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Adrenal failure causes a complex disturbance
of renal function and of sodium and water ex-
change. In the dog, as in man, the ability to con-
serve sodium is impaired (1, 2), there is a fall in
glomerular filtration rate and renal blood flow
(3-6), and diuresis from water ingestion is much
delayed (7, 8).

There have been many reports of the effects of
corticosteroids on discrete renal functions such
as filtration rate or excretion of water and electro-
lytes in adrenal insufficiency. There have, how-
ever, been few attempts to correlate the changes
in these renal functions, one with another and with
the level of bodily hydration. Thus, from existing
data, the effects of changes in filtration rate on
other renal functions, or of changes in bodily hy-
dration on filtration rate, cannot be clearly defined
in relation to the action of corticosteroids.

The steroids most examined for their renal ef-
fects have been desoxycorticosterone acetate
(DCA) and, to a much lesser extent, cortisone.
Though DCAappears to act mainly on electrolyte
excretion, yet, when given in larger amounts than
are needed for optimal sodium balance, it may
then correct the low filtration rate of adrenalec-
tomized dogs (4, 8, 9). It is not clear, however,
whether this last effect is mainly or wholly de-
pendent on excessive sodium retention, for no
comparable studies appear to have been made at
deliberately optimal levels of sodium balance
(10, 11).

Cortisone seems to be more active than DCA
in restoring filtration rate (12-14) and water
diuresis (15, 16), and, by mechanisms which are
not yet understood, it can either increase or di-
minish the sodium output (14, 15, 17-19). There

1During tenure of a Rockefeller Travelling Fellow-
ship in Medicine, 1951-1952. Present address: Institute
of Clinical Research, The Middlesex Hospital, London,
W. 1.

is little information about its effects in the adrenal-
ectomized dog (14, 20).

The investigations reported in this paper are
an attempt to define more precisely the renal ac-
tions of cortisone and DCA, with special refer-
ence to their effects on filtration rate and on so-
dium and water exchange.

EXPERIMENTALPLAN AND METHODS

Renal function was studied in two trained female mon-
grel dogs, before and after bilateral adrenalectomy, with
the following objects: (a) to measure the effects of
adrenalectomy on GFRand renal excretion of water and
electrolytes, under controlled conditions of bodily hy-
dration, but during escape from direct corticosteroid
effects; (b) to compare the acute effects of cortisone and
DCAon these renal functions, after adrenalectomy; and
(c) to correlate the changes in these different renal
functions with one another and with the state of bodily
hydration.

Maintenance of the dogs

The dogs weighed 162 and 20 Kgm. They lived under
optimal conditions on a constant diet to which 2 gm. of
sodium chloride was added.3 They were fed between
1 and 3 P.M. and had free access to water. After a two-
stage adrenalectomy, a state of optimal bodily hydration
was maintained by daily intramuscular injection, at the
time of each meal, of 0.6 to 0.75 mg. of DCAin sesame
oil. In dog A changes in bodily hydration were in-
duced by raising or lowering the DCA dosage (range,
0.5 to 1.5 mg. a day). Therapy was controlled by daily
weighing and frequent measurements of fasting plasma
specific gravity, electrolyte concentrations, blood urea,
and hematocrit. Plasma volumes were measured by the
T-1824 dye method (21), using a Beckmann spectro-
photometer.

The diurnal patterns of water, creatinine, and electro-
lyte excretion were determined, in relation to meals and
DCA injections.

2 Dog A was not fully grown at the beginning of these
studies (initial weight, 15.5 Kgm.; final weight, 18 Kgm.).

8 The total daily intake was approximately 90 mEq.
sodium and 62 mEq. potassium.
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Measurements of renal function
Usual procedure. After free access to water overnight,

15-minute urine collections were started between 8 and
9 A.M. Half an hour later, a priming infusion of cre-
atinine and PAH4 was slowly injected, followed by a
sustaining infusion4 which was continued throughout the
experiment. A 45-minute period was allowed for equili-
bration. After three or more clearance periods, 40 ml. of
warm water per Kgm. were given by stomach tube.
Clearances were then measured for a further three to
six hours.

The following renal functions were determined: GFR,
ERPF, urinary pH, and urinary outputs of sodium, po-
tassium, chloride, and phosphate.

Blood was taken initially and at the midpoint of every
third or fourth clearance period, and the red cells rein-
fused at the end of each experiment. Plasma creatinine,
PAH, specific gravity, and electrolyte concentrations
were measured in each sample.

The above-mentioned procedure was carried out under
the following conditions: (i) before adrenalectomy, (ii)
after adrenalectomy, while on optimal DCA therapy,
and, in dog A, also when on inadequate and excessive
DCA therapy and after intravenous saline infusion, and
in both dogs during acute administration of cortisone
and DCA.

To observe its effects, both with and without a water
load, cortisone was given, in separate experiments, three
hours before the water dose, or at the time of the water
dose, or three hours after it. The cortisone was given
in one of three different ways: (i) intravenously, as a
microcrystalline suspension of 50 mg. cortisone acetate in
1 ml. distilled water, dose 10 to 50 mg.5; (ii) intra-
venously, as cortisone tricarballylate,6 dose 30 to 90 mg.
freshly dissolved in a few ml. of isotonic saline, or (iii)
orally, as cortisone acetate (Cortone@, Merck), dose 50
mg.

DCAwas injected intravenously as a microcrystalline
suspension in distilled water, made to the same specifica-
tions as the cortisone acetate,5 dose 2.5 to 5.0 mg. It was
given three hours after the water dose.

Other procedures. On 47 occasions the diuretic re-
sponse to the standard water dose (supra) and the ac-
companying outputs of sodium and potassium were meas-
ured for three hours without determining GFR and
ERPF.

4 The priming infusion consisted of hypertonic creati-
nine and PAH in about 60 ml. of distilled water. The
sustaining infusion consisted of approximately isotonic
creatinine and PAH, and was given at a steady rate of 24
to 30 ml. per hour. The effects of these infusions on
water and electrolyte excretion were measured during
equilibration, and on GFRand ERPF during succeeding
periods totalling 45 to 60 minutes, before the water dose
was given.

6 Specially prepared by Chemical Specialities, Inc.,
N. Y.

8 A water-soluble but unstable ester, specially pre-
pared by Merck, Ltd., N. J.

In another group of experiments the effects of intra-
venous cortisone acetate, and of DCA, on excretion of wa-
ter, electrolytes, and endogenous creatinine were meas-
ured but, without the complicating effects of an infusion
or water dose.

Chemical methods
The methods used for the following chemical estima-

tions are indicated by the references: sodium and potas-
sium, by an internal lithium standard flame photometer
(22) having an error of less than one per cent; plasma
and urinary chloride (23); plasma and urinary creatinine
(24); PAH (25); urinary phosphate (26); blood urea
nitrogen (27); plasma specific gravity (28, 29). The
urinary pH was measured by indicators within one-half
minute of urine collection.

RESULTS

I. Water and Electrolyte Balance in Relation to
Chronic DCATherapy After Adrenalectomy

Assessment of bodily hydration
Adequacy of the DCA therapy was assessed

by observing the weight, appetite, and activity

FIG. 1. THE EFmcETs OF DCATHERAPYON FASTING
PLASMA CONCENTRATIONSIN THE Two ADRENALECTO-
MIZED DOGS

In dog A, optimal therapy was achieved on 0.6 to
0.75 mg. DCAa day, in dog B on 0.75 mg. a day. The
weight balances in dog A are the means of daily devia-
tions from the growth-weight curve during the total pe-
riod of the studies. The slight rise in weight during in-
adequate DCA therapy was due to water retention, and
the rise during excessive DCAtherapy to salt and water
retention.
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FIG. 2. WATERDIURESIS AND PLASMA CONCENTRA-
TIONS RELATIVE TO DCA THERAPY IN ADRENALECTO-
MIZED DOGA

Two sample periods are shown. Diet and sodium in-
take were constant. The body weight and plasma con-
centrations were obtained after 18 hours' fasting with
free access to water, before giving the standard water
dose of 40 ml. per Kgm. body weight. Dotted lines in-
dicate the delay in diuresis before adrenalectomy. The
body weights have not been corrected for growth.

of the dogs, and by comparing their fasting plasma
specific gravities and electrolyte concentrations
with the levels obtained before adrenalectomy
(Figure 1). In dog A, a state of optimal health
and bodily hydration was achieved on 0.6 to 0.75
mg. DCAper day, in dog B on 0.75 mg. per day.
At this dosage their plasma volumes varied be-
tween 5 and 5.7 per cent of body weight, figures
comparable with the mean of 5.4 per cent re-
ported by Courtice in 29 intact mongrel dogs
(30). In dog A the dose of DCAwas deliberately
varied so that the effects of changes in bodily hy-
dration could be studied. Inadequate DCAther-
apy (e.g., 0.5 to 0.6 mg.) was followed by a rise
in hematocrit, plasma specific gravity and potas-
sium and a fall in plasma sodium; the expected
loss of weight did not always occur (Figure 1)
because of water retention, apparently intracel-
lular, from the repeated water doses (Figure 2).

Excessive DCA therapy (e.g., 1 to 1.5 mg.)
caused excessive gain in weight, a fall in plasma
specific gravity, and a slight rise in plasma sodium
concentration (Figures 1 and 2). The plasma
specific gravity was the most sensitive index of hy-
dration; the hematocrit and plasma sodium and
potassium were almost as sensitive to inadequate,
but not to excessive, therapy; blood urea was an
unreliable index.

In order that renal function could be assessed
in relation to bodily hydration, the renal data were
grouped as follows: 1) optimal therapy, all pe-
riods on 0.6 to 0.75 mg. DCAper day,7 2) in-
adequate therapy all periods on less than 0.6 mg.
per day, 3) excessive therapy, all periods on 1 to
1.5 mg. per day, and in dog A, on 0.75 mg. for
more than six weeks.7

DCA04MGC.M
100 _F06 K output

llk

I

0
TIME Hus 120

FIG. 3. DIURNAL VARIATIONS IN URINARY EXCRE-
TION RATPs DEPENDENTON FEEDING ANDDCATHERAPY,
IN ADRENALECTOMIZEDDOGA

Free access to water was allowed throughout the 24-
hour period. The pattern of urinary excretion was simi-
lar on other occasions, and in both dogs. Note the
transient effect of the DCA injection.

7 In dog A clear signs of overdosage appeared after
six weeks on 0.75 mg. DCAper day. The optimal dosage
was probably nearer 0.6 than 0.75 mg. per day.

763

I E-,A--- Creco.. -0-909W--
0.

1
0-4

hj.0.



OLIVER GARROD, S. A. DAVIES, AND GEORGECAHILL, JR.

I .r
I I%?

C"o

°"NN__z :
I oo041

_ __nlM'*

o* I I I 21

to I aSCK "

.44N%%"

__N

en

-0 NO Rr4
oeqw O4

-4wq4%q"

r*

1` 0 I

U)0N

eq N e
___-

%n0 tO
OV.00 n

4 "_"

1111f

10 -0%eq0
"

eq -0%e U004ONC

Ninc-ocoUcv0
m N "

00

eq% 0-4 -0U)-0* C-eo eq U)0)-4

I I ",

1 I °Iz

vaftin'

'" I v U1% 4

$I 1 ! % -r

C4 Go%Z

tNU)N'C m) N WQ4

I'C)O Oeq e C

U) 0

II oN m

.10

.4e+ I++

I I .4 o
Us *"R

I I "

¢
<<

b

U) 0

.q . . >.*q. .-4> >> ->5 "

'0

"

a

30~AO

s

0

aq
ex
41
q
V.
m

m

+4
9
4)
2

I OW)

f) eq e U)VU) U) U)t'.

1!0
I

II

I v

N

.- .
> .4

"
O

0_

U)

-_ liii
III

IO-U
vM11G I

eqeq eq
00Us)l

in v v ) W r. u >v.4

IU
v
A

:b
9
0

0i04

I1 II

I I

I I I

11 I 1

U)
+wio
_ eq m0%

.-4 .- .: .

45'ao

.9LIAII

1" ag

081 t8 1Noro.a_

_"4 N_

r- e4$Nvt> oN

I I

I I

-o

_0

I

o

_e0

4

oo

U)l 'c Ne nm ) eqU) 0.0%-->ee

U)U) N) U)U)0
n W) %lo " %n

ew1 4 1%N0

oWo ) 000

U).N4Ne Neqo0

g o

1+

I i .>I 4

II II

>>>5>5

ON

-H
It

9
0

4

'0co

I I
I I

aq In'

*0
It %

, V

:

W)

0
U)

0o 0

08t

*t t

v

U..

0

E

4-

g

S '

.is

6.

0.!4I

01

Ao

a
0

>6

.I "

764

II

II

II

II

I I

U)
U)

U)

0

0II U.4)

I I
I I

I

1%,
I

04

0

1

ao ~o W

*e

%4
.t

n

41.

.r

I
la

b
co
0:
1.

i
4

4.

0

EV , 3.

60

co

co

0

la

I I

I I

I I

q-
U)

.4

z

';
4,

O4..

-

* :

W--

to_:

I..



ACUTE EFFECTS OF CORTISONEAND DCA ON RENAL FUNCTION

Duration of action of the therapeutic DCA in-
jections

The sodium-retaining action of the DCAinjec-
tions ceased after about eight hours in dog A
(Figure 3) and after 12 to 18 hours in dog B.
There was then a delayed excretion of the dietary
sodium. From 18 to 24 hours after the DCA,
which is the period when renal function was stud-
ied, the sodium excretion remained steady or fell
further; the kidneys had then escaped from DCA
effect.

II. Renal Function

Glomerular filtration rate (GFR) and renal plasma
flow (ERPF)8

(a) Effects of adrenalectomy, relative to DCA
therapy (Table I). In dog A, after adrenalec-
tomy, GFRwas consistently subnormal when on
optimal DCA therapy, but rose after water in-
gestion. On excessive DCA therapy GFR was
higher and sometimes became normal after water
ingestion. Changes in ERPF were essentially
parallel.

In dog B, GFRfell to subnormal levels during
the second month after adrenalectomy, but
throughout the post-operative period it rose less
after water than before adrenalectomy. A short
period of excessive DCA therapy in this dog (3
mg. a day for three days) did not raise the GFR
(Table I), but there was no accompanying re-
tention of sodium and water.

(b) Acute effects of DCA on GFR. Intrave-
nous DCA(2.5 to 5 mg.), though it caused almost
maximal reabsorption of sodium by the tubules,
did not increase GFR, ERPF, or endogenous

8 The effects on GFRand ERPF of the infusions used
in measuring them need to be considered. During nine
experiments in dog A, there was a consistent rise in GFR
of 11 ± s.d. 3.7 ml. per minute, and in ERPF of 8 ± s.d.
2 ml. per min. between 45 and 90 minutes after starting
the sustaining infusion. Though a similar rise did not
occur in dog B, a rise in this dog's sodium excretion
within 30 mins. of starting the sustaining infusion sug-
gested that GFRhad already risen during the period of
equilibration when it could not be measured directly.
Thus, in both dogs the true fasting GFR was probably
less than that of the first period of creatinine clearance
at the end of equilibration. To ensure standardization,
the fasting GFR and ERPF have been taken from the
first 15-minute clearances after equilibration, i.e., 45 to 60
minutes after starting the sustaining infusion.

DCA OCA DCA26MM 0 CA CTCA CA
COMEG.6M C MMmMGW

Pal ORAL

J;4 0 C 6m

120r SODIUM

a1iKEU:I1Lii
HOURSAFTER WATER INGESTION

FIG. 4. THIE ACUTrE EFFECTS OF DCAAND CORTISONE
ON URINARY EXCsRETON RATES WHENGIVEN TH:REE
HOURSAIRE WATE:R INGESTION, IN ADRENALECTOMIZED
DOGA

Ingestion of the standard water dose was followed by
a subnormal diuresis which was subsiding at three hours
when the steroid was given. Cortisone caused a rise in
GFR or endogenous creatinine excretion and return of
water diuresis. DCA had no effect on GFR or water
diuresis. Each excretion rate shown covers a 45-
minute period ending at three, or seven and one-half
hours after water ingestion, as indicated at the bottom
of the graph. After DCA, sodium excretion was less
than 4 i'Eq. per minute. CA= cortisone acetate, CTCA=
cortisone tricarbalylate, given I.V. except when specified.

creatinine excretion, or augment the effect of
cortisone on these functions (Figure 4, Table II).

(c) Acute effects of cortisone on GFR.
(i) Without water ingestion. In both dogs 50

mg. of intravenous cortisone acetate caused a
mean 30 per cent rise in endogenous creatinine
output which began within one to two hours
(Table II). That this was due to the acute rise
in GFRwas confirmed in dog A; within three and
one-half hours of intravenous injection of 23 mg.
Of cortisone acetate GFRhad risen from 53 to 68
ml. per minute, and ERPF from 116 to 222 ml.
per minute (Table III) .

(ii) Accompanying, or preceding, water in-
gestion. The rise in GFRand ERPF from wa-
ter ingestion was greater with cortisone than

765
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TABLE II

The acute effects of cortisone acdat and DCAon fasting urinary excretion rates in two adrenakectomized dogs
(on steady optimal DCAtherapy) *

Dog A: 5 to 6 months after total adrenalectomy Dog B: 8 to 11 weeks after total

Excretion rates Excretion rates

Intra- Endog- Endog-
venous enous enous
steroid creati- creati
(micro Tm Urine nine Na K Cl PO4t Urine nine Na K Cl P04crystaj) Time ./ %Of - Urine mI./ %of laUSn

at 0 mins. mix$. mix. weod &Eg./min. pH$ min. period Eq./mix. pH

0 0.41 100 94 16 77 27 7.5 0.25 100 37 21 27 13 7.5
60 0.39 98 89 13 78 22 7.5 0.29 97 55 14 30 12 7.8

0 120 0.32 93 62 7.6 59 12 7.45 0.27 100 49 10.6 31 9.5 7.8
180 0.28 88 56 6.5 51 10 7.5 0.30 101 58 9.1 31 8.1 7.8
240 0.27 90 42 S.9 39 7.5 7.55 0.26 103 46 8.2 32 6.1 7.8
300 0.24 91 35 4.4 34 6.1 7.6 0.28 99 48 7.3 34 5.2 7.7

0 0.45 100 87 30 87 27 7.4 0.36 100 91 12 70 7.4 8.0
60 0.38 91 73 22 72 25 7.1 0.35 99 79 8 92 4.6 8.2

DCA 120 0.28 90 20 37 49 17 6.7 0.23 91 32 21 54 2.9 7.4
2.5 mg. 180 0.19 92 4.7 23 27 12 6.8 0.26 102 31 27 57 4.3 7.3

240 0.19 99 3.1 23 26 13 7.1 0.25 108 33 27 61 9.1 7.4
300 0.21 104 2.8 26 24 16.5 7.3 0.25 104 29 16.2 45 7.1 7.3

(mean of 3 experiments) (mean of 2 experiments)
0 0.40 100 73 16.2 60 31 7.2 0.35 100 85 9.1 78 14 7.5

Cortisone 60 0.37 98 90 33 101 23 7.6 0.36 107 83 22 73 11 8.1
acetate 120 0.29 103 33 39 50 12 7.25 0.77 120 154 52 176 11 7.9
50 mg. 180 0.72 115 24 47 48 19 7.3 0.54 124 109 46 133 9.7 7.5

240 0.86 128 89 56 61 34 8.0 0.76 129 119 35 118 16 7.8
300 0.91 128 146 47 53 36 8.25 0.83 132 145 17 78 27 8.2

5Each hourly output is the mean of two consecutive one-half-hourly outputs. Plasma changes are shown in Table IV
Corrected for unne pH.
Measured by indicators within 30 seconds of urine collection.

TABLE III

The effect of intravenous cortisone on renal function and water bakrnce in adrenalectomised dog A *

Cumulative water balance (md.)
Corrected for Na ss

Urn.
Uncorrected wariDin ex- Plasma contra

Urine Excretion rates Total cessof Corrected
flow GFR ERPF pEg./min. Water Urine water isotonic water Na K

Time infused vol. balance sodium balance Time mEa./ mE./
mix$. ml./mix. Na K Cl (W) (UV) (W -UV) (U) (W-UW) mix$. S.G. L. L.

0-15 .58 61 17 55 0 10 - 10
16 Start of priming infusion (creatinine and PAH in 58 ml. distilled water)
25 Start of sustaining infusion, continued at 30 ml./hr. throughout experiment
55 .93 - 76 16 53 82 69 + 13
70 .68 51 103 95 12 65 90 80 + 10 32 + 58 63 1.0205 -
85 .69 53 109 156 17 76 97 89 + 8 26 + 71

100 .69 52 114 139 18 75 105 98 + 7 22 + 83
115 .69 57 137 135 17 80 112 108 + 4 18 + 94 108 1.0205 143 3.8
117 23 mg. cortisone acetate microcrystals intravenously
160 .75 53 141 125 19 94 134 142 - 8 15 +119 153 1.0205 143 3.7
205 3.19 62 170 252 83 299 155 288 -133 85 + 70 198 1.0215 143 3.5
250 1.37 66 183 93 65 117 177 350 -173 119 + 58 243 1.0215 140 3.2
295 2.16 64 187 68 40 57 198 456 -258 205 - 7 288 1.0220 141 3.2
340 2.14 68 222 149 45 71 220 562 -342 246 - 26 333 1.0215 142 3.0

* The dog was on excessive DCAmaintenance (0.75 mg. per day for seven weeks).
Each output shown after cortisone injection is the mean of three consecutive 15-minute observations.
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without (Table I). This increment occurred at
about one and one-half hours after 23 mg. of
cortisone acetate, and at three to three and one-

half hours after an equimolar dose (i.e., 30 mg.)
of cortisone tricarballylate, irrespective of the level
of DCAtherapy (Table I).

(iii) Three hours after water ingestion (Fig-
ure 4). When cortisone was given three hours
after the water dose, orally as the acetate, or in-
travenously as the acetate or tricarballylate, en-

dogenous creatinine excretion rose by 25 to 33
per cent. Without cortisone it did not rise.

(d) GFR relative to plasma volume and spe-
cific gravity. Plasma specific gravity was used as

an index of hemodilution and was measured con-

currently with GFR during all experiments.
Grouped data from the periods without cortisone
showed a high inverse correlation between GFR
and plasma specific gravity (r = - 0.84).
Grouped data from the periods between one and
six hours after cortisone showed no such corre-

lation (r = - .034), but GFR was higher rela-
tive to plasma specific gravity (Figure 5).

Again, in four experiments unaccompanied by
infusion or water ingestion, 50 mg. of intravenous
cortisone acetate had no effect during four hours
on plasma volume, specific gravity or electrolyte
concentrations; concurrently, however, the en-

PLASMA SPECIFIC GRAVITY

FIG. 5. GFR IN RELATION TO PLASMA SPECIFIC
GRAviTy, WITH AND WITHOUT CORTISONE, IN Two
ADRENALECTOMIZEDDoGS

Each GFRplotted is the mean of three consecutive 1S-
minute measurements. Plasma specific gravity (28) was
measured at the midpoint of each 45-minute GFR pe-
riod. All data have been included except those from the
first two months after adrenalectomy in dog A.

TABLE IV

Changes in plasma in rektson to changes in endogenous creatinine excretio after cortisone and DCA

Per cent change at three and three-fourths hours after steroid

Plasma
Steroid at Endogenous

0 mins. creatinine Na Cl
Subject (Intravenous) outputt Vol. S.G.1 cone. conc.

Cortisone +33 - 4.5 -1.3 +0.4 +1.6
50 mg.

Dog A 50 mg. +36 - 1.4 +1.6 -0.6 -0.5
50mg. +21 +1.7 -1.4

Dog B 50 mg. +27 +12.7 +0.4 -0.2 +0.4
50 mg. +36 - 2.9 +1.0 -0.5 -0.2

Mean of 5 experiments (both dogs) +30.6 + 1.0 +0.7 -0.46 +0.32

Dog A DCA2.5 mg. - 2 -0.5 +0.7 +2.1
Dog B DCA2.5 mg. + 1 - +0.9 +1.0 0
Dog A 0 -10 - -1.3 -1.0 0
DogB 0 +33

* These experiments were made during a five-week period of steady optimal DCAtherapy, after 18 hours' fasting
with free access to water.

t Calculated from the output three and one-half to four hours after, the steroid injection divided by the output
durng the 60 minutes immediately preceding, the steroid injection.

$ These measurements were made 15 to 30 minutes before, and repeated three and three-fourths hours after, the
steroid injection.

I Measured by the gradient method of Lowry and Hunter (29).
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overlap. In dog A all data have been included. In dog B, data from the first month after adrenalectomy have been
excluded on account of dietary irregularities and unsteady sodium intake.

dogenous creatinine output rose by 30 per cent
(Table IV). These findings suggested that the
acute effects of cortisone on GFRwere not de-
pendent on an increase in plasma volume.

(e) The effect of saline infusion on GFR
(Table I). This experiment was designed to find
out whether the chronic effects of excessive DCA
therapy on GFR could be reproduced acutely,
when on optimal DCA therapy, by infusing iso-
tonic saline. Isotonic saline, 40 ml. per Kgm. of
body weight, was infused during 75 minutes.
When the water dose was given at the end of this
infusion, GFRwas 10 ml. higher than the mean

fasting level on optimal DCA therapy (37.1
s.d. 2.8 ml. per min.). Four hours later GFR
had risen to its pre-adrenalectomized level (Table
I). This effect was preceded by defecation, slight
edema, and restlessness, suggesting mild water
intoxication. Thus, the chronic effects of exces-

sive DCA therapy on GFR were reproduced
acutely by overloading with sodium and water;
water diuresis, however, was largely inhibited.9

9 Defecation during diuresis experiments in the intact
dog is usually accompanied by prolonged antidiuresis
(31). This was also our experience on other occasions,
in the adrenalectomized dog.

Sodium excretion 'O

(a) In relation to water diuresis. Before
adrenalectomy, even when GFR rose after water
ingestion, the fasting sodium output remained low
or fell further (Figure 6). After adrenalectomy,
water ingestion always raised GFR (Table I),
and there was then a parallel rise in the fasting
sodium excretion, an effect which was further ac-

centuated when on excessive DCA therapy10
(Figure 6).

(b) In relation to GFR, without cortisone. On
analysis of grouped data from the periods after
adrenalectomy, there was a high correlation be-
tween GFR and sodium output (r = 0.84 and
0.82 in the two dogs) (Figure 6).1

10Before adrenalectomy the sodium output, 18 hours
after food, was always less than 25 isEq. per minute.
After adrenalectomy it was always higher (40 to 100
;&Eq. per minute), due partly to delayed excretion of
dietary sodium which had been retained during the pe-
riod of action of the injected DCA. This "escape effect"
was much greater during excessive DCA therapy, owing
to the longer action of the larger DCAinjections and the
compensating effect of higher GFR (infra).

I"Because the changes in plasma sodium concentration
were small, when this data was calculated as the quan-
tity of sodium filtered (Na' = Nat X GFR) and the per-
centage reabsorbed by the tubules (Na R/F), the corre-
lations were essentially similar.
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ACUTE EFFECTS OF CORTISONEAND DCA ON RENAL FUNCTION

(c) In relation to GFR, after cortisone. By
raising GFRcortisone increased the sodium out-
put. There was still a correlation between GFR
and sodium excretion (r = 0.77 and 0.43 in the
two dogs), but for any given level of GFR the
rate of sodium excretion was less than when no
steroid had been given (Figure 6).11 Figure 7
shows typical changes in sodium filtration (Na')
and reabsorption (Na R/F) after cortisone. It
will be seen that there was an early and persistent
rise in (Na1). The fall in sodium reabsorption
(Na R/F) was, however, interrupted at two to
three hours, when cortisone was acting maximally
on sodium reabsorption. After oral cortisone (ad-
joining graph) the rise in GFRwas delayed, and
until this rise occurred sodium reabsorption re-
mained almost complete.

Thus, cortisone had both vascular (GFR) and
metabolic (tubular sodium reabsorption) effects
on the kidney, which did not necessarily coincide
in their points of maximal intensity. In acute

FIG. 7. THE EFFECT OF CORTISONEON RENAL SODIUM
AND POTASSIUM FILTRATION AND REABSORPTION, IN

ADRENALECTOMIZEDDoG A (Two EXPERuMENTS)
The first experiment shows typical changes after in-

travenous cortisone. Independent of Na', tubular so-

dium reabsorption was greatest at about two and one-

half hours. In the second experiment, oral cortisone did
not raise Na' acutely. Tubular sodium reabsorption was

therefore complete until Na' rose after water ingestion.
Changes in potassium excretion were largely independent
of GFR.

experiments the net result, which was increased
sodium output, seemed to be due to preponderance
of the filtration effect over the relatively weak
tubular effect.

(d) In relation to intravenous DCA. Intra-
venous DCA, either alone or combined with cor-
tisone, caused maximal tubular reabsorption of
sodium within one and one-half hours, despite any
rise in GFRdue to the cortisone (Figures 4 and
6, Table II).

Potassium excretion

Both cortisone and DCA, given separately or
together, caused an early rise in potassium excre-
tion. This effect was largely independent of GFR
and did not correlate closely with the changes in
sodium excretion (Figures 4 and 7, Tables II and
III).

Anion excretion (Table II)

During the first three hours after cortisone, the
chloride excretion varied directly with the sum
of the sodium and potassium excretion. During
the next three hours this relationship ceased;
chloride excretion then fell or remained steady,
despite a further rise in cation excretion. Al-
though the phosphate output always rose during
the second three-hour period, by the fifth hour
after cortisone the combined outputs of sodium
and potassium exceeded those of chloride and
phosphate by 60 to 100 /AEq. per minute. Because
the urine was then of maximal alkalinity,12 most
of this undetermined anion was probably bicarbo-
nate. These changes did not occur after intra-
venous DCA.

Diuresis after water ingestion18

(a) Renal aspects of diuresis after adrenalec-
tomy.

(i) The effects of chronic DCA therapy (Fig-
ure 8). Diuresis from water ingestion varied di-
rectly with the current level of DCA therapy.

12The possibility that urinary infection might have
contributed to the abnormally high urinary pH was not
excluded.

lsDiuresis from the standard water dose was always
greater when there was an accompanying infusion of
creatinine and PAH. The two groups of experiments
have therefore been shown separately in Figure 8.

769



OLIVER GARROD, S. A. DAVIES, AND GEORGECAHILL, JR.

Compared with the pre-adrenalectomized state,",
during optimal DCA therapy both the onset and
peak of diuresis were delayed, and the maximal
rate of urinary flow and the percentage of the
water dose excreted in three hours were both
greatly diminished. During inadequate DCA
therapy there were further delays in diuresis
(Figure 2).

Excessive DCA therapy restored the pattern
of diuresis almost to normal, as judged only by
the urine volume. However, volume alone was
not a true measure of water diuresis because of the

14During the initial training period before adrenalec-
tomy, at first diuresis was sometimes delayed and of
poor volume. Because these failures seemed to be due
to liberation of antidiuretic hormone, in response to
catheterization, venepuncture, etc., data from these early
experiments have not been included in this paper.

high urinary sodium outputs (infra). In dog B,
the delay in onset of diuresis was shortened by
giving four times the optimal DCA therapy for
three days, but the percentage of the water dose
excreted in three hours was not increased (Fig-
ure 8). In this instance the higher DCAdosage
was not continued for long enough to cause any
gain in weight, hemodilution or elevation of
GFR (Table I).

(ii) Acute effects of cortisone (Figure 8).
Cortisone increased water diuresis above the con-
trol (adrenalectomized) volumes at each level
of DCA therapy. After intravenous cortisone
acetate this effect was seen within 60 to 90 min-
utes. Cortisone tricarballylate, somewhat slower
in its action, augmented water diuresis before it
raised GFR. In general, this effect of cortisone

(Dog B) I..
ADRENALECTOMIZED

- ADRENALECTOMIZED (Dog A)

U..

b%'I

mean enov9 mean 14 30 20 men 10
2 expF experimnts e. - experiments

mqat +30mm
Consecutive 34 hr. periods from time of water dose

IWith Cortisone Cortisone Cortisone
l~rtolA artians I Tricarbaflylee [J acetate

A

DCA dose per day:
3mg. for

Z 00.75mg 0 .75m 3-4days

81~~~~~~~~~~~~~~~~~~4

As~~~~~~~~~~~~~~k.-

at at at
+30-180 -30

2-5 6-9 10
weeks after adrenalectomy

Consecutive 3/4hr periods from time of water dose

IWithaut Cortsone With Cortisone

B

FIG. 8A AND B. THE EFECTs OF ADRENALECTOMY,WITH AND WrrHOUT CORTISONE, ON AcuTE, Diuaxsis FROM
INGESTED WATER

A standard water dose of 40 ml. per Kgm. was given in all experiments. Because infusion of creatinine and
PAH facilitated diuresis, the experiments in which GFR and ERPFwere measured are shown separately. Figures
below the data from cortisone experiments indicate the dose of cortisone, intravenous unless specified, and the time
of its administration relative to the water dose.
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WITH ANDWITHOUTCORTISONE

All data plotted are the means of three consecutive 15-minute measurements, embracing the peak urine flow.
In dog B there was no relation between GFRand maximal urine flow. In both dogs cortisone increased maximal

urine flow relative to GFR

was largely independent of the level of GFR
(Figure 9).

(iii) Acute effects of DCA (Figure 4). In-
travenous injection of 2.5 mg. of DCAdid not
increase water diuresis or augment the effect of
cortisone on water diuresis.

(iv) Urine osmolarity and GFR. Urine os-

molarity during the 45-minute peak of diuresis
was calculated indirectly.15 No consistent relation
was found between the level of GFRand the ca-

pacity to secrete a hypotonic urine. During diu-
resis after cortisone the urine osmolarity was much
lower than in control experiments, irrespective of
the level of GFR.

(b) Homeostatic aspects of water diuresis.
The function of water diuresis is to correct acutely,
by selective excretion of water, the dilution of
body fluids which results from water ingestion.
After adrenalectomy, though water ingestion
caused normal hemodilution,"' the water loads

15 Calculated from the urinary concentrations of urea,
creatinine, and (sodium and potassium X 2).

16 The speed and magnitude of the fall in plasma spe-
cific gravity after water ingestion was the same after
adrenalectomy as before. Water absorption from the gut
was therefore presumed to be normal.

were not excreted with normal rapidity, and the
hemodilution persisted. These failures were

acutely corrected by cortisone. The dilution of
body fluids after water ingestion was measured
by the falls in plasma specific gravity and sodium
concentration. The return of these indices to-
wards normal was then followed at intervals in
relation to the total water excreted in excess of
urinary isotonic sodium (Table V). In seven

control experiments in the two adrenalectomized
dogs, excluding the periods on excessive DCA
therapy, at the end of three and three-fourths
hours only 22 per cent of the water load had been
excreted in this unobligated form and the plasma
sodium concentration was still 5 per cent less
than its initial value. In eight similar experi-
ments with cortisone the findings, respectively,
were 61 per cent excretion of water unobligated
to sodium and 1.3 per cent reduction of the plasma
sodium concentration. Whenthe diuresis induced
by cortisone after water ingestion was followed
to its natural termination, the total urinary volume
usually greatly exceeded the water load; yet, the
total volume of urinary water unobligated to so-

dium, though sometimes equalling the water load,

z

-J

z
or
D

771



OLIVER GARROD, S. A. DAVIES, AND GEORGECAHILL, JR.

TABLE V

Plasma specific graviy and sodium concentration in relation
to total water and sodium excretion, with

and without cortisone
(two adrenalectomized dogs) *

Water without Water+
At three and three-fourths cortisone cortisone

hours after water (7 expts.) 18 expts.)
ingestion

(40 ,I./Kgm.) Mean + S.D. Mean i S.D.

Plasma Na conc.:
%change from initial
level -54 1.1 -1.3± 2.1

Plasma S.G.:
%change from initial
level -7.34 2.8 -2.1 is 2.4

Per cent of water dose
excreted as total uri-
nary water 45.3±13.7 92.1*22.6

Per cent of water dose
excreted as water in
excess of urinary iso-
tonic sodium 22.34 8.7 60.8±+17.1

* All experiments were accompanied by a standard infu-
sion of creatinine and PAHthe volume of which has been
included in the total water dose. Experiments on dog A
duing excessive DCAtherapy have been excluded. The
differences after cortisone are significant (p < .01).

HOURS

FIG. 10. THE EFFEcT OF CORTISONEON SODIUM AND

WATREXCRETION DURING DrumESIS, IN RELATION TO

CHANGES IN PLASMA SODIUM CONCENTRATION (AD-
RENALEmmIZEDDoG A)

The dog was on optimal DCA therapy. The volumes

of the priming and sustaining infusions of creatinine and
PAH in distilled water have been included in the water
load. The end of water diuresis coincided with the re-

turn of the plasma sodium concentration to its initial
level.

o0 2 4 6 8

FIG. 1 1. WATr DIUREsIS, WITH AND WITHOUT CORTI-
SONE, IN ADRENALECTOMIZEDDOGA

The two experiments were, made without an infusion,
when on optimal DCA therapy, with an interval of four
days. At the end of diuresis after cortisone, the total
water excreted in excess of total urinary isotonic sodium
was equal to the water dose, and the plasma sodium
concentration had returned to normal.

never exceeded it. By then the plasma sodium
had returned to its initial concentration (Figures
10 and 11). The balance between the water load
and the volume of unobligated water excreted was
closest during cool weather, when insensible wa-
ter loss was minimal. Thus, cortisone restored to
normal the homeostatic function of water diuresis
of correcting the plasma sodium hypotonicity,
but did so at the expense of a negative balance of
total body water.

DISCUSSION

Certain effects of adrenalectomy on the kidney
are clearly secondary to loss of sodium. To meas-
ure other effects, which may not be dependent on
sodium depletion, renal function must be studied
under conditions of optimal bodily hydration, i.e.,
in a state of sodium and water balance comparable
to that existing before adrenalectomy. Such con-
ditions are probably best obtained by combining
daily injections of DCAwith a constant diet and
a small addition of sodium chloride. The advan-
tages of such a regimen over one of DCA im-
plantation are that the dose can easily be ad-
justed to meet any departure from the optimal
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state, and that renal function can be assessed
during its escape from DCAeffect.

Using dogs of around 10 Kgm. weight, on an
added salt intake of 2 gm. a day, other authors
have shown that the minimal amounts of DCA
needed for normal health and hydration are be-
tween 0.25 and 0.5 mg. a day (10, 11). With the
same added salt, the dogs reported here needed
0.6 to 0.75 mg. a day which, allowing for their
greater weight, is closely equivalent to the above
amounts. Raising or lowering the dose of DCA
by as little as 0.15 mg. was followed by consistent
changes in body weight or in plasma specific
gravity and electrolyte concentrations. Critical
adjustment of the DCAtherapy is thus essential
for obtaining a steady optimal state, a precaution
apparently overlooked in most previous studies.

After adrenalectomy the filtration rate seemed
to vary with the state of bodily hydration, as was
suggested by its inverse correlation with the
plasma specific gravity, and by the over-retention
of water which always accompanied the rise of fil-
tration, whether chronic, as during excessive
DCA therapy, or acute, from water ingestion or
saline infusion. However, since filtration and
renal blood flow remained subnormal even after
optimal therapy had corrected any sodium deple-
tion, at least a part of this failure could not be
ascribed merely to reduction of the intravascular
or extracellular fluid volumes. Some data on
cardiac output are needed to throw further light
on this problem.

The absence of any acute effect of DCA on
filtration was in marked contrast with the rise in
this function which occurred when excessive DCA
therapy had caused over-retention of sodium and
water. Though Davis and Howell found a sub-
acute rise of filtration rate in the intact dog when
DCA was given intramuscularly at more than
twenty times the dosage used intravenously in the
present experiments (32), this effect was con-
siderably less than after cortisone or ACTH; and
it is not clear from their data whether any sodium
retention preceded the rise in filtration. It is
possible, therefore, that DCA may have some
primary action on the filtration rate when given
in doses that are greatly excessive in terms of
electrolyte effects.

The action of cortisone on the filtration rate
and renal blood flow differs fundamentally from

that of DCA in its rapidity of onset and its ap-
parent independence of plasma volume or sodium
balance. It would seem that cortisone has a
"permissive" action of allowing a higher and more
normal proportion to exist between the filtra-
tion rate and the level of bodily hydration.
Whether this effect is confined to the kddneys or
is part of a more widespread circulatory response
cannot be decided from the present data.

The normal dog excretes a sodium load more
rapidly than does man, and puts out only negligi-
ble amounts of sodium after 18 hours of fasting.
The sodium output falls further during sustained
maximal water diuresis (31), and, as has been
shown in the present studies, either falls or in-
creases only slightly when the filtration rate rises
during acute water diuresis. After adrenalectomy,
however, there is a partial loss of tubular ability
to conserve sodium, and the filtration rate becomes
the main regulator of sodium output. The
adrenalectomized dog comes to resemble the salt-
loaded normal dog in that both show a direct re-
lation between sodium filtration and sodium out-
put (33). This could be explained by assuming
that salt-loading of the intact animal may sup-
press the secretion of a powerful sodium-retain-
ing steroid, whereas in the normal fasting state
this steroid 17 may already be present in amounts
large enough to prevent any increase in sodium
output when filtration rises after water ingestion.

Although its sodium-retaining action is well
recognized (4), cortisone often increases sodium
excretion (15, 18, 19, 36, 37). To explain this
paradox, it has been suggested that under certain
conditions, notably in the presence of DCA, cor-
tisone may inhibit tubular reabsorption of sodium
(15); and a concept has arisen of intratubular
competition between cortisone and a steroid with
more potent sodium-retaining effects, which corti-
sone is supposed to displace (17). This hypothe-
sis ignores the important role of filtration rate
in regulating sodium output. In the present stud-
ies it has been shown that after cortisone there is
still a clear correlation between filtration rate and
sodium output, though the latter is slightly less,
and the fraction of filtered sodium reabsorbed
slightly higher, than at parallel levels of filtration
without cortisone. Thus, though cortisone in-

17 Probably aldosterone (34, 35).
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creases sodium reabsorption, this effect is not
enough to prevent a net increase in sodium output
in the presence of increased filtration of this ion.
Similarly, Davis and Howell found in the intact
dog that a great natriuresis accompanied the rise
in filtration induced by cortisone or ACTH (32);
and, though Roberts and Pitts did not find this
effect in the adrenalectomized dog, it should be
noted that there were no changes in filtration
rate during the short periods of their experiments
(14).

WhenDCAand cortisone were given together,
reabsorption of sodium became almost complete,
despite increased filtration. Similarly, Roberts
and Pitts have shown that these two steroids have
a summative effect on sodium reabsorption (14).
Since the natriuretic effects of cortisone can now
be adequately explained by increased filtration,
there is no further need to invoke the hypothesis
of competition between these steroids at the renal
tubular level.

It is still a matter of dispute why adrenal fail-
ure should inhibit the capacity for water diuresis.
The main issue concerns the cause of the renal
failure to excrete a more hypotonic urine after
water ingestion, despite adequate hemodilution (8,
13). Theoretically, this failure could be due
either to extrarenal factors, such as continued se-
cretion of antidiuretic hormone (ADH), or to
intrinsic renal disturbances, conditioned by lack
of adrenal hormones, and independent of the
presence or absence of ADH. To consider first
the present data on renal factors: when a normal
filtration rate was restored by forced water in-
gestion during excessive DCAtherapy, the ability
to excrete a hypotonic urine, though still dimin-
ished, was greatly improved. Because the possi-
bility of there having been any direct effect of
DCAduring these experiments seems to have been
excluded by the high sodium outputs, and because
DCAdid not acutely correct filtration rate or wa-
ter diuresis, it could be argued that the improved
diuresis was somehow related to increased filtra-
tion. On the other hand, when cortisone restored
the capacity for a normal water diuresis, the in-
creased output of a more hypotonic urine some-
times occurred before filtration had risen. It is
thus probable that an abnormality of tubular func-
tion, whether primary or secondary to ADH, is
the essential factor in causing inhibition of water

diuresis, though lowered filtration rate probably
plays an additional role.

To consider next the evidence concerning ex-
trarenal factors: it has been suggested that the
action of ADH may be prolonged unduly in
adrenal failure because of delayed inactivation of
this hormone by the liver (38). However, this
does not explain why water diuresis should end
prematurely, after only a small fraction of the
water load has been excreted, instead of continu-
ing to increase slowly as the inactivation of ADH
proceeds. If ADH be the paramount factor, it
must therefore be postulated that this hormone is
being continuously secreted during the long pe-
riod of delayed diuresis. The secretion of ADH
might so persist either because the osmorecep-
tors cannot function at their normal threshold
when deprived of adrenal hormones, or because
there is a further unidentified stimulus to ADH
secretion, possibly humoral or arising from vol-
ume receptors.

SUMMARY

Changes in GFR, ERPF, electrolyte excre-
tion, and water diuresis were studied in two
adrenalectomized dogs in relation to bodily hy-
dration and to acute administration of cortisone
and DCA.

The dogs received daily DCA therapy which
was assessed by its effects on bodily hydration as
inadequate, optimal or excessive. Renal function
was measured during the daily escape from DCA
effect.

After adrenalectomy GFRand ERPFwere sub-
normal on optimal DCA therapy, but rose after
water-loading or saline infusion. DCA had no
acute effect on GFRand raised it only when caus-
ing excessive retention of sodium and water.
Cortisone raised GFRacutely, without change in
plasma volume and despite a negative sodium
balance.

After adrenalectomy, during escape from DCA
effect, the sodium output varied directly with
GFR. DCA caused acute maximal sodium re-
tention. Cortisone usually increased the sodium
output by raising GFR, thereby obscuring its
other effect of slightly increasing tubular sodium
reabsorption at any given level of filtration.

After adrenalectomy, water diuresis was greatly
diminished, and was acutely restored by cortisone,
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but not by DCA. This effect of cortisone was
largely independent of GFR and electrolyte out-
puts.

After adrenalectomy, water ingestion caused
prolonged hyponatremia which cortisone corrected
by allowing excretion of the water load plus a
volume of water isotonically equivalent to the
urinary sodium. The plasma sodium concentra-
tion was thereby restored at the expense of total
body water.

These results suggest that in the adrenalecto-
mized dog: 1) There is a direct relationship be-
tween extracellular hydration and GFR, and be-
tween GFRand sodium output; and 2) that two
adrenal steroids are needed to maintain normal
renal function: (a) cortisone or hydrocortisone,
to maintain normal GFRand water diuresis, and
(b) a DCA-like steroid, to prevent excessive so-
dium excretion at normal or high levels of GFR.

Addendum
Since this paper was submitted for publication, acute

effects of cortisone and DCA on GFR and sodium ex-
cretion in the adrenalectomized dog, which are similar
to those reed here, have been described by, Liddle,
Pechet, and Bartter (39).
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