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Abstract. The study of the mechanisms by which miner- 
alocorticoids stimulate sodium absorption across distal 
epithelia has focused on three possible sites of  action: apical 
sodium permeability, the basolateral N a : K  pump, and the 
production of high-energy substrates. Recently we devel- 
oped a method for direct measurement of the current 
generated by the basolateral Na: K pump of the turtle colon 
[15]. In the presence of mucosal amphotericin-B and serosal 
barium the short-circuit current across the colon can be 
equated with the current produced by active electrogenic 
exchange of sodium for potassium across the basolateral 
membrane. This pump current is a measure of the transport 
capacity of  the epithelial Na:  K pump that is uncomplicated 
by changes in apical membrane sodium permeability. Pump 
currents, thus defined, were compared in control tissues 
and tissues treated with aldosterone in vitro. After 9 h Na 
absorption was increased 4-fold in the aldosterone-treated 
tissues but the values of the pump current were identical in 
the two groups. This result indicates that acute stimulation 
of sodium absorption by aldosterone does not occur by 
stimulating the N a : K  pump directly. 
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Introduction 

Aldosterone has been shown to stimulate sodium absorption 
across distal epithelia such as the renal collecting tubule 
[9], urinary bladder [7, 16, 22] and colon [10]. The process 
by which aldosterone stimulates sodium transport has been 
studied extensively [3, 8, 9, 22], and three possible mech- 
anisms for aldosterone stimulation of sodium absorption 
have been considered: 1) an increase of  apical Na perme- 
ability, 2) direct stimulation of the Na: K pump, 3) an in- 
crease in the availability of high-energy substrates to the 
pump. Though a great deal of evidence indicates that 
aldosterone induces an increase in the Na conductance of 
the apical membrane [1, 4, 16 -18 ,  25], the existence of a 
direct action of aldosterone on the N a : K  pump has been 
more difficult to determine. 
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The demonstration of a direct effect of aldosterone on 
the Na:  K pump in epithelia is complicated by the series 
arrangement of the apical membrane Na channels and 
basolateral membrane pumps. In this configuration, changes 
in transepithelial Na absorption due to a primary alteration 
of Na: K pump activity could be accompanied by secondary 
changes in apical membrane Na conductance and baso- 
lateral membrane K conductance. Possible mechanisms for 
regulating these conductive elements have been discussed 
recently [21]. Specifically, a decrease of apical Na con- 
ductance has been observed in connection with increases in 
either the cellular calcium activity [2] or the cellular Na 
activity [18, 24]. One approach to the question of possible 
basolateral effects of mineralocorticoids has been to study 
N a : K  ATPase isolated from mineralocorticoid treated ani- 
mals [6, 19, 20]. A second approach has been to functionally 
eliminate the apical membrane as a barrier to transport 
by using polyene antibiotics, such as amphotericin-B or 
nystatin [10, 22] to increase apical cation permeability. In 
toad bladder and rabbit colon this artificial increase of  apical 
membrane permeability eliminated the difference in Na 
absorption between control and aldosterone-treated tissues, 
suggesting that the primary effect of the mineralocorticoid 
was at the apical membrane. In these experiments, however, 
the polyene-induced Isc was not identified with the Na: K 
pump. Recently we showed that in the presence of mucosal 
amphotericin and serosal barium, Isc across the turtle colon 
could be equated with the turnover of  the electrogenic Na: K 
pump [13, 15]. This procedure thus permitted us to measure 
directly the transport function of the basolateral N a : K  
pump in the presence and in the absence of exogenous 
aldosterone. The results presented here demonstrate clearly 
that aldosterone does not have a short-term effect on the 
transport rate of  the Na:  K pump in the turtle colon. 

Methods 

The colon of the freshwater turtle was stripped of sur- 
rounding musculature and bathed by aerated Ringer's solu- 
tion in Ussing chambers with an aperture of 5.2 cm 2 [5]. 
The transmural P.D. was measured with calomel half-cells 
connected by Ringer-agar bridges to both chamber halves; 
current could be passed across the tissue with Ag-AgC1 
electrodes also connected by Ringer-agar bridges to both 
chamber halves. The transepithelial electrical PD was 
maintained at zero by automatic voltage clamp circuits, 
with provision for fluid resistance compensation. The Ringer 
solution contained (in mM): 114 Na, 3 K, 1 Ca, 114.5 C1, 
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Fig. 1. Pump current: response to aldosterone. The current re- 
sponses of a representative pair of tissues are shown (pair 1 from 
Table 1). The /pump was calculated from the I~c as described in 
the appendix: Ip,mp equals one-third the/~c before amphotericin B 
addition, and Ip,mp equals I~ after mucosal amphotericin B and 
serosal barium 

2.5 H C O j ,  2 pyruvate, 5 glucose, 5 mannitol. The major 
anion of the bathing solutions was either chloride or benzene 
sulfonate. Benzene sulfonate Ringer was used during treat- 
ment with amphotericin B to aid the maintenance of stable 
tissue conductance, presumably by reducing osmotic lysis 
that results from net salt entry into epithelial cells during 
polyene treatment. 

The response of I~ to amphotericin B was maximal at 
a concentration of 8 ~tmol/1 [13], so that all measurements 
of/pump were made at this polyene concentration. Ampho- 
tericin B was added as a concentrated solution in dimethyl 
sulfoxide (DMSO had no effect alone). Aldosterone was 
obtained from Sigma, St. Louis, MO, USA, amphotericin B 
from Squibb, Princeton, NJ, USA, and amiloride was a gift 
from Merck, Sharp and Dohme, Rahway, NJ, USA. 

Results 

Portions of stripped turtle colon were incubated with aerated 
Ringer solution in Ussing chambers for 15 h without the 
standard energy substrates, glucose and pyruvate. This pro- 
cedure was employed to deplete endogenous aldosterone 
and reduce Na absorption to basal levels. Replacement of 
the incubation solutions with Ringer solutions containing 
substrate produced a small rise in Is~ of about 2 ~tA/cm 2, to 
a value of 8 • 2 pA/cm z (mean • SEM, n = 4). Addition 
of 5 JaM aldosterone to the serosal solution produced an 
increase in the I~c, beginning after a quiescent period of 6 0 -  
120 min. Nine hours after aldosterone addition, the I~ of 
aldosterone-treated tissues ranged from 3 0 - 6 5  laA/cm e 
(42 _+ 8 ~tA/cm2), while the I~ of control tissues had in- 
creased by 4 • 3 ~A/cm a, to a mean value of 14 • 3 p.A/cm z. 
Figure 1 shows a representative experiment. 

The pump current (see Appendix) was measured after 
9 h, when sodium absorption by aldosterone treated tissue 
was maximally stimulated. The bathing solutions were re- 
placed with benzene sulfonate Ringer solutions, mucosal 
amiloride (10 -4 M) was added to inhibit the native apical 
sodium conductance, and serosal barium (5 mM) was added 
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to inhibit the native basolateral potassium conductance. The 
subsequent addition of mucosal amphotericin B (8 pM) in- 
duced identical pump currents in both control and treated 
tissues (Fig. 1). Serosal addition of 7 mM KCt resulted in 
identical increases in/pump in both tissues, consistent with 
the dependence of the N a : K  pump on serosal potassium 
[13, 15]. The observed /pump was completely inhibited by 
serosal addition of ouabain (10 -4 M), confirming that the 
current represented N a : K  pump activity. The similarity of 
maximal pump rates for control and aldosterone-treated 
tissues indicated that the N a : K  pump was not the primary 
site for aldosterone stimulation, but rather suggests that the 
low native apical Na permeability in the control tissue 
limited the rate of pump turnover. 

Discussion 

The measurement of  the current produced by active, 
electrogenic exchange of Na for K provides a direct assay 
of pump activity which focuses on the transport function, 
rather than the ATPase function, of the epithelial N a : K  
pump. The pump currents measured in this study were 
stimulated to near maximal levels by a mucosal solution 
sodium concentration about 30 times higher than the appar- 
ent dissociation constant of Na (KNa) for pump activation 
and by increasing the serosal potassium concentration to 
10 mmol/1, a value three times higher than the KK of the 
pump [13]. Therefore, a difference in /pump would reflect a 
true difference in maximal pump rate, presumably related 
to the number of  pump sites. Alterations in cellular ionic 
composition brought about by amphotericin-induced 
changes in apical cation permeability could alter the number 
of operating pumps. Presumably, however, both control and 
aldosterone-treated tissues would respond similarly to such 
non-specific effects. The ability of control and aldosterone 
treated tissues to produce identical rates of pump turnover 
is consistent with the notion that the initial effect of 
aldosterone on the turtle colon was not to stimulate the 
N a : K  pump directly 1. The response of /pump to serosal 
potassium also suggests that the kinetics of  potassium 
activation were unchanged by aldosterone. The increase in 
Isc produced by aldosterone probably resulted from an in- 
crease in apical sodium entry as shown by other investigators 
[18, 22] rather than an effect on the Na: K pump. 

The response of the N a : K  ATPase to aldosterone has 
been studied in the kidney by measuring differences in 
enzymatic activity in isolated nephron segments of ex- 
perimentally treated animals [6, 20]. A decrease of  nephron 
Na:  K ATPase activity in rabbits was observed 8 - 1 4  days 
after adrenalectomy [20]. Three hours after aldosterone 
addition to adrenalectomized rabbits, the Na: K ATPase 
activity in isolated cortical collecting tubules was elevated 
above the adrenalectomized control levels. However, if 
amiloride, a blocker of epithelial Na channels, was admini- 
stered to a rabbit prior to aldosterone addition, then N a : K  

1 It should be noted that the aldosterone concentration employed 
in this study was above the presumed physiological level, 10 - 9 -  
10-8M [22]. However, a concentration in the region of 10-6M 
has been used for in vitro studies with both amphibian [4] and 
mammalian [7, 101 tissues, to maximize the response. The use of 
a high concentration raises the possibility of glucocorticoid 
effects, but should not have precluded observation of 
mineralocorticoid effects 
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Table 1. Pump current: response to aldosterone 

Tissue pair /pump (aldosterone treated tissue) 
/pump (control tissue) 

A B C D 
After initial incubation 9 h after aldosterone After amphoteriein B After serosal addition 

addition stimulation of 7 mM KCt 

1 0.55 2.57 1.11 1.05 
2 0.87 3.43 1.14 0.94 
3 0.89 3.30 1.05 0.99 
4 0.54 3.10 1.22 1.11 

Mean + SEM 0.71 _+_ 0.10 3.10 _ 0.19 1.13 _+ 0.04 1.02 __+_ 0.04 

ATPase activity did not increase. This might have resulted 
from a direct inhibiton of the N a : K  ATPase by amiloride, as 
reported for the proximal tubule [23]. However, the effective 
plasma concentration of amiloride was probably lower than 
that needed to cause such an inhibition of the N a : K  ATPase. 
Amiloride inhibition of aldosterone-induced increases in 
N a : K  ATPase is consistent with the notion that the latter 
effect was secondary to the increase in sodium entry. 

The results presented here show that an increase of  apical 
sodium entry caused by amphotericin-B can eliminate the 
difference in sodium transport observed between control 
and aldosterone-treated tissues. It  is important to note that 
the conditions for the isolated kidney tubule studies were 
different than those for the isolated turtle colon. In the 
kidney Na:  K ATPase experiments, the animals had been 
adrenalectomized for nearly 2 weeks, but the turtle colon 
was without mineralocorticoids and glucocorticoids for less 
than 24 h, so that a decline in Na:  K ATPase activity may 
not have occurred in the turtle colon as occurred in the 
tubules form adrenalectomized animals. Also, it is difficult 
to determine if an N a : K  ATPase activity assay includes 
latent non-basolaterally located enzyme activity which is not 
directly correlated with transport [19]; whereas, the present 
study provides an direct measure of transport. These recent 
findings with renal tubules and the colon support the hy- 
pothesis that the initial site of  action for aldosterone is not 
the N a : K  ATPase, but rather the apical membrane sodium 
conductance. However, these findings do not preclude the 
possibility that aldosterone may induce long-term changes 
in either N a : K  pump activity [3, 25] or the availability of 
energy substrates to the pump [3, 8, 11]. 

Appendix 

The rate of net sodium absorption across the turtle colon 
has been shown to equal the/sr [5] and be dependent on an 
electrogenic basolateral membrane N a : K  exchange pump 
[15]. The pump current [eq. (1)] equals the difference in Na 
and K flows through the pump. 

pump Na K Na K . . . .  n~u~)/~om~. (1) Ip,~v Ip,mp (rip,rap 

The I~r is equal to the sum of the ionic currents across either 
cellular membrane, apical or basolateral, and the cations Na  
and K have been shown to carry these currents [12, 15], 

Is~ = I N ,  lea i - -  laKploal .  (2) 

At steady-state Na Na /apical e q u a l s  /pump,  since the basolateral 
membrane sodium conductance is small, as reported pre- 
viously [14]. The size of i~ /~pical will depend on the relative 
potassium conductances of the ap ica l  and basolateral 
membranes, 

/,~i~a, [~l(g~a + gF)] K ~ =), g~blg~. (3) / 'pump = /pump/ (  1 ~- ~ = 

Combining equations (1, 2 and 3) yield a relationship be- 
tween/so and/p,mp. 

Isc Na K = /pump - -  / p u m p / ( ]  q - ~ )  
Na / K = {[v(1 + a ) -  1]/(1 + ~) (v-  l ) } I p u m p  , V = npump/npump (4) 

where v is the pump exchange stoichiometry. 
The native turtle colon exhibits a g~ much smaller 

than gb K [12], such that a approaches infinity, 

a~llmoo -se [ = [y/(y-'l)]/pump --- 3/pump, V = 3 / 2 .  (5) 

Therefore, the stoichiometry of the N a : K  exchange pump 
will define the relation between Ivum v and/so, such that the 
previously observed 3 Na:2  K stoichiometry [15] results 
in the /pump equaling one-third of the measured/sc. When 
g~b is inhibited with barium and amphotericin B increases 
g~ (a approaches zero), rc K Iapieal equals /pump such that /pump 
equals Isr independent of the exchange stoichiometry, 

lim /- /pump '  (6)  a~O 1sr 
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