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A diurnal cycle in volume and composition of
the urine in man has long been recognized. For
the most part, excretion of water and electrolytes
is lowest toward the end of the sleeping period
and is greatest at some time during the hours of
normal wakefulness. Descriptions of the diurnal
cycle of sodium chloride excretion have been pub-
lished by Vdlker (1), Campbell and Webster (2),
Kleitman (3), Simpson (4-6), Norn (7), Man-
chester (8), Barbour and co-workers (9), Borst
and de Vries (10), Gerritzen (11), Stanbury and
Thomson (12), Azerad, Lestradet, Reinberg and
Gatha (13), Lewis and Lobban (14-16), Payne
and de Wardener (17) and Doe, Vennes and Flink
(18) and in other studies noted below. The cycle
does not depend upon meals, activity or salt con-
tent of the diet, since it persists during fasting or
evenly spaced feeding (7, 12, 19-21), during com-
plete rest (2, 12, 21) and on sodium restricted or
supplemented diets (7, 12). Although the cycle
can be disturbed, but not abolished, by sleeplessness
(3, 5) and is reversed in night workers (5, 7),
the normal 24-hour cycle is retained, at least tem-
porarily, in subjects on 12-hour sleep-activity
cycles (22) and during the first 24 to 72 hours
after acute reversal of the sleep rhythm (3, 7,
19). The excretory cycle can be partially dissoci-
ated from the sleep-activity rhythm in subjects
whose daily routine is organized around a 22 or 27
hour day, but the degree of dissociation between
the two rhythms seldom exceeds 2 hours (15, 16).

Changes in body fluid content such as may at-
tend variations in salt and water intake are fol-
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lowed by alterations in the mean daily excretion
rate of salt and water which, directionally, are
such as to minimize the disturbance in body com-
position. Although these alterations may be de-
scribed in several ways, they represent, in effect,
changes in the level, amplitude or form of the
diurnal cycle. The mechanisms that determine
the character of the diurnal excretory cycle and
alter the cycle after changes in body fluid bal-
ance are largely inferential but appear to involve
changes both in the rate of extrarenal secretion
of humoral agents which modify renal tubular
transport of electrolytes and water, and in the
rate of glomerular filtration of salt and water.
Studies relating to a possible role of filtration rate
in these mechanisms have been reviewed recently
(23).
Glomerular filtration rate exhibits a diurnal

cycle, increasing by day and decreasing by night,
which tends to parallel the sodium chloride ex-
cretory cycle (12, 24). In subjects with conges-
tive heart failure or cirrhosis, in whom the ex-
cretory cycle is frequently reversed, the filtration-
rate cycle is generally reversed also (25-27).
Correspondingly, filtration rate is generally ele-
vated above control values after chronic loading
with saline (28) or after chronic water retention
obligated by vasopressin (Pitressin tannate) in-
jections (29, 30) and is depressed in volunteer
subjects or patients on low salt diets (31-36).
In subjects or patients in whom salt retention is
induced by steroid (usually deoxycorticosterone)
administration, filtration rate is generally in-
creased after several days of salt accumulation and
at the time that control rate of salt excretion has
been regained (37-41).
From none of these studies, however, is in-

formation available concerning the diurnal cycle
of glomerular filtration rate during states of altered
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fluid balance, the changes in this cycle during the
transition from one to another state, and correla-
tion (or lack of it ) between changing filtration
rate and changing sodium chloride excretion dur-
ing the transition phase. The studies reported
here were undertaken to examine these questions.

METHODS

The experiments were performed on 3 healthy male
subj ects. Because of their familiarity with the tech-
niques and theory involved, all three are considered
trained subjects. A dietary history was obtained prior
to an experiment. A standard single day's menu, closely
approximating the usual diet, was then prepared with the
collaboration of the subject. This menu was repeated
each day of the study, subject only to modification of
the salt or water content. One to two days before be-
ginning the clearances, the subject was admitted to a
private hospital room or to a metabolic study unit to be-
come adjusted to the diet and to the routine of restricted
activity, regular urine collection and other procedures.
When the protocol was functioning smoothly, clearance
measurements were begun.
Priming quantities of inulin and p-aminohippurate

(PAH) were calculated to produce plasma concentra-
tions of 30 and 1.5 mg per 100 ml, respectively. A sus-
taining solution of 5 per cent inulin and 1.6 per cent
PAH was injected intravenously at 0.6 to 0.7 ml per
minute by a Sigmamotor pump through an indwelling
plastic catheter. This solution, although supersaturated
with respect to inulin, will remain clear for weeks if
care is taken to avoid seeding with solid inulin. PAH
was omitted from some experiments where avoidance
of the additional sodium load in the PAH was consid-
ered more important than measurement of PAH clear-
ance. When PAH and inulin were infused simultane-
ously, they were added to distilled water, the PAH con-
tributing sufficient osmotic pressure to prevent hemolysis.1
When inulin was infused alone, it was added to 5 per
cent glucose. In some experiments powdered, refined
inulin,2 refiltered before use (43), was dissolved in the
appropriate vehicle. In other experiments, commercial,
ampouled inulin (Warner-Chilcott) was employed. Since
this inulin is prepared in saline, a quantity sufficient for
24 hours' infusion contains 2.5 g of sodium chloride and
an amount of salt approximating this quantity was re-
moved from the patient's diet. The infusion was de-
livered to the subject through a 10- to 12-foot length of
small-bore Tygon tubing which permitted free ambula-
tion within the confines of the study room. Although the
subjects were relatively inactive, they were not confined
to bed. Clearance periods were generally of 3 hours'

1 PAH and glucose, when together in solution, form a
compound which yields anomalous clearance values
(42).

2 Kindly supplied by the General Diagnostics Division,
Warner-Chilcott Corp.

duration, but 4-hour periods were employed during sleep
in some studies. Inulin clearance was not calculated for
periods (see figures) in which large changes in plasma
inulin concentration occurred as the result of disturbances
of the infusion. Average rate of change in plasma inulin
concentration in the remaining periods did not exceed
10 per cent per hour. Urine specimens were routinely
collected by voluntary voiding, with the exception of the
final clearance period in one experiment (Figure 2)
when difficulty in urination required catheterization.
Blood specimens were drawn at 3-hour intervals through
an indwelling catheter contralateral to the infusion cathe-
ter and at either the midpoint or the end of the periods.
In some studies, 15-ml specimens were drawn, and no
attempt was made to restore the drawn blood. In other
studies, in which 25-ml specimens were drawn, the
packed cells were suspended in saline and reinjected to
minimize possible renal function changes arising from
cumulative blood loss. Under such conditions no meas-
urable change in hematocrit could be detected, but ap-
proximately 8 g of plasma proteins was removed each
day. Weight and temperature were measured frequently;
blood pressure and pulse were not measured routinely.
Infusions and consecutive clearance periods were con-
tinued for 2 to 5 days. Further pertinent methodologic
details will be noted during discussion of the individual
experiments.

Inulin concentration was measured as follows. To 1
ml each of plasma and urine samples in 25-ml Erlenmeyer
flasks was added 8 ml of a 1.0 per cent aqueous suspen-
sion of washed yeast. The flasks were lightly stoppered
and allowed to stand overnight. One ml each of 10 per
cent zinc sulfate and 0.75 N sodium hydroxide (Somogyi
precipitation) was added, the flasks were shaken, allowed
to stand a few minutes, and the centrifuged supernatant
collected by decantation. Inulin in the plasma filtrates
and appropriately diluted urine filtrates was measured
colorimetrically by the method of Roe, Epstein and Gold-
stein (44) as modified by Schreiner (45). The above
method of yeasting regularly removed 95 per cent of a
200 mg per 100 ml glucose or fructose solution. A
plasma blank was obtained by similarly treating 1 ml
of inulin-free plasma. Thus measured, the plasma blank
is equivalent to about 2 mg per 100 ml plasma inulin
and is extremely constant, exhibiting no discernible
variation pre- and postprandially or from patient to pa-
tient. Most of the color of the blank arises from the
yeast. The urine blank, although of nearly the same
absolute magnitude as the plasma blank, is so small as
a fraction of total urine inulin that it is generally ig-
nored. Yeast blanks and yeast "hematocrits" were not
measured. All specimens were routinely analyzed in
duplicate de novo, and on different days. Determinations
on each of the two separate analyses were done in tripli-
cate. A third analysis was performed if the U/P ratios
of the first two analyses failed to agree within 5 per cent.
Chloride was measured by the method of Van Slyke and
Hiller (46), and sodium by flame photometry. PAH
clearances and plasma concentrations, and excretion rates
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of potassium, calcium, magnesium, and phosphate will be Pitressin tannate in oil: 5 units i. m. 2 x daily
reported in subsequent papers. 140 , r I ~~~~~~~~~cramps

RESULTS 10nueRESULTS '~~~~~~120| retention

Normal diurnal cycle. Diurnal cycles of filtra- a 2
tion rate, and plasma concentrations and urinary z 110

excretion of sodium and chloride in inactive, 8 100

healthy subjects on routine diets are shown in the 155 90 _
control days of Figures 1-5. The average diurnal ,

150

cycle in Subject R.S., calculated by averaging for ' 1 L Weight

each portion of the cycle the values observed in-
5 control days, is shown in Figure 6. The con- ,

tour of the excretion curves is similar to those re-

ported in other studies. A regular observation in 160 |

this subject was a brief but marked decrease in g
excretion coincident with the evening meal and h

140 Li
possibly arising from gastrointestinal secretion.
Plasma sodium was generally lower during the day 6 -

but the difference between day and night was
small. Chloride concentration varied more widely E.
than did sodium in this subject, usually exhibiting |

decreases coincident with the morning and evening L-i

Isotonic saline Infusion: 1.Omllmin
0 ___ _ _

145 _~e P~Control First day Second day Third day
140 608~ Y _FIG.2. DIURNAL CYCLE OF FILTRATION RATE AND SO-135-115 ! PadqYDIUMAND CHLORIDE EXCRETION BEFORE AND DURING

c5 E 1lo0 0-ceRCHRONIC WATER LOADING SUSTAINED BY VASOPRESSIN IN-

170 105 b5 JECTIONS. Para-aminohippurate was infused throughout.
Weight Subject R.S.: age 29; wt 65 kg; ht 174 cm.165, ,

160 lrnmeals and also possibly related to gastrointestinal
XFR r secretion. The amplitude of the filtration rate

cycle is approximately 20 per cent of the 24-hour
mean value in the average cycle. The average

120[IRIamplitude of the separate cycles, however, is 26.5
600F *

U S h LI R

per cent, and the true amplitude, discoverable by
progressively shortening the clearance periods,
may well exceed 30 per cent of the 24-hour meanwesI,t' Lo: 4 -~~~~~~ate.

V 1 Diurnal cycle during saline infusion. The di-
b200

urnal cycles of NaCl excretion and glomerular fil-
0 ka aJ > _CLtration before and during infusion of isotonic sa-o ~~~~~~~~~~~lineare shown in Figure 1. The continuous infu-Control1 Control 2 First day Second day Third day Recovery iFo

sionprovided additional salt intake of about 13 g
FIG. 1. DIURNAL CYCLE OF FILTRATION RATE ANDSO- per 24 hours. During the first infusion day, salt

DIUM AND CHLORIDE EXCRETION BEFORE AND DURING ISO-

INFUSION. Subject K.B.: age 23; wt 74 kg; excretion in resed moderatlyth pnreaseobein
ht 173 cm. In this and the following figures, a "day" is accomplished for the most part by suppression of

7a.m. to 7 a.m. the normal nocturnal decrease in excretion rate.
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Interruptions of the inulin infusion presented Low salt diet
measurement of clearance during several periods, P--
but values in the remaining periods of the first day E F
suggest that daytime inulin clearance did not in- 135 r
crease. An increase in plasma chloride concen- Eno-0 Pi
tration at this time may have contributed to the 8 .,,
increase in excretion. During the second and l o 01
third infusion days, diurnal cycles of both excretion 148 Weight
and filtration were resumed. As compared with 142

the control, the excretory cycle showed an increase 130 GFR
both in minimum (base line) and in the amplitude, E
together with a narrowing of the nocturnal de- E r

*~110'-
pression. The filtration rate cycle showed an in- - L,
crease both in amplitude and in the 24-hour mean, Ll
the latter rising to 135 and 145 ml per minute on 90 2F
the second and third days, compared with a con- - c

trol value of 128 ml per minute (Table I). The S 100 r- S1
values attained during the brief nocturnal minima, .E Li-Na
however, were not significantly different (two
cycles) from that in the control. Control First day Second day Third day Fourth day

Diurnal cycle during chronic water loading. FIG. 4. DIURNAL CYCLE OF FILTRATION RATE AND SO-The diurnal cycles of NaCl excretion and glomeru- DIUM AND CHLORIDE EXCRETION BEFORE AND ON THE
FOURTH DAY OF A LOW SALT DIET. Filtration rate was

DO CA: 5mg i. m. 2 x daily measured briefly each morning of the first 3 days on the
_J low salt diet. PAH was not infused; Subject R.S.

X 140ra: ......... _

.X1358 -\4 rr ~>0w lar filtration before and during chronic water load-
11ll0 PCI Ja~ling are shown in Figure 2. On the morning of
805,6L ) 1 18 the first experimental day the subject received the
148 Weight L0*40Lfirst of repeated injections of vasopressin (Pitres-
142 AT 1 sin tannate in oil) and drank 4 L of water over the

160
_ next several hours. The approximately 10-pound

GFR wl [ eight increase was thereafter maintained nearly
E 140 GFR L J l l constant by appropriate adjustment of fluid intake.
E GFR =1nnDuringthe first day mean filtration rate was in-

creased (117, compared with 102 ml per minute
° (lI% J % J L r during the control day). Chloride excretion de-

creased miarkedly, while sodium was little changed.
100poo h -E-Na Much, if not most, of the decrease in Cl excre-N- Cr tion seems attributable, provisionally, to the de-

L; E200>thl ,1 11 Alcrease in plasma Cl concentration. Although some
of the excess of sodium over chloride is attributa-
ble to p-aminohippurate, it seems more likely thata _ a considerable fraction of the sodium excretion is

Control 1 Control 2 First day Second day Thirdday obligated by bicarbonate, as has been reported by
FIG. 3. DIURNAL CYCLE OF FILTRATION RATE AND SO- Wrong 3 (47). The mechanism of alkaline urine

DIUM AND CHLORIDE EXCRETION BEFORE AND DURING SO-
DIUM CHLORIDE RETENTION INDUCED BY DEOXYCORTICO- 3 Also reported by Wrong and present in our experi-
STERONE ACETATE (DCA) INJECTIONS. "Steroid escape" mental data is a decrease in potassium excretion at this
,as attained on the third day. PAH was infused through- time, an observation of interest in view of the simultane-
out; Subject R.S. ous formation of an alkaline urine.
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FIG. 5. DIURNAL CYCLE OF FILTRATION RATE AND

SODIUM AND CHLORIDE EXCRETION BEFORE AND ON THE
FIFTH AND SIXTH DAYS OF A LOW SALT DIET. Excretion
of sodium, alone, was measured during the first 4 days
on the low salt diet. The third and fourth days, ex-
hibiting progressively diminishing excretion but with
(liturnal patterns similar to that of the second day, have
been omitted as noncontributory. Subject L.W.: age 43;
wxit 75 kg: ht 179 cm.

formation under these circumstances is unknown.
The filtration rate cycle correlates well with the
sodium but not with the chloride cycle.

During the second and third experimental days,
Na and Cl excretion and glomertular filtration rate

(GFR) rose progressively, the latter to 138 and
167 ml per minute, compared with 102 and 117 in
the control and first experimental days (Table I).
The filtration rate cycle on the second day was
well preserved, and its amplitude apepars in-
creased, similar to that observed during saline in-
fusion. Sodium and chloride excretion exceeded
intake, plasma concentrations declined, weight also
decreased slightly from its maximum, and frank
symptoms of water intoxication ensued. Difficulty
in voiding. progressing to complete retention,
rendered all individual clearance periods on the
third day unreliable, although the 24-hour mean
value is probably accurate.

Diurnal cycle during steroidal salt retention.
The diurnal cycle of NaCl excretion and glomeru-
lar filtration before and during salt retention in-
duced by deoxycorticosterone acetate (DCA) in-
jection is shown in Figure 3. Na and Cl excretion
decreased during the first day of DCA injections
but increased progressively thereafter to reach the
control rate of excretion (steroid escape) on the
third day. The general contour of the diurnal
excretory curve appears to be little altered by
DCA, as noted also by Stanbury and Thomson
(12). The filtration rate cycle was not evidently
affected on the first day, but both the mean values
and possibly, also, the amplitude, increased pro-
gressively on the second and third days. Plasma
concentrations showed little change.

Diurnal chcle during salt depletion. The diurnal
cycles of NaCl excretion and glomerular filtration
before and after several days on low salt diets are
shown in Figure 4 and 5. Salt-free intulin was

BLE I

Mean diurnal inuIn clearance and 24-hour chloride excretion before and during
alteration in body fluid balance

Protocol

.Saline infusion (Figure 1;
Water loading (Figure 2'
Salt retention (Figure 3)
LIow salt diet (Figure 4)
Low salt diet (Figure 5)

Control
day

128.2
101.8t
119.7
116.5
137.8

Inulin clearance (ml/min)

Last
Day 1 Day 2 day*

131.7t 135.6 145.0
117.3 138.5 166.6
123.2 138.1 139.81

99.8
112.5

Chloride excretion (mmoles/24 hrs)

Control Last
day Day 1 Day 2 day*

215
215
238
135
280

344 578 569
85 296 420
95 174 470t

26
28

* Third day in experiments, Figures 1-3; fourth day in experiment, Figure 4; average of fifth and sixth days in experi-
nient, Figure 5.

t Interpolated values are substituted for technically unsatisfactory clearance measurements in calculating a 24-hour
mean value on these days.

t Unmeasured nighttime periods are assumed to follow the contour of the preceding cycle in calculating 24-hour
meian clearance and excretion values on this day.

1') 7 1
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FIG. 6. AVERAGE DIURNAL CYCLE OF FILTRATION RATE, SODIUM AND CHLO-
RIDE EXCRETION, AND PLASMA SODIUM AND CHLORIDE CONCENTRATIONS DURING
CONTROL DAYS ON UNRESTRICTED DIET IN SUBJECT R.S. Filtration rate is
represented as per cent variation of each period from the 24-hour mean of
115 ml per minute. Plasma sodium and chloride concentrations are repre-

sented as concentration differences of each period from the 24-hour means

of 137.8 and 108 mmoles per L, respectively. Amplitudes of filtration rate
and plasma sodium and chloride cycles are 21 per cent and 1 and 3 mmoles
per L.

not available for one of these studies, with the
result that, in Experiment 4 (Figure 4), the sub-
ject received nearly as much salt during the brief
measurements of inulin clearance on the first,
second, and third low salt days as he received from
his diet. About 1.5 g of salt was contained in the
24-hour infusion on the fourth day. Inulin solu-
tions employed during the second study (Figure
5) were salt-free. Although both the minimal
values and the amplitude of the NaCl excretory
cycles were decreased as expected, it is of addi-
tional interest that the duration of the daytime
peak tended to decrease, with a corresponding
widening of the nocturnal minimum.
The 24-hour mean values of glomerular filtra-

tion rate were decreased on the low salt diets
from 116 to 100 and from 138 to 113 ml per

minute in Subjects R.S. and L.W., respectively
(Table I). The diurnal cycle of filtration rate
was preserved, although the mean amplitude of

both subjects (20 per cent) may have been some-

what decreased. The data are insufficient to de-
termine whether the contour of the filtration rate
cycle was altered significantly.

DISCUSSION

A provisional description of the diurnal cycle
of filtration rate in normal man can be obtained
from these experiments. Filtration rate is lowest
near the end of the sleeping period. It increases
rapidly after awakening and, in normally hydrated
individuals, remains at generally elevated levels
until the beginning of the sleep period. The prob-
able amplitude of 25 and perhaps 30 per cent of
the mean value is much greater than that suggested
by previous studies. Alterations in the cycle oc-

cur in normal individuals with altered body fluid
balance. In subjects with expanded fluid volume
as the result of saline infusion, water loading un-

der the influence of vasopressin, or salt retention

c

E

0

E
0
-

40
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under the influence of deoxycorticosterone, the
amplitude frequently appears to be increased pri-
marily as the result of an increase in the daytime
maximum. In addition, the daytime peak tends
to extend well into the sleep period. Opposite
changes were observed in the subjects on a low
salt diet, in whom a probable lowering of the night-
time minimum, together with a somewhat greater
lowering of the daytime maximum and some de-
crease in amplitude, occurred. The data are in-
sufficient to draw conclusions concerning changes
in the contour of the cycle during depletion. It is
of interest that a near normal cycle is maintained
in the normal subject during severe salt retention,
while the cycle is apparently reversed in the salt-
retaining patient with heart or liver disease (25,
27).

Pertinent to interpretation of salt excretion
studies is the observation that, although the 24-
hour mean inulin clearance is increased during
salt or water loading and decreased during salt
deprivation, the diurnal cycles in all states often
overlap one another. Hence, by inadvertently se-
lecting the appropriate phase of the cycle in which
to make brief measurements of filtration rate, it
is possible to obtain the same value of filtration
rate under widely varying conditions of fluid bal-
ance, or else varying values under constant condi-
tions of balance. Particularly during the morning
hours, random measurements of filtration rate can-
not be expected to correlate satisfactorily with 24-
hour measurements of sodium chloride excretion.

Correlation between filtration rate and chloride
excretion in Subject R.S.,' during individual
clearance periods in several diurnal cycles on a
routine diet, is illustrated in Figure 7. The solid
line is the theoretical but semiempirical relation-
ship between filtration rate and chloride excre-
tion as deduced from studies on the dog and trans-
posed to man (23). The broken lines represent
the uncertainty limits (2 SD, or 10 per cent) to
the measurement of filtration rate. Details of the
derivation of the theoretical curve are beyond the
scope of this paper, but are based upon attribution
to a proximal chloride transport process of a pro-
portionality coefficient to filtration rate of 0.085
mmoles per ml, attribution to a distal chloride
transport process of a maximal transport rate of

4 Clearance data on Subjects K.B. and L.W. are in-
sufficient for an analysis of this form.

' 200 / /

0~~~

80 100 120 140
Filtration rate ml/ min

FIG. 7. CORRELATION BETWEEN FILTRATION RATE AND
CHLORIDE EXCRETION DURING SEVERAL DIURNAL CYCLES IN
SUBJECT R.S. ON UNRESTRICTED DIET. Each point repre-
sents an individual clearance period. The solid curve
represents a hypothetical relationship between filtration
rate and chloride excretion, as described in the text.
The broken curves lie 2 SD (10 per cent) of estimated
error of measurement of filtration from the mean value.

4.0 mmoles per minute per 1.73 m2 and a titration
splay similar to that for glucose, and existence of
a filtrate chloride concentration of 107 mmoles per
L. The general curve for an average man (23)
is adjusted to Subject R.S. by multiplying the
filtration rate scale by 0.83. All terms in the
equations, including titration splay and plasma
concentration, are considered significant pa-
rameters. Since the two-variable system (ex-
cretion against filtration in Figure 7) does not
provide for the operation on excretion of chang-
ing plasma concentration, recourse was had to
the theoretical equations. These predicted that
a 1.0 mmole per L change in plasma chloride
concentration should be equivalent to a 3.5 to 4.5
ml per minute change in filtration rate over the
range of filtration rate values observed. Accord-
ingly, an observed filtration rate value was "cor-
rected" 5 if, in that clearance period, plasma chlo-
ride concentration varied from the mean concen-
tration for all control days. The "corrected" fil-
tration rate values are plotted in Figure 7. The
correction in either direction seldom exceeded 8
or 9 ml per minute, however, and for most of the
data was less than 5 ml per minute. The fit of the

5 GFR... = GFRob. + F(Pc,- Pc,), where F is the
factor converting concentration units to filtration units,
averaging, in these studies, 4 ml per minute.
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data to the theoretical curve is better than is war-
ranted by the many uncertainties involved in the
measurement of inulin clearance, the extension
to man of constants derived under acute loading
conditions on the dog, the assumption that glu-
cose and chloride transport should have a similar
titration splay, and the assumption that the rela-
tionships between plasma concentration and ex-
cretion, derived for high concentrations, obtain
equally in the normal or subnormal range. It may
be confidently predicted that other studies will
exhibit a correlation between theory and experi-
ment more realistically in accord with sources of
error in measurements of this nature.

In view of the results of previous studies which
have demonstrated a general decrease in filtration
rate during dehydration or salt deprivation and
an increase in filtration rate during fluid loading
in normal subjects, a major objective of these ex-
periments was determination of the time of onset
and rate of change of filtration rate, and correlation
of these changes with changes in NaCl excretion.
In the three experiments associated with body fluid
expansion, a major increase in filtration occurred
on the second day of loading and, in each instance,
was correlated with a marked increase in excre-
tion above the level of the first loading day (Table
I). In the two experiments on salt deprivation,
filtration rate is clearly depressed below control
levels by the fourth day and, as suggested by brief
measurements, may well be depressed by the third
or second day. It may be concluded provisionally,
therefore, that changes in filtration rate closely
parallel changes in salt excretion attendant upon
alterations in fluid balance in healthy subjects.

Correlation between NaCl excretion and filtra-
tion rate changes do not imply that excretion nor-
mally is governed by filtration rate changes alone
in an otherwise rigid filtration-reabsorption sys-
tem. A contribution to excretion of filtrate con-
centration changes, at least within wide limits, is
indicated by the effects of hypertonic saline in-
fusions and, in the present studies, by the de-
crease in chloride excretion immediately after
water loading (Figure 2). Susceptibility of the
NaCl transport system to stimulation from vari-
ous steroids is well documented (23) and is il-
lustrated in Figure 8. Filtration rate in this sub-
ject must be roughly 25 ml per minute greater dur-
ing DCA administration than in its absence, to

DOCA 10 mg daily
Subject R.S.
unrestricted diet 0

0

400 F
C

._

L-

In

200 -

100I-

I

0 0

0

80 100 120
Filtration rate mlImin

160

FIG. 8. CORRELATION BETWEEN FILTRATION RATE AND
CHLORIDE EXCRETION DURING DEOXYCORTICOSTERONE ACE-
TATE (DCA) ADMINISTRATION IN SUBJECT R.S. (FIG-
URE 3). The hypothetical curves relating excretion and
filtration in the untreated state (Figure 7) are re-
produced for reference. Chloride excretion rates equiva-
lent to those observed in the untreated state are attained
during DCA administration only at higher filtration
rates.

maintain a constant excretion rate of 0.1 mmole
per minute. The simplest description of the ster-
oid effect, within the context of the aforementioned
hypothetical transport system, is a marked de-
crease in the titration splay, together with a pos-
sible small increase in transport maximum, of the
distal NaCl transport system. Filtration rate
nevertheless would seem to account almost entirely
for most short-term changes in NaCl excretion,
such as are observed during the normal diurnal
cycle and early after acute blood volume contrac-
tion and related stresses (23). Absence of im-
portant contributions to the NaCl excretory cycle
from adrenocortical function is suggested by oc-
currence of near normal cycles in hypoadrenal
patients (8. 20, 48, 49), together with absence of
significant diurnal variations in aldosterone ex-
cretion in quiescent subjects (50-55). Rising
filtration rate may well be responsible, also, for
the phenomenon of steroid escape and for the de-
layed natriuresis which follows chronic water
loading.
The mechanisms that determine the diurnal
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rhythm of filtration rate and, more remotely, the
changes in this rhythm under various loading con-
ditions are unknown. That a rhythm of the
magnitude observed in mnan is not a necessary as-
pect of renal function is demonstrated by the ap-
parent absence of a significant rhythm in quiet.
fasting dogs (56). The extent of pre- as com-
pared with postglomerular vascular resistance
changes that may occur during the cycle and which,
therefore, constitute the immediate cause of the
changes in filtration will require a more detailed
analysis of simultaneous changes in renal plasma
flow. Proof that the rhythm is not dependent upon
the renal nerves is lacking, but no evidence of
vasodilator nerves or of neurogenically controlled
hemodynamic changes in unstressed animals has
been discovered. By exclusion, we must postu-
late the existence of one or more humoral trans-
mitters, the secretions of which are dependent.
ultimately, upon a "volume receptor." No rec-
ognized hormone fulfills this function. To desig-
nate this hypothetical humoral system, which has
as a major function the control of filtration rate,
the term. "glomerulokinin" has been proposed
elsewhere (57). In this view a humoral system
controlling aldosterone secretion and a humoral
system controlling glomerular filtration are two
afferent arms of a reflex system controlling ex-
tracellular or vascular volumes, while the fluid
volume control system is but a portion of a more
general and presumably integrated system which
preserves the integrity of the circulation.

SUMMARY

Filtration rate (inulin clearance) and the ex-
cretion rates and plasma concentrations of sodium
and chloride were measured continuously through
the diurnal cycle in three quiescent, healthy, male
subjects.
The normal diurnal cycle of filtration rate un-

der control conditions exhibits a characteristic
nocturnal minimum and diurnal maximum with
an amplitude of 25 and perhaps as much as 30 per
cent of the mean.
Under fluid loading by saline infusion, chronic

water loading supported by vasopressin injections,
or salt retention induced by deoxycorticosterone
acetate injections, the diurnal filtration cycle
shows a tendency to a widening of the daytime
maximum and a possible increase in amplitude.

Under fluid depletion attending consumption of
a low salt diet, the filtration cycle shows a tend-
ency to a decrease in amplitude and in mean level,
but whether the daytime maximum is narrowed,
parallel with the simultaneous narrowing of the
diurnal peak in chloride excretion, cannot he de-
termined from the available data.

In the present experiments significant changes
in the 24-hour mean filtration rate level occurred
relatively early, increasing on the second day of the
fluid loading studies, and decreasing by the fourth
day on the low salt diets.
A close quantitative correlation between filtra-

tion rate and chloride excretion is evident during
the normal or control diurnal cycle of excretion,
while a close qualitative correlation between ex-
cretion and filtration is evident during the excre-
tion changes attendant upon fluid loading or de-
pletion. A rising filtration rate is proposed as the
principal cause of the delayed natriuresis occur-
ring during sustained water loading and of the
phenomenon of "steroid escape."
An unknown humoral system, provisionally

termed "glomerulokinin," may determine the nor-
mal diurnal cycle of filtration rate and the changes
in the cycle attendant upon alteration in body salt
or fluid balance.
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