate throughout the 48-
hour period was remarkably high, presumably be-
cause the patient was eating voraciously at the
time.

DISCUSSION

The normal diurnal rhythm of renal excretory
function can be demonstrated under a variety of
experimental conditions and is not consistently
altered by reversing or otherwise modifying the
pattern of sleep and activity by day and by night
(18, 19, 25, 30, 52-54). The observation that
when cortisone was administered the normal
rhythmic excretory pattern was virtually abolished
or actually reversed in each of the seven subjects
indicates that this agent exerts an important ac-
tion upon the mechanism responsible for the nor-
mal rhythm.

That the posture of the subject continued to
exert an important influence during cortisone ad-
ministration is demonstrated by the fact that the
two subjects who remained recumbent through-
out a 48-hour period during therapy failed to ex-
hibit a reversal of the excretory rhythms for so-
dium and chloride, although the normal nocturnal
suppression of excretion was decreased or elimi-
nated. However, when these two subjects were
ambulatory by day actual reversal of rhythm oc-
curred, as it also did in four of the other five sub-
jects who remained recumbent only during the
night. In the normal individual, not receiving
cortisone, assumption of the recumbent posture
during the day characteristically evokes a diuresis
of water, sodium, and chloride (4, 5, 15, 21, 30,
31, 55-69). A similar diuresis would be ex-
pected to occur during nocturnal recumbency if
the factors which maintain the normal diurnal
rhythm were not operative. Modification of these

factors by cortisone administration appears to
permit recumbency to evoke at night the renal
response that it normally induces only during
the day.

There was no clear influence of posture on the
change in the diurnal rhythm of potassium excre-
tion which was eliminated or reversed in all seven
subjects. Other observations concerning the renal
excretion of potassium (30, 69, 70) suggest that
the influence of posture is unimportant.

Although an increase in the rate of endogenous
creatinine clearance occurred during therapy
(71), the absence of significant alterations in the
normal small diurnal variation in its clearance
rate argues against the possibility that altered
patterns of water and electrolyte excretion were
related to changes in the diurnal rhythm of glo-
merular filtration. Moreover the elevation of
clearance could hardly explain the disturbance of
diurnal rhythm. In subject Y. the pattern of
potassium excretion was altered before creatinine
clearance rose. In X. creatinine clearance was not
measured before cortisone was given. The
clearance determined on the fifth day of cortisone
administration was strikingly elevated (230 ml./
min.), but reversal of the diurnal rhythm for so-
dium and chloride did not occur until the 12th
day of treatment. In Z. changes in the magnitude
of clearance were small and apparently unrelated
to change in diurnal rhythm. The validity of
endogenous creatinine clearance as a measure of
glomerular filtration rate in subjects receiving
ACTHor cortisone is open to question (72), but
the dissociation of the changes observed in the
magnitude of creatinine clearance on the one hand,
and the pattern of electrolyte excretion on the
other, suggests that they are not directly inter-
dependent.

Alterations in the patterns of excretion of so-
dium and of chloride were apparent both when
the diet was poor in sodium and when the dietary
salt intake was liberal. Conceivably, reversal
of the excretory rhythm for sodium and chloride
by cortisone might be related to concomitant or
antecedent cumulative retention of these ions,
since a similar reversal is observed when they are
retained in patients with congestive heart failure
(30, 33, 73, 74) or cirrhosis of the liver (29, 30,
33). In the studies of Y. the period during which
reversal of diurnal rhythm was apparent coin-
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cided quite closely with the period of sodium re-
tention. The studies of Z., however, demon-
strate that such an association is not a necessary
one, since reversal of rhythm took place while he
received a salt-poor diet without gain in weight
or decrease in sodium excretion.

The temporal relationships of the alterations in
excretory rhythm of sodium and chloride to the
administration of cortisone, as defined in the
studies of X., Y. and Z., afford strong evidence
that the changes cannot be attributed to an im-
mediate direct influence of cortisone upon renal
excretory function. Subjects X. and Z. con-
tinued to manifest a normal diurnal pattern for
more than a week after they had been receiving
cortisone in daily doses of 500 mg. Even on the
23rd and 24th days of treatment, X. exhibited a
nocturnal fall in excretion rates of sodium and
chloride during constant recumbency. In another
subject (C., Table I), the nocturnal excretion of
sodium and chloride remained below the rates
by day after more than three weeks of cortisone
administration. Persistence of abnormalities in
the rhythm of sodium and chloride excretion for
seven to 16 days after cortisone had been discon-
tinued provides additional evidence that altera-
tion in rhythm is not dependent upon the pres-
ence of large amounts of cortisone in the organ-
ism; indeed, during this post-treatment period
a deficient supply of adrenocortical hormones is
often evident (45-47, 51).

The temporal relationship of change in the pat-
tern of potassium excretion to administration of
cortisone was somewhat more suggestive of a
direct influence upon the renal excretory rhythm
in subject Y. whose nocturnal excretion rates ap-
proached the day rates on the first two days of
treatment and thereafter equalled or exceeded the
rates by day. In X. the normal rhythm was also
eliminated on the third day of treatment. How-
ever, Z. maintained a normal rhythm during the.
first ten days of cortisone administration and all
three subjects manifested an abnormal excretory
rhythm for at least a week after cortisone had
been discontinued.

These temporal dissociations between corti-
sone administration and alteration in diurnal
rhythm do not support the hypothesis that the
normally occurring rhythm is determined by a

diurnal rhythm of endogenous adrenocortical
secretary function. Other considerations also
argue against this hypothesis. First, increased
endogenous production of adrenocortical hormone
due to increased liberation of ACTHduring the
morning might be expected to induce a decrease
in excretion of sodium and chloride rather than
the increase normally found. Stanbury and
Thomson were able to produce a nocturnal in-
crease of potassium excretion by giving a single
dose of ACTHat night, but the excretory rhythm
for sodium was unchanged (32). Second, al-
though the adrenalectomized rat maintained on
tap water fails to manifest the nocturnal rise of
sodium excretion characteristic of intact members
of this species, when saline is given, the excre-
tory pattern of sodium is normal (42). Third,
the data of Levy, Power, and Kepler (43) indi-
cate that in untreated patients with Addison's
disease the excretion of chloride and sodium in-
creases slightly in the morning and that this
matutinal increase attains normal magnitude dur-
ing treatment with adrenal cortical extract or
desoxycorticosterone acetate. The observations
of Borst and de Vries (30) and of Slessor (44)
afford additional evidence that patients with Ad-
dison's disease excrete less sodium and chloride
at night than by day. Finally, a patient with Ad-
dison's disease has been studied while maintained
on desoxycorticosterone acetate (1.25 mg. intra-
muscularly at 6 a.m. and 6 p.m.) and cortisone
(6.25 mg. orally at 6 a.m. and 6 p.m.) (85).
When he remained at bed rest and took identical
food and fluid every six hours day and night, the

2The existence of such an adrenocortical rhythm in
man is suggested by observations that the renal excretion
of 17-ketosteroids (75-79), neutral reducing lipids (78),
and uric acid (8, 36, 37) is less at night than during the
day, as well as by the fact that the numbers of circulating
lymphocytes (80) and eosinophils (81-83) increase at
night. It is recognized that the diurnal excretory rhythm
of 17-ketosteroids -and neutral reducing lipid could occur
even with a constant rate of endogenous secretion of
adrenocortical hormones if there were appropriate varia-
tions either in the rate at which conversion of these pre-
cursors to their excretion products took place or in the
renal clearance of the excretion products (79). However,
preliminary observations indicate that when large amounts
of a precursor (testosterone propionate) are supplied
exogenously at 12-hour intervals to normal subjects, the
additional excretion of 17-ketosteroids is not significantly
greater during the day than at night (84).
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diurnal excretory pattern for water, sodium,>
chloride and potassium was essentially normal.

The above evidence permits the conclusion that
the diurnal rhythm of excretion of sodium and
chloride is not directly dependent upon endoge-
nous adrenal activity, even though adrenocortical
hormones may exert profound indirect influences.
Nor is it probable that the normal excretory rhythm
for potassium is determined by a diurnal adreno-
cortical rhythm. The temporal dissociation be-
tween cortisone administration and change in
excretory rhythm, although less striking than in
the case of sodium, is hardly consistent with the
belief that the large diurnal changes in excretion
of potassium which normally take place over a

very few hours could be induced ,by change in
endogenous production of cortisone-like steroid.
Moreover, although in Z. the administration of
desoxycorticosterone acetate at six-hour intervals
evoked a large increase in potassium excretion,
the nocturnal rates remained well below those of
the day. The patient with Addison's disease
studied by us exhibited a normal pattern of potas-
sium excretion when he remained recumbent
throughout a 72-hour period. Borst's and de
Vries' patient exhibited a similar normal rhythm,
although the magnitude of variation was less than
that of a single control subject maintained under
similar conditions (30). Matutinal increase in
potassium excretion was absent in the untreated
patients with Addison's disease reported by Levy,
Power, and Kepler, but in treated patients an in-
crease took place, although this was less than in
normal subjects (43).

It would appear, therefore, that the diurnal
rhythm of renal excretory function is altered by
cortisone in some indirect manner. Since hy-
pokalemic alkalosis may occur during its adminis-
tration, serial determination of serum bicarbonate
in the patients studied would have been of in-
terest, particularly in view of Stanbury's and
Thomson's suggestion that the excretory rhythm
may be linked with cyclic changes in acid-base
equilibrium (32). Alterations in the total daily
excretion of water and solutes such as urea and
phosphate related to increased food intake and
protein catabolism during cortisone administra-
tion might induce changes in the diurnal excre-

tory pattern. Further observations are required,
but the persistence of abnormalities in the diurnal

rhythm after cortisone withdrawal would make it
difficult to relate the changes to such metabolic
effects. The possibility that a secondary effect
on the adenohypophysis is involved might be
considered, since there is some evidence that the
anterior pituitary plays a role in -other diurnal
rhythms (41), and that the excretory rhythm for
chloride may be abnormal in patients with panhy-
popituitarism (44). Mills has suggested that
rhythmic activity of the hypothalamus may be re-
sponsible for diurnal variation in urine flow (53).
Since cortisone may have pronounced cerebral
effects (45, 46), including disturbance of normal
sleep patterns, and since the central nervous sys-
tem appears to have important influences on the
excretion of electrolyte as well as of water (86-
92), it is possible that its neurological action may
be involved in producing the changes we have
observed.

SUMMARYAND CONCLUSIONS

1. The influence of cortisone administered in
divided daily doses of 200 or 500 mg. upon the
diurnal variation in renal excretion of water, so-
dium, potassium, chloride, and creatinine has been
studied in seven patients free from renal or
cardiovascular disease. One of these patients was
also observed during the administration of de-
soxycorticosterone acetate in divided daily doses
of 40 mg.

2. The diurnal excretory rhythm was not al-
tered during administration of desoxycorticos-
terone.

3. During cortisone therapy when the subjects
were ambulatory, the normal diurnal rhythm of
renal water excretion was reversed in five of the
seven patients and virtually eliminated in the
others. The excretory rhythm of sodium and
chloride was reversed in six patients. The nor-
mal rhythm of potassium excretion was eliminated
in all seven and reversed in three of these. No
significant change occurred in the pattern of
creatinine excretion.

4. In two subjects at bed rest who ate identical
meals every six hours, the diurnal excretory
rhythm for potassium was eliminated in both, but
one continued to manifest nocturnal suppression
of sodium and chloride excretion.

5. The temporal sequence of the changes was
studied in three of the subjects before, during,
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and after the course of cortisone administration.
The observations seem most consistent with the
belief that the changes in excretory rhythm are

not the result of a direct action of cortisone upon

the renal excretory mechanism.
6. The normal diurnal rhythm of renal excre-

tion does not appear to depend upon rhythmic
changes in endogenous adrenocortical secretion,
although the demonstration that striking changes
occur when large amounts of exogenous adrenal
steroid are given suggests that endogenous
adrenal hormone may also exert important modi-
fying influences.
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