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SUMMARY 

(1) in adren~ectomized rats dietary potassium (and sodium) intake modifies the effect of 
aidosterone on electrolyte excretion. Speculations on mode and tubular site of action of aldo- 
sterone are misleading, if urinary excretion rates are the only data available. 

(2) The main site of action of aldosterone on potassium transport is located at the distal 
tubular level. The distal tubule and the collecting duct are mainly responsible for changes in the 
excretion pattern of potassium. 

(3) With electrophysiological methods it can be demonstrated that the transport number for 
potassium in the distal tubule of adrenalectomized rats is reduced significantly and is normalized 
by acute administ~on of aldosterone (2 & 100 gm b.w.). The data indicate that the relative 
permeability of the luminal membrane of the distal tubuie is under the influence of mineralocor- 
ticosteroids. The impairment of distal potassium secretion in adrenal insufficiency is mainly due 
to a reduced permeability of the IuminaI membrane. Aldosterone stimulates potassium secretion 
by increasing the luminal permeability of the distal tubule. 

SITE and mode of action of aldosterone on electrolyte transport along the nephron 
is still a controversial matter. Micropuncture experiments in the rat kidney fl-31 
revealed that aldosterone stimulates sodium reabsorption in the distal as well as in 
the proximal tubule, in spite of striking differences in functional organisation 
between these segments. Dexamethasone, a steroid with predominant gluco- 
corticoid activity, had no effect on sodium transport[3.4] in a dose which nor- 
malized the impaired capacity of adrenalectomized rats to excrete a water load, 
With regard to the mechanism of action of aldosterone on sodium transport, 
micropuncture experiments were performed in rats treated with inhibitors of 
protein synthesis[3.51. Actinomycin P depressed proximal and distal sodium 
reabsorption in normal and in aldosterone substituted a~enalectomiz~ animals. 
These data support the hypothesis that aldosterone acts via induction of protein 
synthesis[& 71. However, if we look upon the tubular epithelium as a pump-leak 
system, the data obtained in the proximal tubule of adrenalectomized rats cannot 
be explained solely by an inhibition of active sodium transport. It was postulated 
that passive backflux of sodium into the tubular lumen is also under the control 
of aldosterone [ 11. 

In addition to effects on sodium reabsorption, aldosterone also modifies renal 
potassium transport. In adrenal insu~ciency, ~tassium excretion is reduced and 
a marked retention of this ion ensues. After a time delay of about 1 h, aldosterone 
increases urinary loss of potassium whereas sodium excretion is reduced. The 
concept of an aldosterone dependent sodium-potassium exchange in the distal 
tubule has widely been accepted. 

However, experimental data in the literature clearly indicate that the effects 
of aldosterone on excretion of sodium and potassium can frequently be dissoci- 
ated. A kaliuresis may appear without concomitant ~t~a~u~sis and vice uer~a 
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[B-10]. Finally, several groups have demonstrated that actinomycin D signifi- 
cantly inhibits the antinatriuretic but not the kaliuretic action of aldosterone 
[5.7. 1 l-131. 

To clarify the reasons for this dissociation between sodium and potassium 
excretion, clearance and micropuncture experiments have been performed in 
normal and adrenalectomized rats under varying dietetic conditions concerning 
potassium uptake. For description of methods see Hierholzer et LII.[ I] and 
Wiederholt et a1.[3]. 

I. ALDOSTERONE AND THE INTERRELATION BETWEEN SODIUM AND 
POTASSIUM EXCRETION 

Fimognari et a[.[ 131 have demonstrated that dietary potassium intake modifies 
the effect of aldosterone on potassium excretion. In adrenalectomized rats on a 
stock diet potassium excretion was not influenced by aldosterone. On the other 
hand, in animals pretreated with low-potassium diet a distinct kaliuresis was 
observed after hormone administration. 

Similar results were obtained in our laboratory. At varying time prior to the 
experiments, adrenalectomized rats were put on a low-potassium diet. In clear- 
ance experiments (Fig. 1) a diuresis was induced by infusion of sodium chloride 
and mannitol (2.5% mannitol in 0.9% NaCI. Prime dose of 7.5 ml, continuous 
infusion of 4.5 ml/h). The ensuing increase in sodium excretion could be reduced 
by acute intravenous administration of aldosterone (2 pg/ 100 g). The time delay of 
onset and the magnitude of the action of aldosterone is typical. Despite a clear 
antinatriuretic effect a kaliuresis in response to aldosterone failed to appear when 
basal excretion rates of potassium were high. After an 18-20 h period of dietary 
potassium deprivation, plasma potassium concentration was reduced from about 
5 mM to a mean value of 3.6 mM. Only under these conditions could a consistent 
increase in potassium excretion be demonstrated after acute administration of 
aldosterone: 

A further reduction of the plasma potassium concentration (Fig. 2) by a low 
potassium diet for 3 days did not change the antinatriuretic effect of aldosterone. 
On the other hand, the kaliuretic effect was completely abolished under conditions 
where potassium secretion is very low. These series of experiments clearly estab- 
lish that dietary potassium (and sodium) intake modifies the effects of aldosterone 
on electrolyte excretion and that speculations on mode and tubular site of action 
of aldosterone are misleading if urinary excretion rates are the only data available. 

2. TUBULAR SITE OF ACTION OF ALDOSTERONE ON POTASSIUM 

TRANSPORT 

Micropuncture studies on mammalian nephrons indicate that the proximal 
tubule, the loop of Henle. the distal tubule and the collecting duct all possess the 
capacity for net reabsorption of potassium. Under the experimental conditions of 
a strong mannitol diuresis (Fig. 3) active transport of potassium (against an 
electrochemical gradient) can be demonstrated in the proximal tubule of the rat 
kidney. The transtubular concentration ratio for potassium (tubular fluid/plasma) 
in control rats is less than unity with a mean value of 0.82. A similar concentration 
ratio is demonstrable in adrenalectomized rats after administration of aldosterone 
(7.5 Fug/100 g per day. over a period of 3 days). In both groups actinomycin D 
(200 pg/ 100 g) inhibited the potassium reabsorption in the proximal tubule. The 
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Fig. 1. Sodium and potassium excretion in adrenalectomixed rats (I 80-220 g) on a low 
potassium diet for 18-20 h. Mean plasma potassium concentration 3.6 mmol/l. Diuresis 
was induced by infusion of mannitol and saline (ZB% mannitol in 09% NaCI. Infusion 
rate 7.5 ml/h as prime dose, 4.5 ml/h as continuous infusion). At time zero aldosterone 

(2 ~g/100 g) was infused intravenously. Mean values *SE. n = 5 for each group. 

potassium concentration ratio is close to unity. Despite the fact that the net potas- 
sium reabsorption in the proximal tubule is under some influence of aldosterone, 
fractional potassium reabsorption along the proximal tubule of adrenalectomized 
rats is normalI4, 14.151. 

The main site of action of aldosterone on potassium transport is localized at 
the distal tubular level. While potassium concentration normally increases along 
the distal tubule, adrenalectomy reduces this ability [1,4,153. In addition, Cortney 
1141 has shown that net secretion of ~tass~um along the distal tubule and the 
collecting duct is reduced in a~enale~tomized rats. Thus, it appears that aldo- 
sterone is necessary for a normal handhng of potassium in the distal tubule. The 
distal tubule and the collecting duct are mainly responsible for changes in the 
excretion pattern of potassium. 

3. MECIIANISM OF ACTION OF ALDOSTERONE ON POTASSIUM 
TRANSPORT 

It has been proposed by Giebisch [ ifi] that the distal transepithelial potential 
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Fig. 2. Effect of aldosterone on sodium and potassium excretion in a&maiectomized 
rats. Different plasma potassium concentrations were induced by low-potassium diet for 
various periods ( 18 h, 24 h, 3 days). Data for sodium excretion were pooled (the differ- 

ence between the groups was not significant). Mean vahtes rtSE. 

diKerence (P.D.) is the consequence of two potential steps: a di~usion potential 
across a nearly potassium-selective peritubufar membrane and a much smaller 
potential across a less selective Iuminal membrane. Estimates of the relative 
permeability of muscle membrane have been obtained by Hodgkin and Horowitz 
[ 171, who observed changes in membrane potential when ionic concentration 
differences are suddenly altered across the membrane. This method has been 
adapted to the tubular membranes of the kidney [ 15. 18. 191. 

To investigate the mechanism of action of aldosterone on potassium transport, 
elec~ophysioiogica1 methods were used in normaI and adrenalectomized rats. A 
schematic representation of the method is shown in Fig. 4: with single or double- 
barreled pipettes distal tubules were perfused with 150 mmol po~ssium~l- (anion: 
sulfate) or I.5 mmol potassium/l. (anion:sulfate, additional cation:cholin). Mea- 
surements of transepithelial P.D. were made in the second half of the distal tubule 
where the P.D. is constant along the distal segmentt191. The resistance of the 
eiectrode was continuousfy recorded by briefly passing current through the 
eiectrode. 
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Fig. 3. Free flow micropuncture experiments in osmotic dime& (5 ml 20% mannitol in 
O-9% NaCl/h). Data from 16 rats. OnIy the last loop of the proximal convolution has 
been punctured. ~te~~ation of potassium concentration (TF = tubular ffuid, P = 
plasma) by microflamephotometry (for methods see [ 11). Samples were taken W-90 mitt 
after the onset of the infusion of mannitol. Actinomycin D (200 &lOOg inttavenousty) 
was injected 30 min prior to the mannitol infusion. In adtenalectomized rats aidosterone 

was given over a period of 3 days (7.5 clg/lOO g and 24 h). 

h4sapramad d- Potemal Dlffemnct! 
m Rrfused Remd Tub&s 

Fig. 4. !Schematic presentation of the method of applying various perfusion fluids 
int~~bu~y. 
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In distal tubules of control rats (Fig. 5) the mean transepithelial P.D. was 
46.9 mV (lumen negative against peritubular fluid) when the lumen was perfused 
with 150 mmol potassium/l. This P.D. is almost identical with the P.D. under free 
flow conditions (non-perfused tubules). When the perfusion fluid was changed to 
l-5 mmol potassium/l the P.D. changed within a few seconds to a new steady 
value of 6 mV (lumen positive). In adrenalectomized rats the transepithelial P.D. 
was much lower. Again, the P.D. under free flow conditions was in the same 
range as the P.D. at the luminal perfusion with 150 mmol potassium/l. (mean: 
35,l. mV). After a 100-fold change of the luminal potassium concentration the 
potential change was markedly reduced in adrenalectomized rats compared with 
control rats. The slope of the potential change was less steep in adrenalectomized 
rats. In acute experiments administration of aldosterone (2 pg/ 100 g intraven- 
ously) completely normalized the slope of the potential change. The transepithelial 
P.D. at a luminal perfusion with 150 mmol potassium/l. was almost unchanged by 
aldosterone. 

From the data compiled in Table 1 it can be seen that in control rats the distal 
transepithelial potential change (a P.D.) is 52.9 mV when the luminai potassium 
concentration is varied by a factor of 100. The potential change in adrenalectom- 
ized rats (A P.D. 32.5 mV) is significantly reduced as compared with control rats 
(P < 0401). Acute and chronic administration of aldosterone normalized the 
potential change, both values being significantly different from those in adrenal- 
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Fig. 5. Etfect of luminal micropert’uswn with 150 and I.5 mmul potasslumil on tranv 

epithelial P.D. in control rats. adrenalectomized rats. and adrenalectomized r;Lts 2-3 h 
after injection of aldosterone (2 wg/ 100 g). 
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Table 1. ESect of tuminal [K] on disrai t~s~i~eli~ potential difference tmVf and transport number 

E.&et of luminal [K] on 
Rats distal t~nsep~~el~l P.D. (mV) 

Transpoxt number 
Group n ISOK 1.5 K A P.D. TA 

controls 
Adrex. 
Adrex. + 
aldo. acute 

Adrex. + 
aldo. chron. 

Adrex. + 
aldo. + cycle. 

controis + 
cycle. 

ControIs + 
act. D 

9 (111) -46.9 16.0 52.9 o-43 
7 (102) -35.1 -2.6 32.5 O-27 

5 (113) -37.4 tf4.2 51.6 O-42 

6 (86) -37-O +9*5 46%5 0.38 

4 WI -44*5 +7-o 51.5 0.42 

3 (68) -45.5 +4.7 SO.2 0.41 

5 (105) -39.6 +15*6 55.2 0.45 

Values are means. The number of sir&e m~surements is given in parentheses. 

ectomized rats (P =C 0401). In another group of expe~ments cycloheximide 
(JO agile g int~venously) was given simul~eously with aldosterone. In the 
experimental period of 2-3 h cyclohex~ide was unable to prevent the effect of 
aldosterone on the potential change. Also in control rats, cycloheximide and 
actinomycin D ( 100 m/ 100 g) did not modify si~i~cantly the potential change. 

In analysing the potential change when the luminal ~~ssium concentration 
is varied one has to postulate initially that diffusion potentials contribute to the 
observed membrane potentials and that the cell ion concen~tions are not chang- 
ed imm~iately. Assuming that the potentials arise as the sum of di~sion poten- 
tials across the luminal and pe~tubul~ memb~es, transport numbers can be 
calculated from the various ions11 71, The transport number for potassium (TX) 
was calculated as the ratio of the measured change in P.D. per lOO-fold change in 
luminal potassium concentration to the theoretical change in P.D. per IOO-fold 
change in all permeant ions. Furthermore, the transport number indicates the 
relative permeability (or relative conductance~ of the luminal membrane for 
potassium. 

The data compiled in Table 1 demonstrate that the transport number for the 
distal tubule of adre~alectomiz~d rats is reduced signific~tly (P < 04Ol) and is 
normalized by ~minist~tion of aldosterone. The presented data indicate that the 
relative permeability of the lumin~ membrane for potassium is under the influence 
of mine~oco~icosteroids. Inhibitors of protein synthesis in the dose used had no 
effect on membrane permeability for potassium. From the data presented we 
postulate that the impudent of distal potassium secretion in adrenal insufficiency 
is mainly due to a reduced pe~eabiiity of the luminal membrane. Aldosterone 
stimulates potassium secretion by increasing the luminal permeability of the distal 
tubule. The influence of aldosterone on luminal permeability is independent of 
dietary intake of potassium. Therefore, other additional factors have to be taken in 
account to explain completely the excretion rates of potassium. Recently it has 
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been shown [20] that intracellular potassium pool and active uptake of potassium 
across the peritubular membrane are of importance for the magnitude of potassium 
secretion. 
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DISCUSSION 

Fanestii: With regard to the data you showed during mannitol diuresis: was the 
TF/PK+ from micropuncture of proximal tubules? 
Wiederholt: Yes, in Fig. 3 micropuncture data are shown: TF/P for potassium at 
the end of the proximal convolution. 
FaneM: You demonstrated that actinomycin D inhibition in both controls and 
adrenale~tomized animals: have the adrenalectomized animals been treated with 
aldosterone? 
Wiederholt: Yes, adrenalectomized rats have been treated with aldosterone 
(7.5 pg/lOO g B.W.) over a period of 3 days prior to the experiment. 

Fanestil: Was there a difference in 
(TF/P) Inulin 

(TF/P) KC 
ratios between adrenalec- 

tomized animals and adrenalectomized animals treated with aldosterone? 
W~ederholt: I did not show TF~P-potassium data in adrenalectomized rats without 
hormone substitution. Experiments from our group (Stolte ef al., P’Zgers Arch. 
313 (1969) 252) and from Cortney (Am. J. Phvsiul. 216 (1969) 589) demonstrate 
that in mannitol diuresis TF/P-potassium ratios at the end of the proximal con- 
volution of adrenalectomized rats without hormone substitution are higher than 
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TF/P-potassium ratios of adrenalectomized rats with aldosterone (Fig. 3). Thus, 
I would like to postulate that potassium reabsorption in the proximal tubule is to 
some extent regulated by ~dosterone. 
Pane&l: There is quite a bit of controversy about the proximal tubular effects of 
aldosterone and I wonder what your thoughts are about this. 
Wiederholt: In adrenal insufficiency net reabsorption of sodium is impaired in the 
proximal as well as in the distal tubule (Hierholzer ef al., PJliigers Arch. 291(1966) 
43). This inhibition of sodium transport can be normalized by administration of 
aldosterone (Wiederholt et al., PjGgers Arch. 292 (1966) 316). In contrast to the 
decreased net reabsorption of sodium fractional reabsorption in the proximal 
tubule is not reduced in adren~ectomized rats. Various factors (filtered load of 
sodium, passage time of tubular fluid, tubular geometry.. .) determine the 
glomerulo-tubular balance of the proximal tubule. Thus, measurement of fraction- 
al reabsorption is not a valid method for testing the effect of aldosterone on 
proximal electrolyte transport. 
Snart: Have you tried the effect of glucocorticoids? 
Wiederholt: We tried glucocorticosteroids with very low (dexamethasone 50 pg/ 
100 g B.W.) and high (cortisone 2.5 mg/IOO g B.W.) mine~l~o~icoid activity. In 
the doses used dexamethasone had no effect on sodium transport despite the fact 
that arterial blood pressure and glomerular titration rate increased. Net re- 
absorption of sodium was normalized by cortisone. 
Edelman: What was the dose of actinomycin D in these experiments and the time 
of administration with respect to the micropuncture measurements? 
Wicderholt: In experiments on sodium and potassium transport (Fig. 3 and 
Wiederholt, @tigers Arch. 292 (1966) 334) actinomycin D (200 H/ 100 g B.W.) 
was injected to ~~n~~to~~d rats pretreated with aldosterone for 3 days. In 
the proximal as well as in the distal tubule the effects of aldosterone on active 
electrolyte. transport were abolished by actinomycin D. In electrophysiological 
experiments on relative permeability of potassium, actinomycin D ( 100 pg/ 100 g 
B.W.) was administered simultaneously with aldosterone. Aldosterone increased 
the luminal permeability of the distal tubule for potassium after a time delay of 
about 2 h. Actinomycin D had no effect on membrane permeability of the distal 
tubule. 
IMeIman: What was the time interval between the addition of actinomycin D and 
the time in which you made your measurements on potassium excretion? 
Wiederholt: 2-4 h after the injection of actinomycin D, potassium excretion and 
membrane permeability were measured. 
EMman: Did you measure the effects of actinomycin D on RNA synthesis? 
Wiederholt: No. 
Edelman: The studies of Fimognari et al. (Am. J. Physiol. 213 (1967) 954) indicate 
that the time-courses of the effect of aldosterone on Na+ and K+ excretion were 
supe~m~sable. At the doses used in this study, actinomycin D inhibited about 
65% of RNA synthesis. Thus it is possible that the K+ effect is also dependent 
on gene activation but that these gene sites are less sensitive to actinomycin D 
than those responsible for the Na+ effect. 
Wiederhok: 1 agree. The dose of actinomycin D we used probably blocks much 
more than 50% of RNA synthesis. If there are separate gene sites the “potassium 
excretion regulating gene site” must be less sensitive to inhibitors. 


