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Primary aldosteronism is characterized by weak-
ness-a sequel to potassium loss; hypertension-
attributed to sodium retention; thirst and polyuria;
and excretion of dilute, alkaline urine (1). These
defects imply significant changes in renal function.

The purpose of this report is to describe pre-
and postoperative observations of renal function
in three patients suffering from aldosterone-se-
creting adrenal cortical tumors.

The data indicate that excess urinary potassium
excretion is attributable to aldosteronism as such,
and may bear on the basic cellular mechanism of
action of aldosterone. The polyuria and excretion
of dilute urine are recognized sequelae of potassium
deficiency and probably not directly due to hor-
monal action. It also seems likely that renal
tubular fluid as delivered from some proximal site
to more distal tubules may be hypotonic rather
than isotonic. The data suggest that aldosterone
has profound effects on the maintenance of renal
blood flow and glomerular filtration rates. From
the clinical aspect, the diagnosis of aldosteronism
should be strongly suspected in patients with hy-
pertension of unknown origin who, in the pres-
ence of adequate renal excretory function, excrete
alkaline urine and show loss of urinary concen-
trating power.

METHODSAND PROCEDURES

The three patients studied suffered from primary al-
dosteronism which was cured by resection of small
adrenal cortical adenomata. Detailed diagnostic data
together with evidences of impaired glucose tolerance are
reported elsewhere (2). All three had had hypertension
for years, all showed hypokalemia with hypochloremic
alkalosis, impairment of urinary concentrating power and
persistently alkaline urine. Preoperatively, the aldosterone
content of the urine was increased in each.

Renal functions were studied pre- and postoperatively.
Renal plasma flow and glomerular filtration rate were
measured from the plasma clearances of para-aminohip-

1 Presented at the 28th Annual Meeting of the Central
Society for Clinical Research, Chicago, Ill., Nov. 5th,
1955.

purate (PAH) and mannitol. Total renal vascular re-
sistance was calculated by the formula of Gomez (3).
The functions of water conservation and electrolyte ex-
cretion were observed simultaneously. Water con-
servation was determined from the differences (TVio)
between urine flow (V) and osmolal clearance (Co..)
(4) during osmotic diuresis in hydropenia (water depri-
vation for 16 or 24 hours and/or infusion of Pitressin@).
The priming solution contained 260 mOsm. of mannitol
and 0.6 gin. of PAH; the sustaining infusion supplied
about 3 mOsm. of mannitol and 15 mg. per PAHper min-
ute. Urine formed during the first 20 minutes was dis-
carded; it was then collected from an indwelling urethral
catheter at 3 to 6 successive intervals of about 10 min-
utes; blood was sampled prior to giving the priming solu-
tion and at intervals of about 20 minutes. Urine and
plasma were analyzed for PAHand mannitol (5), chlo-
ride (6), sodium, potassium, and osmolality. Sodium and
potassium determinations were done with a Baird flame
photometer using lithium as the internal standard.
Osmolality was determined cryoscopically, using a Fiske
Osmometer.

Urinary concentrating power was measured from the
nonprotein specific gravity of urine collected during the
last 12 hours of a 24-hour period of fluid deprivation
(5). The specimen was also used for determinations of
proteinuria, pH and the urinary sediment count.

RESULTS

1. Renal hemodynamics (Table I)

(a) Preoperative. Plasma clearances of PAH
(CpAH) were somewhat depressed, but plasma
clearances of mannitol (Cm) were within the range
of normal; filtration fraction was increased in pa-
tients 1 and 3. Blood pressure was elevated in all.
Renal vascular resistance (R) was increased in
patients 1 and 2; this function was not calculated
in patient 3. In this last patient a low CpAH and
very high filtration fraction indicated that renal
extraction of PAH might be defective, so that
CPAH was not considered equivalent to renal
plasma flow.

(b) Postoperative. Two weeks to two months
after operation, CPAH was further decreased in
all, with associated decreases in Cmand decreases
in filtration fraction in patients 1 and 3. Mean
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TABLE I

Hemodynamic data preoperatively and postoperatively *

RX1O8
CPR Cx dyxes per

Time of Pm sec. per
Patient study ml. per min. F.F. mm. Hg Cm-

1 Preop. 412 109 0.29 134 14.67
Postop.

2 mo. 275 41 0.16 102 19.8
6j mo. 531 80 0.17 102 7.8

2 Preop. 443 84 0.21 166 16.83
Postop.

I mo. 367 71 0.21 157 16.49
4 mo. 343 91 0.30 165 20.3

3 Preop. 262 113 0.48 137
Postop.

2 wk. 173 37 0.24 103 24.0
3 mo. 218 51 0.27 123 21.9

* Patient numbers as in text. Plasma clearances (C) of
p-aminohippurate (PAH) at low plasma concentrations,
and of mannitol (M) in ml. per minute per 1.73 sq. m. of
body surface, the data being averages of serial periods of
urinary collection. Filtration fraction (F.F.), mean of
averages of systolic and diastolic arterial pressures (Pm),
and renal vascular resistance (R).

blood pressure (Pm) had returned to normal in
patients 1 and 3 and remained high in patient 2,
whereas R was abnormally high in all. Three to
6 months after operation, CPAHhad returned to a
normal level in patient 1, was unchanged in pa-
tient 2, and was slightly increased over the last

determination in patient 2. Cm had returned to
normal levels in patients 1 and 2, and was some-

what increased over the previous determination in
patient 3; blood pressure was at normal levels
only in patient 1. R was greatly decreased since
the last observation in patient 1, slightly decreased
in patient 3, and somewhat increased in patient 2.

2. Water conservation (Table II)

(a) Preoperative. Although excretory func-
tions in terms of CpAuH and Cm were not greatly
depressed, maximal urinary nonprotein specific
gravities were disproportionately low. During
osmotic diuresis, either after water deprivation,
during Pitressin'T infusion, or in the presence of
both, the urine/plasma osmolality ratio (U/Posm)
approximated unity, so that water conservation
function (TcH2o) could be calculated only in pa-

tient 2; there was net excretion (clearance) of
free water (CH2o) at rates of 0.12 and 0.71 ml.
per minute in patients 1 and 3, respectively.

(b) Postoperative. Maximum urinary specific
gravity was not increased in the first observations
in patients 1 and 2, but had increased slightly in
patient 3. In the second set of observations, there
was still no change in patient 1, a slight increase
in patient 2, and, as compared with the preopera-

TABLE II

Water conservation *

During osmotic diuresis

1 2 3 4 5 6 7 8 9 10
Patient Time of Max. urine ToHgo U/P Osm Stimulus

study sp. gr. Corm V T%o CH2O -C X100
(Addis) mi. per min.

1 Preop. 1.016 13.11 13.23 .12 .99 Hydropenia
Pitressin®

Postop.
2 mo. 1.015 3.96 2.44 1.52 3.77 1.62 Hydropenia
6j mo. 1.017 5.45 2.91 2.54 3.17 1.88 Pitressin®

2 Preop. 1.013 13.82 13.23 .59 1.04 Pitressin®
Postop.

1 mo. 1.014 11.90 7.80 4.10 5.80 1.52 Hydropenia
4 mo. 1.017 12.34 8.02 4.32 4.76 1.54 Hydropenia

3 Preop. 1.011 16.29 17.00 .71 .96 Pitressin®
Postop.

2 wk. 1.016 6.40 4.82 1.58 4.20 -1.33 Pitressin®
3 mo. 1.017 10.57 8.24 2.33 4.67 1.28 Hydropenia

* Maximum urinary specific gravities during Addis concentration tests (column 3). Subsequent columns are data
obtained during clearance measurements as in Table I. Osmolal clearance (Co.), urinary volume (V), maximum rate
of water reabsorption in urinary concentration (T%o), and rate of positive free water clearance (Cx2o), all in ml. per
minute per 1.73 sq. m. of body surface. Tx2O also is expressed in units per 100 ml. of plasma mannitol clearance.
Column 9 lists the values of the ratio of urinary/plasma osmolality, and column 10 indicates the stimulus (hydropenia
or Pitressin®, each alone or combined) to water conservation in the tests.
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tive test, a large increase in patient 3. During
osmotic diuresis, the ratio U/Poum was greater
than unity, so that the water conservation func-
tion TOH2Owas distinctly positive in all three pa-

tients. At the first observation, Co.I was depressed
in patients 1 and 3 by decreased glomerular
filtration rates; calculations of T°H2o in rela-
tion to filtration rate (TCHSo/CM) indicated nor-

mal values with little change in the subsequent
observations, although CM increased in patients 1
and 3.

3. Plasma electrolytes and electrolyte excretion
(Table III)

(a) Preoperative. Serum sodium was within
the normal range; serum potassium was low
and CO2 combining power increased. In spite of
the hypokalemic, hypochloremic alkalosis, urinary
pH was persistently 7 or more, even during con-

centration tests, in which the urine is usually acid.
During osmotic diuresis, the percentage of fil-

tered sodium which was reabsorbed varied from
95.08 (patient 1) to 91.6 (patient 3); potassium
excretion (UKV) was greatly augmented, with
the ratio CE/CM ranging from 0.5 to 0.8. Patient
3 was given acetazoleamide (Diamox-) intra-
venously, with resultant further decrease in so-

dium reabsorption and increase in the ratio
CE/CM from 0.79 to 1.32.

TABLE IIIA

Urine pH and plasma elecrolytes

Plasma electrolytes
(mEq./L.)

Time of Urine
Patient study pH Na K Cl CO0

1 Preop. 7.0 145 2.8 87.5 35.8
Postop.

2 mo.
6i mo.

2 Preop.
Postop.

1 mo.
S mo.

3 Preop.
Postop.

2 wk.
3 mo.

(b) Postoperative. In

5.5 145 5.6 104 17.6
5.5 145 5.3 104 22.3

7.5 141 2.4 93 32.0

5.5 135 4.3 101 21.4
5.5 148 5.0 113 19.7

7.5 143 1.8 90.3 31.2

6.5 147 5.3 101.5 20.1
5.5 145 4.7 95.9 23.1

each patient, hypochlo-
remic alkalosis was replaced by acidosis, and hy-
pokalemia by normal or slightly increased serum
potassium concentrations. These changes were
mild and transient in patient 3, but persistent in
patients 1 and 2 at 6% and 4 months, respectively,
after operation. The urine became acid shortly
after operation.

At the first observation during osmotic diuresis,
the percentage of filtered sodium which was reab-
sorbed was decreased in patient 2 and increased
in patients
(LNa, ViZZ.,

1 and 3; the filtered sodium load
PNa x GFR) was decreased in all.

TABLE IIIB

Electrolyte excretion *

Time of LNa UN.V Per cent LK UxV
Patient study mEq./min. Na reab. mEq./min. CI/CX

1 Preop. 14.8 .727 95.08 .334 .146 .51
Postop.

2 mo. 5.65 .183 96.7 .260 .053 .23
61 mo. 12.48 .241 98.06 .436 .043 .11

2 Preop. 13.2 .939 92.8 .296 .213 .80
Postop.

1 mo. 9.6 .828 91.37 .333 .125 .37
4 mo. 14.53 .965 93.38 .416 .114 .32

3 Preop.
Control 16.1 1.342 91.60 .304 .231 .78
Diamox® 11.8 1.898 83.07 .192 .252 1.32

Postop.
2 wk. 5.4 .353 93.46 .174 .062 .39
3 mo. 7.7 .827 88.76 .234 .089 .44

* Values measured during clearance tests as in Table I. LN. = plasma Na (mEq. per ml.) times Cx times 1.1 (the
latter factor being used to adjust Cmto the rate of glomerular filtration); UNaV = urinary Na excretion; per cent Na
reabsorbed was calculated as (LN. - UN.V/LN.)100. Lx and UxV are, respectively, filtered load and urinary potassium
excretion calculated as were the corresponding Na data. Cx/Cm expresses,roughly the proportion of filtered Kappearing
in the urine.
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TABLE IV

Proteinuria and urinary sediment counts *

Sediment counts

Time of Proteinuria Casts RBC WBC
Patient study gm./24 hr. millions/12 hr.

1 Preop. 0.5 0 4.0 5.0
Postop.

2 mo. 0.07 0.7 1.2 0.84
7I mo. 0.08 1.8 2.0 0.5

2 Preop. 0.23 0.04 0.4 6.5
Postop.

1 mo. 0.10 0 0.76 0.76
4 mo. 0.13 0.25 1.4 3.0

3 Preop. 0.63 0.02 0 8.0
Postop.

2 wk. 0.29 0.92 2.0 16.4
3 mo. 0.25 0.12 0.52 10.6

* Urinary protein excretion (Addis-Shevky method) in
grams per 24 hours, and urinary sediment counts for casts,
red and white blood cells, in millions per 12 hours pre-
operatively and postoperatively.

At the second observation, LN5 had increased in
all three, and the percentage of sodium reabsorbed
was increased over the previous observation in
patients 1 and 2 and decreased in patient 3; the
ratio CK/CM was greatly decreased in the postop-
erative observations.

4. Proteinuria and urinary sediment (Table IV)

(a) Preoperative. There was slight proteinuria
in each patient; cylindruria was absent or moder-
ate; hematuria was present in patient 1 and in-
creased numbers of white cells were present in all.

(b) Postoperative. Proteinuria diminished to
normal ranges in patients 1 and 2 and to nearly
normal in patient 3. Patients 1 and 3 showed
large numbers of casts; hematuria diminished in
patient 1 and appeared at a low rate in patient 2;
white cell counts returned to normal in patients 1
and 2 and persisted at a high rate in patient 3.

DISCUSSION

1. Hemodynamics

(a) Hypertension. Desoxycorticosterone (DC)
and NaCl elicit hypertension and hypertensive
vascular disease in rats (7, 8). It is assumed that
the natural mineralocorticoid, aldosterone, would
do the same, but this has not been the case in ex-
periments of brief duration in rats (9), although
it has been observed when aldosterone administra-

tion is prolonged (10). Hypertension has been
present in all reported cases of primary aldosteron-
ism, although in patient 3 hypertension was never
severe.

In patients 2 and 3 above and in the patient re-
ported by Chalmers, Fitzgerald, James and Scar-
borough (11), hypertension did not remit, except
transiently, after removal of the tumor, although
it did in Conn's patient (1). Severe nephrosclero-
sis has been found in renal biopsy specimens from
two patients (11, 12). Our patients 2 and 3
demonstrate functional evidence thereof. This
nephrosclerosis may have contributed to per-
sistence or recurrence of hypertension, perhaps
by a mechanism similar to that of post-DCA hy-
pertension in rats (13); this mechanism may be
primarily renal, or may depend also on resetting
of baroceptors (14). In either case, it must be
assumed that aldosteronism was a primary cause
of the hypertensive state and the subsequent
nephrosclerosis. In patient 1 the long duration
of the hypertension (26 years) and his positive
family history might suggest that aldosteronism
was a complication of essential hypertension.
Paradoxically, this was the only patient whose
hypertension was cured by removal of the tumor.

(b) Renal blood flow and filtration rate. Pre-
operative data from patients 1 and 2 are con-
sistent with the presence of nephrosclerosis, lead-
ing to restriction of renal blood flow; the high
filtration fraction of patient 2 suggested also defec-
tive renal extraction of PAH. This has been dem-
onstrated in potassium-deficient patients (15);
assuming a filtration fraction of 0.3, the true renal
plasma flow of patient 3 would be about 400 ml.
per minute and R of the order of 11. This re-
sistance would be indicative of renal vasocon-
striction and/or sclerosis.

Experience in the prolonged treatment of other
forms of hypertensive disease indicated that renal
resistance usually decreased with blood pressure
in such a way that renal plasma flow and filtra-
tion rate did not change greatly, or that flow might
even increase (16). Instead, resistance increased
and filtration rate dropped, although in the
last observations of patients 1 and 3 these tended
to return towards normaal. Two mechanisms come
to mind: one is nephrosclerosis, and the other is
a defect in the normal hemostasis of renal circu-
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lation which might be imposed by aldosterone de-
ficiency. That nephrosclerosis was not the cause
is indicated by the fact that it does not often have
this effect in nephrosclerotic patients when blood
pressure is decreased by chronic treatment.
Hence, speculatively, it may be that aldosterone
is somehow concerned with the "autonomy of the
renal circulation" (17) and that operation created
a more or less persistent state of hypoaldosteron-
ism. This supposition is supported by the ab-
normal postoperative electrolyte status, in which
there is acidosis and a tendency toward hyper-
kalemia, and by the profound effects of aldosterone
on renal plasma flow and filtration rate in adrenal-
ectomized animals (18) as compared with 11-
desoxycorticosterone.

2. Water conservation

Preoperatively, there was defective concentrat-
ing power during water deprivation, and also ex-
cretion of nearly isotonic urine during osmotic
diuresis. These defects may be attributed either
to structural loss or to the renal effects of potas-
sium deficiency. Postoperatively, concentrating
power was almost unchanged-suggesting that this
defect was in fact partly structural-but water re-
absorption during osmotic diuresis was restored to
levels which, in relation to filtration rate, were ap-
proximately normal. This sequence indicates that
the preoperative defect in water reabsorption dur-
ing osmotic diuresis was a reversible defect imposed
by potassium deficiency. There is an unexplained
disparity between the pre- and postoperative maxi-
mumurinary specific gravities during concentra-
tion tests-these being nearly unchanged-and the
large changes which took place in water reabsorp-
tive function (Ten2o) during osmotic diuresis.

This is another example of the dissociation be-
tween concentrating power measured after water
deprivation and the U/P osmolal ratios attain-
able during osmotic diuresis, such as we (unpub-
lished observations) and others ( 19) have ob-
served in patients with severe renal disease.
Even normal subjects can be brought to excrete
hypotonic urine by the sudden imposition of os-
motic diuresis (20), and these several examples
suggest to us the possibility that distal tubular fluid
is hypotonic rather than isotonic, taking the view
that excretion of hypotonic urine during osmotic

diuresis represents the pouring out as urine of a
substantially unmodified tubular fluid which is
being swept past the more distal sites of water
reabsorption in urine concentration. Very re-
cently we have been informed (Prof. H. Wirz,
personal communication, 1956) that there is di-
rect evidence in favor of this concept; fluid ob-
tained by puncture from distal convoluted tubules
of anesthetized rats was found to be hypotonic
to plasma at times when the ureteral urine was
distinctly hypertonic.

3. Acidification and aldosteronism

Preoperatively, our patients excreted neutral or
somewhat alkaline urine, even during concentra-
tion tests. The same was true of Conn's patient
(1) and of the patient of Chalmers and his as-
sociates (11). This, like the defect in water re-
absorption, might represent renal injury with a
defect of the mechanism of urinary acidification,
notably the renal carbonic anhydrase system.
However, both this system and the ammonia
mechanism, although perhaps defective, are still
active in aldosteronism since the patient of
Chalmers and his associates (11) was able to
excrete ammonia-rich, acid urine when given am-
monium chloride, and our patient 3 excreted ex-
cesses of both sodium and potassium when given
acetazoleamide.

The problem lies in what mechanism it may be
that will cause excretion of an alkaline, potassium-
rich urine in the presence of hypokalemic alkalosis.
Normally, the kidney excretes an acid urine in po-
tassium depletion despite an extracellular alkalosis,
whereas the urine of our alkalotic, hypokalemic pa-
tients was normally neutral or alkaline. It can be
assumed that the determinant of urine pH, of ex-
cretion of sodium and potassium, and of the ratio
of basic to hydrogen ion in urine is the intracel-
lular ionic concentration of potassium, or, as a
functional reciprocal thereof, CO2 tension (21,
22). Aldosteronism would seem to violate this
assumption, since the urine is alkaline while the
cell is potassium deficient and the CO2 tension
presumably increased. This paradox can be re-
solved if it is further assumed that intracellular
potassium occurs in both bound (K) and ionized
(K+) forms (23) and that the primary mechanism
of the action of aldosterone is to shift the equi-
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Renol cell Tubule

FIGURE 1
Schematic renal tubular cell indicating the relationship

of hydrogen (H*) and potassium (K+) ions and the
possibility that aldosterone may act by displacing the
equilibrium between ionic (K+) and bound (K in circle)
potassium in the direction of increased ionization and
excretion. C. A. denotes carbonic anhydrase.

librium K ;± K+ in the direction of increased ioni-
zation. Such increased ionization of potassium
would account for the concurrence of cellular po-

tassium depletion with formation of potassium-rich
alkaline urine (Figure 1). That the phenomenon
is an expression of hormonal action and not of
nonspecific renal damage is indicated by the

prompt recovery of this function after operative
removal of the tumors.

While aldosterone causes sodium retention as

well as potassium excretion, our patients showed
large losses of both sodium and potassium during
osmotic diuresis. Postoperatively, the excess po-

tassium excretion (ratio CK/CM) promptly di-
minished. In contrast, the preoperative relative
sodium reabsorptions of these patients were not
excessive, but, in our experience, low, and the

postoperative changes were irregular. We have
no explanation for this finding, except as we have
observed similar large defects in sodium reabsorp-
tion during osmotic diuresis in patients with severe

structural renal damage due to hypertensive dis-
ease. Conceivably, the sodium-retaining action
of aldosterone might be observed even during os-

motic diuresis in patients whose aldosteronism had
not progressed, as in our cases, into a state of
advanced potassium depletion and consequent re-

nal tubular insufficiency, complicated also by
nephrosclerosis. That the latter type of damage
was present preoperatively and only slowly re-

mitted postoperatively is indicated by the func-
tional data (Tables II, III) and by the sediment
counts (Table IV).

SUMMARYAND CONCLUSIONS

Preoperatively, 3 patients with primary aldos-
teronism showed decreased rates of renal plasma
flow, but normal rates of glomerular filtration with
increased renal vascular resistance in the second
patient, and probably also in the third patient.
Maximal nonprotein urinary specific gravity was
disproportionately low in relation to other excre-
tory renal functions, and, during mannitol osmotic
diuresis, the osmolal U/P ratios approximated
unity with small net free water clearance in 2
patients. Serum potassium was low and CO2
combining power increased, but the urinary pH
was consistently 7 or more. During osmotic diu-
resis, the patients excreted large amounts of so-
dium, and also showed high rates of relative po-
tassium clearance. One patient responded to in-
travenous acetazoleamide by further decreasing
sodium reabsorption and increasing potassium
excretion. The urine contained excess protein and
white cells.

Postoperatively, the renal plasma flow and fil-
tration rate decreased in 2 of the 3 patients and
only slowly recovered. Maximal specific gravity
remained low, with some tendency to recover,
but the capacity to reabsorb water during osmotic
diuresis was promptly restored. The patients de-
veloped acidosis and normal or somewhat in-
creased serum potassium concentrations and the
urine became acid. The defect in sodium reab-
sorption persisted, but the rates of potassium clear-
ance were greatly decreased. Proteinuria and
pyuria subsided completely in 2 of the 3 patients.

The excess urinary excretion of potassium
seems attributable to the direct action of aldos-
terone on renal tubular cells and may reflect the
basic mechanism of this hormone's action. The
polyuria and excretion of dilute urine are attrib-
utable to tubular potassium depletion and are only
indirect effects of the hormone's actions. The ob-
servations during osmotic diuresis suggest that the
fluid delivered from some more proximal site
(distal convoluted tubules?) to a more distal re-
gion (collecting tubules?) for concentration by
water reabsorption is hypotonic rather than iso-
tonic.

C.A.
H COj H O + CO. (meto b.

4"
H+ HCO0

HIi
K+

p(jd3 %eOv%
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The postoperative course of renal function in as-
sociation with low CO2 combining power and a
tendency to hyperkalemia suggests that aldosterone
may have a function in the maintenance of renal
blood flow and glomerular filtration rate.

Clinically, aldosteronism should be considered
a probable diagnosis in patients with hypertension
of unknown origin who, in the presence of ade-
quate excretory renal function, excrete urine which
is persistently alkaline and who show also dispro-
portionate loss of urinary concentrating power.
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