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Cell membrane potential and intracellular potassium activity (microelectrodes tilled with ion-sensitive liquid 
ion exchanger) were measured in the zona glomerulosa of superfused hemi-adrenals of rats kept on different 
diets. Simultaneously, samples of the superfusate were collected and analyzed by radioimmunoassay for al- 
dosterone content. Cell membrane potential and intracellular potassium activity were not influenced by high 
sodium, low sodium or high potassium diet. However, aldosterone secretion significantly changed. These 
results suggest that membrane potential and intracellular potassium activity per se may not be linked to 

changes in aldosterone secretion. 
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1. INTRODUCTION 

The main components of the control system of 
aldosterone secretion have been well established. 
Alterations in aldosterone secretion in vivo and in 
vitro have been shown to follow a variety of 
stimuli such as adrenocorticotropin, sodium 
deprivation and potassium loading and, most im- 
portant, infusion of angiotensin II [l-4]. Recent- 
ly, interest has been focussed on the cellular 
mechanisms by which aldosterone secretion is ex- 
erted. It has been postulated that intracellular 
potassium and/or changes in membrane potential 
could be the initial common steps in the effect of 
all stimuli of adrenal function. The rationale for 
this hypothesis is: (a) the fact that in man as well 
as in animal studies, infusion of minute amounts 
of potassium resulted in aldosterone stimulation 
even without changing extracellular potassium 
concentration [5,6]; and (b) that in a number of 
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hormonally active cell systems changes in mem- 
brane potential are involved in the process of 
stimulus-secretion coupling [7]. In adrenal tissues 
from rabbits, rats and cats no direct relation be- 
tween corticosteroid production and membrane 
potential could be demonstrated [&lo]. On the 
other hand, from recordings of membrane poten- 
tials in the zona glomerulosa of cats it was sug- 
gested that membrane potential is important in 
regulating the stimulus-secretion coupling of 
aldosterone [ 111. Contradictory results have also 
been reported when attempts have been made to 
relate adrenal corticosteroid activity to in- 
tracellular potassium content of the adrenal cor- 
tex. Depending on the methods used a correlation 
between intracellular potassium concentration and 
aldosterone secretion [12-141 and no such a cor- 
relation have been described [ 15-191. Thus, we 
have measured simultaneously cell membrane 
potential and, for the first time, intracellular 
potassium activity in the adrenal zona glomerulosa 
of rats kept in conditions known to change 
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aldosterone secretion. The results obtained show 
no evidence of a direct relationship between in- 
tracellular potassium activity and aldosterone 
secretion. The results obtained show no evidence 
of a direct relationship between intracellular 
potassium activity and aldosterone secretion. 

2. MATERIALS AND METHODS 

Adrenal glands were obtained from male 
Sprague-Dawley rats (140-160 g) kept on dif- 
ferent diets. One half of the adrenals was used for 
micropuncture, the other one for measurement of 
aldosterone secretion. The animals were 
anesthetized with halothane/pentobarbital and the 
adrenals excised, fixed in 3% agar/Ringer and 
bisected with a razor blade. The hemi-adrenals 
were incubated in 1 ml oxygenated Ringer solution 
(containing in mmol/l; 123 NaCI; 4 KCl; 
1 KHzPOd; 0.9 MgS04; 1.7 CaC12; 28 NaHC03; 
5.1 glucose) at 21°C. 

Microelectrodes were drawn from inner glass 
fibres containing borosilicate glass capillaries on a 
horizontal puller. When filled with 0.5 M KC1 and 
immersed into control Ringer’s solution, their 
resistance ranged from 30-50 x lo6 0. Of the 
resulting pair of electrodes one was prepared for 
measuring the transmembranal potential dif- 
ference, the other one was used for the potassium- 
dependent transmembranal potential difference as 
in [21]. In principle, the microelectrodes were 
silanized (2% silicone 1107, Dow Corning) and fill- 
ed with a potassium liquid ion exchanger (Corning 
477317). The space above the exchanger was filled 
with 0.5 M KCl. The potassium-sensitive 
microelectrodes exhibited the following properties: 
tip resistance of 5-30 x lo9 0, slope of 57 mV per 
lo-fold change of potassium activity, mean selec- 
tivity coefficient for K/Na of 0.015. The in- 
tracellular potassium activity was calculated accor- 
ding to the equation given before [21]. Conven- 
tional and potassium-sensitive microelectrodes 
were advanced separately by a stepping hydraulic 
microdrive into the cell layer of the zona 
glomerulosa close to the capsule. Usually, 2-5 
measurements were performed per hemi-adrenal. 

During the electrophysiological experiments 
identical hemiadrenals were incubated in Ringer’s 
solution and analysed for aldosterone secretion 
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every hour. The incubation medium was collected 
and stored frozen for subsequent analysis. 
Aldosterone was extracted and assayed by a 
radioimmuno-assay technique [22]. 20 samples 
were assayed after paper chromatography of the 
dichloromethane extracts of incubation media. 
Since parallel assays without chromatography 
revealed negligible differences only chroma- 
tography was omitted in further assays. The anti- 
serum for aldosterone and the procedure for its use 
was provided by the National Institute of Health, 
Bethesda. The cross-reaction of aldosterone with 
rat corticosterone was 0.3%. 

The animals were fed on a control diet contain- 
ing 0.2% Na+ and 1% K+. Experimental diets: 
high Na+ (control diet, tap water replaced by 
150 mM/l NaCl for 7 days), low Na+ (0.03% Na+ 
and 0.23% K+ for 21 days), high K+ (control diet, 
tap water replaced by 300 mM/l KCl, 15 mM/l 
NaCl and 250 mM/l glucose for 7 days). 

Estimates of the variance are presented as stan- 
dard error of the mean (k SEM). Statistical 
significances are calculated with the Wilcoxon U- 
test. 

3. RESULTS AND DISCUSSION 

Intracellular potassium modulates a wide spec- 
trum of cellular activities. New information on the 
importance of intracellular potassium has been ob- 
tained by intracellular recordings with microelec- 
trodes filled with ion-sensitive liquid-resins [23]. 
With this method the biological relevant in- 
tracellular activity of ions can be measured. It has 
been demonstrated that activity measurements of 
intracellular potassium disagree with measure- 
ments based on chemical or electron microprobe 
approaches [23]. 

The membrane potential from cells of the zona 
glomerulosa (fig. 1) was - 60 mV and was constant 
over the experimental period of 3 h indicating a 
stable biological preparation. Similar data have 
been reported for newborn rats, rabbits and kittens 
[g-lo], adult kittens [l 11, rats [24] and normal 
human adrenocortical tissue [25]. The mean in- 
tracellular potassium activity of 34 cells of the 
zona glomerulosa was 63.1 + 8.2 mmol/l during 
the first hour of incubation. Again, intracellular 
potassium activity did not change significantly 
during the experimental period. Assuming an ac- 
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Fig. 1. Time-course of intracellular membrane potential 
of zona glomerulosa cells and aldosterone secretion. 
Number of experiments is given in parenthesis. Mean 

values + SEM. 

tivity coefficient of 0.76, an intracellular activity 
of 63 mmol/l corresponds to a cellular concentra- 
tion of 87 mmol/l, a value approximately a 
quarter to a third less than reported values based 
on chemical determinations [ 12-201. However, the 
activity measurements reported here are within the 
range of activity measurements in epithelial tissues 
[23]. Fig. 1 also summarizes the control data on 
aldosterone output. Aldosterone output per hemi- 
adrenal was with 4.5 to 4.7 ng - ml-’ - h-’ essential- 
ly unchanged during the 3-h control period. 

Previous studies in man and in experimental 
animals have convincingly demonstrated that 
alterations in dietary sodium and potassium intake 
can influence aldosterone secretion [l-6]. Thus, 
this well established model has been used to cor- 
relate aldosterone production and the elec- 
trophysiological parameters. Since the membrane 
potential depends largely upon the extracellular 
potassium concentration [8-lo] and changes in 
membrane potential may play a role in the 
stimulus-secretion coupling of aldosterone [ 111, 
the potassium concentration of the extracellular 
bathing medium for the isolated adrenals was kept 
constant under all experimental conditions. As ex- 
pected, intracellular membrane potential (mean 
values during a 2-h observation period) of zona 
glomerulosa cells in adrenal taken from control 
animals did not differ from data obtained in high 
sodium, low sodium or high potassium animals 
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Fig.2. Effect of dietary changes on membrane potential, 
intracellular potassium activity and aldosterone 

secretion. * P < 0.001. 

(fig.2). On the other hand, aldosterone secretion 
decreased (P < 0.001) in high sodium and increas- 
ed (P c 0.001) in low sodium or high potassium 
animals. These results suggest that changes in 
membrane potential per se may not be linked to 
changes in corticosteroid secretion [8-l 1,251. 
However, most important is the observation that 
intracellular potassium activity of zona 
glomerulosa cells was unchanged despite marked 
differences in aldosterone production. Since the 
method of determination of intracellular 
potassium activity is very sensitive [23] it is unlike- 
ly that changes in intracellular potassium of 
>5 mmol would not have been detected. Con- 
tradictory results have been reported on the possi- 
ble correlation between intracellular potassium 
and corticosteroid secretion. All methods used so 
far to investigate this problem (flame photometry 
[12-14,201; atomic absorption spectrophotometry 
[ 15,16,18]; electron microprobe X-ray micro- 
analysis [ 17,191) determined the potassium content 
or concentration in the total adrenal cortex or zona 
glomerulosa cells. From all these measurements 
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the potassium activity, which is the biological rele- 
vant intracellular parameter of potassium, could 
not be calculated. Thus, from our results it can be 
concluded that the known dietary stimuli to 
aldosterone secretion do not act by significantly 
changing intracellular potassium activity of zona 
glomerulosa cells. More complex mechanisms 
must be considered, including intracellular calcium 
as an important mediator in the steroidogenesis of 
the zona glomerulosa cells [26-281. 

REFERENCES 

111 

121 
I31 
[41 

151 

I61 

I71 

PI 

I91 

WI 

Williams, G.H. and Dluhy, R.G. (1972) Am. J. 
Med. 53, 595-605. 
Peach, M.J. (1977) Physiol. Rev. 57, 313-370. 
Chan, J.C.M. (1979) Nephron 23, 79-83. 
Fraser, R., Brown, J.J., Lever, A.F., Mason, P.A. 
and Robertson, J.I.S. (1979) Clin. Sci. 56, 
389-399. 
Funder, J.W., Blair-West, J.R., Coghlan, J.P., 
Denton, D.A., Sloggins, B.A. and Wright, R.D. 
(1969) Endocrinology 85, 381-384. 
Birkhluser, M., Gaillard, R., Riondel, A.M., 
Scholer, D., Vallotton, M.B. and Muller, A.F. 
(1973) Eur. J. Clin. Invest. 3, 307-316. 
Douglas, W.W. (1968) Br. J. Pharmacol. 34, 
451-478. 
Matthews, E.K. (1967) J. Physiol. (London) 189, 
139-148. 
Matthews, E.K. and Safran, M. (1967) J. Physiol. 
(London) 189, 149-161. 
Matthews, E.K. and Safran, M. (1973) J. Physiol. 
(London) 234, 43-64. 

Hll 

WI 

1131 

u41 

[I51 

[I61 

v71 

I181 

1191 

WI 

WI 

WI 

1231 
t241 
1251 

F-d 

1271 

PI 

Natke, jr E. and Kabela, E. (1979) Am. J. Physiol. 
237, E158-E162. 
Boyd, J.E., Palmore, W.P. and Mulrow, P.J. 
(1970) Endocrinology 88, 556-565. 
Boyd, J.E., Mulrow, P.J., Palmore, W.P. and 
Silvo, P. (1973) Circ. Res., Suppl.1 32133, 39-45. 
Baumer, J.S., Davis, J.O., Johnson, J.A. and 
Witty, R.T. (1971) Am. J. Physiol. 220, 
1094-1099. 
Mendelsohn, F.A.O. and Warren, R.L. (1975) 
Clin. Sci. Mol. Med. 49, 1-12. 
Mendelsohn F.A. and Mackie, C. (1975) Clin. Sci. 
Mol. Med. 49, 13-26. 
Szalay, K.S., Bacsy, E. and Stark, E. (1975) Acta 
Endocrinol. 80, 114-125. 
Mackie, C.M., Simpson, E.R., Mee, M.S.R., Tait, 
S.A.S. and Tait, J.F. (1977) Clin. Sci. Mol. Med. 
53, 289-296. 
Decorzant, C., Riondel, A.M., Philippe, M.J., 
Bertrand, J. and Vallotton, M.B. (1977) Clin. Sci. 
Mol. Med. 53, 423-430. 
Lobo, M.V., Marusic, E.T. and Aguilera, G. 
(1978) Endocrinology 102, 1061-1068. 
Hansen, L.L., Koch, M., Platsch, K.D. and 
Wiederholt, M. (1980) Exp. Eye Res. 29, 367-378. 
Schoneshofer, M. (1977) J. Steroid Biochem. 8, 
995-1009. 
Civan, M.M. (1980) Fed. Proc. 39, 2865-2870. 
Fawcett, P.R.W. (1969) J. Neurol. Sci. 8,381-383. 
Lymangrover, J., Pearlmutter, A.F., Francosaenz, 
R. and Saffran, M. (1975) J. Clin. Endocrinol. 
Metab. 41, 697-706. 
Fakunding, J.L. and Catt, K.J. (1980) 
Endocrinology 107, 1345-1353. 
Foster, R., Lobo, M.V., Rasmussen, H. and 
Marusic, E.T. (1981) Endocrinology 109, 
2196-2201. 
Foster, R., Lobo, M.V., Rasmussen, H. and 
Marusic, E.T. (1982) FEBS Lett. 149, 253-256. 

214 


