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Summary. We have measured the intracellular potassium activity, 
[K+]i and the mechanisms of transcellular K + transport in reab- 
sorptive sweat duct (RSD) using intracellular ion-sensitive micro-.  
electrodes (ISMEs). The mean value of [K+]i in RSD is 79.8 -+ 
4.1 mM (n = 39). Under conditions of microperfusion, the [K+]~ 
is above equilibrium across both the basolateral membrane, BLM 
(5.5 times) and the apical membrane, APM (7.8 times). The Na+/ 
K + pump inhibitor ouabain reduced [K + ]i towards passive distri- 
bution across the BLM. However,  the [K+]~ is insensitive to the 
Na +/K +/2 C1- cotransport inhibitor bumetanide in the bath. C1 
substitution in the lumen bad no effect on [K+]i. In contrast, C1- 
substitution in the bath (basolateral side) depolarized BLM from 
-26 .0  -+ 2.6 mV to -4 .7*  -+ 2.4 mV (n = 3; * indicates significant 
difference) and decreased [K+]i from 76.0 -+ 15.2 mM to 57.7* --+ 
12.7 mM (n = 3). Removal o f K  + in the bath decreased [K+]ifrom 
76.3 + 15.0 mM to 32.3* + 7.6 mM (n = 4) while depolarizing the 
BLM from - 32.5 -+ 4.1 mV to - 28.3* -+ 3.0 mV (n = 4). Raising 
the [K +] in the bath by 10-fold increased [K+]i from 81.7 _+ 9.0 
mM to 95.0* --+ 13.5 mM and depolarized the BLM from - 25.7 -+ 
2.4 mV to -21 .3"  -+ 2.9 mV (n = 4). The K + conductance 
inhibitor, Ba 2+, in the bath also increased [K+]i from 85.8 _+ 6.7 
mM to 107.0" --+ 11.5 mM (n = 4) and depolarized BLM from 
-25 .8  -+ 2.2 mV to - 17.0" -+ 3.1 mV (n = 4). Amiloride at 10 -6 

M increased [K+]i from 77.5 -+ 18.8 mM to 98.8* --+ 21.6 mN (n = 
4) and hyperpolarized both the BLM (from -35 .5  +- 2.6 mV to 
- 47.8* -+ 4.3 mV) and the APM (from - 27.5 _+ 1.4 mV to - 46.0* 
-+ 3.5 mV, n = 4). However,  amiloride at 10 -4 M decreased [K+]i 
from 64.5 m 0.9 mM to 36.0* --+ 9.9 mM and hyperpolarized both 
the BLM (from -24 .7  2 1.4 mV to -43.5* + 4.2 mV) and APM 
(from - 18.3 -+ 0.9 mV to -43.5* -+ 4.2 mV, n = 6). In contrast 
to the observations at the B LM, substitution of K + or application 
of Ba 2+ in the lumen had no effect on the [K+]i or the electrical 
properties of RSD, indicating the absence of a K + conductance 
in the APM. Our results indicate that (i) [K+]i is above equilibrium 
due to the Na+/K + pump; (ii) only the BLM has a K + conduc- 
tance; (iii) [K +]i is subject to modulation by transport status; (iv) 
K + is probably not involved in carrier-mediated ion transport 
across the cell membranes;  and (v) the RSD does not secrete K + 
into the lumen. 

Key Words sweat duct �9 K + transport �9 K+-sensitive micro- 
electrodes �9 amiloride �9 ouabain �9 barium 

Introduction 

Intracellular potassium activity, [K+]i and cell mem- 
brane K + conductances play an important role in 
the transepithelial ion transport and the regulation 
of a variety of physiological functions [4]. However, 
there are wide differences among various epithelia 
with regard to (i) the intracellular K + activity [1, 7, 
17], (ii) the mechanisms responsible for [K+],. accu- 
mulation such as the Na+/K + pump and KC1 co- 
transport [1, 18], and (iii) the K +-conductance prop- 
erties of apical and basolateral membranes [12, 20]. 
Until now there has been almost no information 
available on the [K+]i, mechanism(s) of K + uptake, 
or the role of K + transport in the transepithelial salt 
movement of human reabsorptive sweat duct (RSD). 
In addition, RSD is a unique tissue compared with 
many NaC1 absorbing epithelia, such as frog skin 
[13], gall bladder [11], and urinary bladder [7], in that 
the RSD has low cell membrane electrical potentials 
[24] and an extremely high transepithelial C1- con- 
ductance [22, 25, 26]. We do not know the physiolog- 
ical basis of such low cellular potentials [24], but 
several factors which could be responsible for the 
low potentials in RSD include (i) a very small ra- 
tio of transmembrane K + distribution ([K+]~ may 
be very low as compared to other epithelia), (ii) a 
small or absent K + conductance in the BLM ~ and 

Abbreviations: BLM = basolateral membrane; APM = 
apical membrane; Vb = electrical potential across the BLM; 
Va = electrical potential across the APM; Vt = transepithelial 
potential; Eb = electromotive force across BLM; G~ = K + con- 
ductance of BLM; E k = K + equilibrium potential; AE k = Ek - 
Vb = driving force for K + across BLM; AEo k = E k - Vo = driving 
force for K § across APM; [K+] '7 = measured intracellular K + 
activity; [K +]b Eq = calculated [K +]i for passive distribution across 
BLM for the value of Vb; and [K+]~ = calculated [K+]i for 
passive distribution across APM for the value of V~. 
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APM, (iii) membrane electromotive force (EMF) is 
generated by an ion other than K + (possibly C1-), 
and (iv) a large paraceUular current loop in the RSD 
which shunts a more negative K+-EMF across the 
BLM to a more positive apical EMF [24-26]. 

Any one of the above explanations could have 
significant physiological implications. For example, 
the magnitude of the K + electromotive force (E 0 at 
the BLM (which is a function of both the relative 
K + conductance and the ratio of transmembrane 
K + distribution) could influence not only the driving 
force for C1- exit across the BLM, but also the 
driving force for Na + entry across the APM due to a 
paracellular current loop and resultant voltage drop 
across the APM. In essence, the K + conductance 
and transcellular K + distribution can exert signifi- 
cant influence on the transepithelial salt transport 
[4]. We, therefore, sought to know the trans- 
membrane distribution of K + and the K + conduct- 
ance properties of the APM and BLM in order 
to understand the mechanism(s) involved in generat- 
ing membrane electrical potentials which provide 
the driving forces for transepithelial salt trans- 
port. 

We also hope to use this information on [K+]i 
and K + transport properties of cell membranes to 
address another hitherto unanswered, but important 
question. Human sweat is always hypertonic in its 
K + concentration [2], but the source of hypertonic 
[K +] in the sweat is unknown. K + may be secreted 
hypertonically into the primary sweat by the 
secretory coil or into the lumen by the RSD 
as in the collecting tubule [20]. Using intracellular 
K+-sensitive double-barreled microelectrodes, 
we have obtained data on [K+]i and factors 
which influence cellular K + uptake and some of 
the K+-conductance properties of the apical and 
basolateral membranes. This data provide in- 
sights into the role of K + in setting the mem- 
brane potentials of the RSD and into the source of 
K + in final sweat. 

Materials and Methods 

The methods for obtaining skin plugs from human subjects, dis- 
section of sweat glands, and cannulation of RSD for electrophysi- 
ological studies are the same as described earlier [21, 24]. In 
short, the skin biopsies were obtained from human subjects after 
giving informed consent. The sweat glands were dissected from 
the biopsied skin plugs in Ringer's solution. RSDs of about 0.5 to 
1.0 mM were isolated from the sweat gland by microdissection 
under visual control using a dissection microscope. The RSDs 
were transferred to a microperfusion chamber containing Ringer's 
solution for cannulation and perfusion. Prior to cannulation, the 
RSDs were maintained in cold Ringer's solution (5~ All experi- 
ments were performed at 35 _+ 2~ 

Double-barreled boroscilate glass capillaries (Clark Biomed- 
ical Supplies, Reading, England) were used to pull fine-tipped 
microelectrodes using a Flaming Brown microelectrode puller, 
model P-80 PC. While applying nitrogen gas pressure into one 
barrel (reference side), a drop of silazine substance (either Hexa- 
methyl disilazane, Sigma, or N,N-dimethyltrimethylsilylamine, 
Fluka) was introduced into the neck of the second barrel using a 
Hamilton needle. The electrode was then baked inside a hot 
filament of 400-420~ for 15 min while maintaining the nitrogen 
pressure in the reference barrel. The tip of the silanized barrel 
was backfilled with a liquid K + exchanger (Coming). The elec- 
trode was backfilled with 200 mM KCI to the exchanger column. 
The reference electrode (nonsilanized barrel) was filled with 1 M 
Mg acetate (pH 7.4). After removing the air bubbles, freshly 
chloridated Ag-Ag C12 electrodes were introduced into both bar- 
rels and the upper ends of the electrodes were sealed with postal 
wax to ensure mechanical stability and to prevent evaporation 
of the electrolyte solution. The resistances of the ion-sensitive 
and reference electrodes were about 35 Gft and 200 MfL respec- 
tively. 

DETERMINATION OF SLOPE, SELECTIVITY OF 

I S M E  AND [K+] i  

The ISMEs were calibrated to assess the selectivity properties of 
the ion exchanger. For this purpose, the selectivity of the ISME 
was determined by the fixed interference ion method [29, 30] 
using 3-, 12- and 60-mM KC1 solutions with 150-raM NaC1 back- 
ground. The intracellular ion activity was actually determined 
by the empirical method [15] which takes into account possible 
interference from intracellular Na + on the ion signal. Solutions 
of 5, 30, 80,100, and 120 mM KCI in NaC1 concentrations such that 
[Na +] + [K +] = 150 raM, were used to calibrate each electrode. 
Electrodes with a slope of less than 48 mV/10-fold change in K" 
concentration were rejected. The selectivity coefficient of the 
Corning K + exchanger for Na + over K + was between 0.02 to 
0.04. 

IMPALEMENT OF CELLS 

The cells were impaled using a piezoelectric hybrid stepper motor 
(PM 500-20 Frankenberger, West Germany). High impedance 
electrometer (WPI model FD223) with an input impedance of 
1015f~ was used to measure the signals from the ion-sensitive 
electrodes. The tip potential artifacts were usually less than 4 mV 
and corrections were made accordingly. In general, the criteria for 
choosing the cells for experimentation were the same as described 
earlier [24] which included a rapid voltage deflection of the refer- 
ence electrode (Vb), stable value for V b (of at least - 2 0  mV) and 
the ion signal for at least 2 min prior to experimental manipula- 
tions, and return of the reference and ion signal to the baseline 
value (-+2 mV) after withdrawal of the electrode from the cell. 

SOLUTIONS 

The composition of the Ringer' s solutions used in the experiments 
(including ion substitution and pharmacological studies) is given 
in Table 1. 
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Ta b l e  1. T h e  c o m p o s i t i o n  o f  va r ious  basic  salt solut ions (BSS) used in the e x p e r i m e n t s  ( the va lues  a re  e x p r e s s e d  as mM/l i ter )  

NaCI HEPES KH2PO4 K~HPO4 NaH2P04 Na2HPO4 Ca2 +-acetate MgSO4 KCI BaCI2 NaGlu Glucose 

BSS 
(phosphate 
buffer) 150 - -  0.38 2.1 - -  - -  1 1 - -  - -  - -  
50 mM K + 
BSS 104.6 - -  0.38 2.1 - -  - -  1 1 45.4 - -  - -  
0-K + BSS 150 - -  - -  - -  0.38 2.1 1 1 - -  - -  - -  
0-CI BSS - -  - -  0.38 2.1 - -  - -  1 1 - -  - -  150 
BSS (HEPES) 150 10 . . . .  1 1 5 - -  - -  
Ba2+-BSS 
(HEPES) 150 10 . . . .  1 1 5 5 - -  

10 

10 
10 
10 
10 

Ouabain (BATH) 

Vt 

- 1 5  

33 J i mitl 

Fig. 1. E f fec t  of  N a + / K  + p u m p  inhibi t ion by  

o u ab a in  on  Vt, Vb an d  [K+]i. N o t i c e  tha t  

ouaba in  d ep o l a r i z ed  V t an d  Vh and  d e c r e a s e d  

[K+],. t o w a r d s  equ i l ib r ium 

S T A T I S T I C S  

T h e  da t a  a re  t abu l a t e d  and  p r e s e n t e d  as the m e a n  _+ SE of  the 

m e a n  ( w h e r e  n = n u m b e r  o f  cells f r o m  a m i n i m u m  of  th ree  h u m a n  

v o l u n t e e r  subjec ts ) .  S ta t is t ica l  s ignif icance w a s  d e t e r m i n e d  on 

the  bas is  o f  the  S t u d e n t ' s  t tes t  for  pa i red  s a mp le s  w h e n  differ- 

ence s  w e r e  e v a l u a t e d  fo r  man ipu la t i ons  on  the s a m e  cell. A 

P va lue  o f  less t han  0.05 w a s  t a ke n  to be  significantly differ- 

ent .  

hie-barreled electrode were -27 .7  -+ 0.9 mV and 
- 18.8 _+ 1.0 mV, respectively. The [K+]~ is above  
equilibrium both across the basolateral and apical 
membranes (Table 2). The ratio of [K+]; measured, 
[K+]7 to the calculated value for a passive distribu- 
tion, [K+] Eq across cell membranes is 5.5 for BLM 
and 7.8 for the APM (Table 2). 

Results 

[K+] i  

The [K+]i with normal  Ringer's solution in the lumen 
and bath ranged from 37 to 125 mM with a mean 
value o f  79.8 +- 4.1 mM (n (number of  cells) = 39 
from 16 subjects).  The corresponding values of  Vb 
and Vo measured with the reference side o f  the dou- 

E F F E C T  O F  O U A B A I N  O N  [ K + ] i  

Inhibition o f  N a + / K  + pump activity with ouabain in 
the bath depolarized the B L M  from - 24.7 -+ 2.9 mV 
to - 8 . 3 *  +- 3.6 mV (* indicates significant differ- 
ences;  P > 0.05) and decreased [K+]/ towards equi- 
librium (from 88.0 -+ 16.0 mM to 16.0" -- 8.6 mM; 
P > 0.05; n = 3, Fig. 1). In two  out of  three measure- 
ments where  w e  could hold the impalement  for more 
than 24 rain, the [K+]i reached equilibrium across  
the BLM. 
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Table 2. Intracellular K + activity and its relationship with the electrical potential profile of microperfused (150 mM NaCI BSS in lumen/ 
bath) RSD 

V~ V~ Vb [K+]~ G &E k AE~ [K+]~ [K']/" [K*],, ~ [K+]/' 
(mV) (mV) (mV) (raM) (mV) (mV) (mV) (mM) [K+]b Eq (mM) [K+]~ 

-8 .9  - 18.8 -27.7 79.8 -72.2 a 44.5 53.4 14.5 5.5 10.3 7.8 
-+0.8 -+1.0 -+0.9 -+4.1 

n = 39. 
a Since both lumen and contralmninal bath have equimolar K + concentration, the K + equilibrium potential (Ek) is similar at APM and 
BLM. 

Table 3. Effect of 0-K + in the bath on [K+]i and the electrical properties of RSD 

Vt V~ V b [K*]'f G 4,E~ AE k [K+I~ [K+], m [K§ [K*]i ,,~ 
(mV) (mV) (mV) (raM) (mV) (mV) (mV) (mM) [K+]~ (mM) [K+]~ 

Control 
BSS (L) -8 .0  -24.5 -32.5 76.3 
BSS (B) -+1.3 -+3.2 -+4.1 -+15.0 
Experimental 

BSS (L) -2 .8  ~ -25.5 -28.3 a 32.3 a 
0-K + BSS (B) -+1.1 _+3.4 -+3.0 _+7.6 

-71.0 38.5 46.5 14.9 5.1 12.8 6.0 

- 132.6 b 104.3 23.1 2.5 b 12.9 13.3 2.4 

f/  = 4 .  

Significantly different from control. P > 0.05. 
b The values are based on an assumed bath [K + ] of 0.1 mM in an actually K*-free BSS. Ek represents the value of  potassium equilibrium 
potential across the BLM. 

APICAL MEMBRANE K + CONDUCTANCE 

Zero mM K § in the lumen had no effect on  Va (Va 
changed from a control  value o f  - 2 1 . 5  _+ 3.2 m V  to 
an experimental  value o f  - 2 2 . 0  +_ 3.4 mV,  n = 4) 
or [K+]~ ([K+]~ remained unchanged at 91.8 -+ 13.6 
mM, n = 4) even  though there was  a significant 
driving force for K + efflux across  the apical mem-  
brane (137.7 mV,  assuming 0.1 mM luminal [K +] in 
an actually 0-K + basic  salt solution (BSS)).  Applica- 
tion o f  Ba 2+ to the luminal surface had no effect on 
the [K+]i or Va [23]. 

EFFECT OF 0-K + (BATH) ON [K +]; 

Remova l  o f  K + from the bath resulted in a biphasic 
response  of  the V b with an initial hyperpolarization 
and a subsequent  depolarization of  BLM fo l lowed 
by a gradual decrease  in [K+]i. In about 15 min the 
removal  o f K  + depolarized V b from - 3 2 . 5  - 4.1 m V  
to - 2 8 . 3 *  --- 3.0 m V  while decreasing [K+]i from 
76.3 -+- 15.0 mM to 32.3* --+ 7.6 mM (n ---- 4, P > 0.05, 
Table 3). The effects  o f  0 mM K + are reversible upon 
returning to the K+-containing Ringer's solution. 
The apparent rate of  K + efflux from the cell after 
exposure  to 0-K + BSS  in the bath is much s lower 
(2.8 _+ 0.7 mM/min,  n = 4) than the apparent K § 

Table 4. Effect of 50 mM K + in the bath on V~ and [K']i of RSD 
cells 

Vb [K+]i 

Control 
BSS (B) -25.7 81.7 
BSS (L) -+2.4 -+9.0 
Experiment 
50 mM K § (B) -21.3 a 95.0* 
BSS (L) -+2.9 -+13.5 

n = 4 .  

a Significantly different from control. P > 0.05. 

uptake after reintroducing K+-containing BSS  (11.3 
-+ 4.0 mM/min, n = 4). Within 2 min after reintroduc- 
tion of  K + in the bath, Vb underwent  a transient 
undershoot  to - 52.5 -+ 10.2 mV,  n = 4 [23], but the 
mean [K+]i during the transient peak of  V 0 was  
still be low the levels  o f  control  [K+]i (63.8 _+ 13.3 
mM).  

EFFECT OF HIGH K + IN THE BATH ON [K+]i  

Increasing the K + concentrat ion by 10-fold in the 
bath depolarized the B L M  by 4.4 m V  while increas- 
ing the [K+]i by about 13 mM (n = 4, Table 4). 
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Table 5. Effect of Ba 2+ in the bath on the transcellular K + distribution in RSD 
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lit V,, Vh {K+]'I ' Ek AE~ 2xE~ [K+]~ [K+]~ ' ' [K+]~ [K+]/" 
(mV) (mV) (mY) (mM) (mY) (mV) (mY) ( m M )  [K+]~ ( r a M )  [K+]~ 

Control 
BSS (L) -8 .5  - 17.3 -25.8 85.8 -74  b 48.2 56.7 13.5 6.4 9.7 7.6 
BSS-(HEPES) (B) -+ 1.3 -+2.0 -+2.2 -+6.7 
Experimental 
BSS (L) -6 .7  10.3 - 17.0 a 107.0 a -79.8 b 62.8 69.5 9.6 11.2 7.4 16.5 
Ba 2+ BSS-(HEPES) (B) -+1.4 -+2.6 -+3.1 -+11.5 

n ~ 4. 
a Significantly different from the control. P > 0.05. 

Since the lumen and contraluminal bath contain equimolar K + concentrations, the Ek represents the value of K + equilibrium potential 
at APM and BLM. 

5 m M  B 2  + (BATH) 

V b  
(m 

--32~t 

120  
[ K + ] . ]  

' 1 m i n  ' 

Fig. 2. Effect of K + conductance inhibitor 
Ba 2+ on Vb and [K+]i. Notice that Ba > 
depolarized V b and increased [K+]i . The effect 
of Ba 2+ is completely reversible 

EFFECT OF Ba 2+ ON [K+]/ 

The K + conductance inhibitor, Ba 2+, depolarized 
the BLM by 8.8 mV (n = 4) within about 5 min while 
increasing the [K+]i by 21.2 mM (n = 4). The driving 
force for K + efflux across the BLM (AE k) increased 
from 48.2 to 62.8 mV (Table 5, Fig. 2). 

EFFECT OF AMILORIDE ON [K+]; 

Inhibition of Na + conductance with 10 -6  M amilor- 
ide hyperpolafized both basolateral and apical mem- 
branes by 12.3 and 18.5 mV, respectively, while 
increasing the [K+]i by 21.3 mM in about 5 min (n = 
4, Table 6, Fig. 3). 

In marked contrast to the effect of amiloride at 
10 6 M, amiloride at a higher concentration (10 -4 M) 

also hyperpolarized APM and BLM (Table 7, Fig. 
4) and within about 1 min significantly reduced [K+]i 

by 28.5 mM (~19 mM/min, n -- 6). Amiloride at this 
concentration significantly decreased the driving 
force for K + efflux across the BLM from 39.8 to 7.9 
mV (n = 6, Table 7, Fig. 4). 

EFFECT OF C1-  ON [K+] i  

Substitution of C1- by the impermeant anion gluco- 
nate in the lumen had no effect on [K+]i although the 
driving force for K + efflux across the APM doubled 
within 1 min (AEa k changed from 59.3 to 115.6 mV). 
The APM depolarized by 55.8 mV (n = 7, Table 8, 
Fig. 5). 

Substitution of C1 in the bath depolarized the 
BLM by 21.3 mV (n = 3) while decreasing [K+]i by 
18.4 mM (n ---- 3). In the absence of serosal CI , the 
2xE~ for K + efflux increased from 44.9 to 59 mV due 
to depolarization of the BLM (Table 9). 
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Table 6. Effect of  10 .6 M amiloride in the lumen on the transcellular K + distribution in RSD 

V~ V a V h [K+]'~ ' E k AE k AE k [K+]~ [K+][ '' [K+]~ [K+]/" 
(mY) (mY) (mY) (mM) (mY) (mY) (mY) (raM) [K+]~ (raM) [K+]~ 

Control 
BSS (L) - 8 . 0  - 2 7 . 5  - 3 5 . 5  77.5 
BSS (B) _+1.2 -+1.4 _+2.6 _+18.8 
Exper imenta l  
BSS + 10 .6 M amiloride (L) - 1 . 8  a -46 .0"  -47.82 98.8 a 
BSS (B) _+0.8 -+3.5 -+4.3 _+21.6 

- 7 1 . 4  b 36.0 43.9 19.5 3.9 14.4 5.4 

- 7 7 . 7  b 29.9 31.7 31.3 3.2 29.2 2.6 

/ ' / = 4 ,  
a Significantly different f rom the control. P > 0.05. 
b Since the lumen  and contraluminal  bath contain equimolar  K + concentrat ions,  the  E k represents  the value of  K + equil ibrium potential  

at APM and BLM.  

Luminal Amiloridell  0 - 6  M) 

0 

(m 

- - S J  

--30- 

Vb 
(mY1 

110- 

[K + ] 
(mM) 

50-  ~ rain' 

Fig. 3. Effect of  Na 2+ conductance  inhibitor 
amiloride (10 -6 M) on gt, V b and [K+]i. Notice 
that [K+]i increased gradually following the 
application of luminal  amiloride similar to the  
effect of  Ba 2+ in Fig. 2 and did not  return to 
the baseline until after several  minu tes  of  
amiloride washou t  even  though V b re turned  to 
the control value following the removal  of  
amiloride 

- -4 
Luminal Amiloride (10 M) 

(m 

Fig. 4. Anomalous  effect of  amiloride at 
higher concentra t ions  (10 .4 M) on [K+]i . 
Notice that  [K+]i decreased rapidly following 
the application of amiloride to the luminal  
surface which returned to the basel ine upon  
washout  of  amiloride 
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Table 7. Effect of 10 -4 M amiloride in the lumen on the transcellular K + distribution in RSD 
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V, V, Vh [K+]'~ ' E k AE~ AE~ [K+]~ [K+]y [K+]~ [K+]/" 
(mV) (mY) (mY) (raM) (mV) (mV) (mV) ( r a M )  [K+]~ ( m M )  [K+]~ 

Control 
BSS (L) -6 .3  - 18.3 24.7 64.5 -66.6 b 
BSS (B) -+0.9 -+0.9 -+1.4 -+0.9 
Experimental 
BSS + 10 4 M amiloride (L) 0.0 ~ -43.5 a 43.5 ~ 36.0 a -51.4 b 
BSS (B) +4.2 +-3.9 -+9.9 

41.9 48.3 12.9 5.0 10.0 6.5 

7.9 7.9 26.5 1.4 26.5 1.4 

/ ' / = 6 .  
Significantly different from the control. P > 0.05. 

b Since the lumen and contraluminal bath contain equimolar K + concentrations, the E k represents the value of K + equilibrium potentials 
at APM and BLM. 

Table 8. Effect of CI- substitution in the lumen on the [K+]i of RSD 

V, Va Vb [K+]'7 Ek AE k AE ] [K+]~ [K+]i m [K+]~ [K+]i " 
(mV) (mV) (mY) (mM) (mY) (mV) (mV) (mM) [K+]bZq (raM) [K+]~ 

Control 
BSS (L) - 12.6 - 13 .4  -26.0 81.9 
BSS (B) +-2.8 +-2.3 +-1.0 -+9.9 
Experimental 
0-C1 BSS (L) -80.6 a 42.4 a -39.6 ~ 82.1 
BSS (13) +-4.6 -+4.1 +1.8 -+10.0 

-72.7 b 46.7 59.3 13.5 6.1 8.4 9.8 

+73.2 b 33.6 115.6 22.8 3.6 1.0 82.1 

n = 7 .  
Significantly different from the control. P > 0.05. 

b Since the lumen and contraluminal bath contain equimolar K + concentrations, the Ek represents the K + equilibrium potential across 
APM and BLM. 

O - C I  - ( L u m e n )  

- 1 5 -  

Vt  
(mY)  / 

- 7 0  - 

9 0  ~ ( m M )  

Fig. 5. Effect of C1 substitution in the lumen 
on Vt, Vb and [K+]i. Notice that removal of 
C1- from the lumen hyperpolarized Vt and Vb 
without any effect on [K+]i although V~ was 
significantly depolarized (see Table 9) 

EFFECT OF BUMETANIDE 

The Na--/K § CI - cotransporter inhibitor bumeta- 
nide in the bath had no significant ef fect  on the [K+]i 

e v e n  at 10 -3 M concentrat ion .  The [K+]i  in control  
condi t ions  w a s  85.3 -+ 7.5 mM as c o m p a r e d  to 84.6 
--+ 6.8 mM (n = 3) in bumetan ide  for about  10 to 15 
min.  
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Table 9. Effect of CI- substitution in the bath on the transcellular K ~ distribution in RSD 

Vt V~ V a [K+]~ ' Ek AE~ bE ] [K+]~ [K+]i ''' [K+]~ [K+]/" 
(mV) (mV) (mV) (mM) (mV) (mV) (mV) (mM) [K+]~ (mM) [K+]~ 

Control 
BSS (L) - 15.3 - 10 .6  -26.0 76.0 
BSS (B) -+2.9 -+5.2 -+2.6 -+15.2 
Experimental 
BSS (L) 11.0 a -15.7 -4 .7  a 57.7 a 
0-CI BSS (B) -+0.6 -+3.0 -+2.4 -+12.7 

-70.9 b 44.9 60.3 13.6 5.6 7.5 10.1 

63.7 b 59.0 48 6.0 9.6 9.1 6.3 

n ~ 3 .  

a Significantly different from the control. P > 0.05. 
b The concentration of K + is common to lumen and contraluminal bath. Therefore, Ek represents the K + equilibrium potential at APM 
and BLM. 

Discussion 

CRITIQUE OF THE METHOD 

Although we had several cellular impalements with 
ISMEs with high membrane potentials similar to 
the values reported earlier the average steady-state 
values of cell potentials under control conditions 
were somewhat lower than previous measurements 
with conventional microelectrodes [24]. In order to 
minimize the impalement damage due to large tips 
of double-barreled electrodes, we would have pre- 
ferred simultaneous dual impalement of cells (one 
reference and the other ISME). However, the tech- 
nique is impractically difficult in RSD. On the other 
hand, double-barreled ISMEs offer a unique advan- 
tage in that both cell potential and ion activity are 
simultaneously monitored in the same cell. In addi- 
tion, we believe the values of [K+]~ . reported in this 
paper closely reflect actual values for several rea- 
sons. First, the values of [K+]i were taken from 
stable impalements lasting from several minutes to 
more than an hour, so that the membrane should 
be tightly sealed with the electrode. Under these 
conditions the values of [K+]i were either equal to 
or somewhat higher than the instantaneous [K+]i 
values measured at the time of impalement (corre- 
sponding with the "injury" potential). We usually 
observed a postimpalement leak of [K+]i but, within 
2-4 min, the [K+]~ returned to a stable value which 
was similar to or larger than that at the time of 
impalement, indicating electrode sealing and reaccu- 
mulation of [K+]i by the Na+/K + pump. Second, 
the values of [K+]i (Table 2) are similar to the values 
reported for other reabsorbing epithelia [6-8, 16, 
28]. Third, since RSD appears to be a functional 
syncytium [14], the [K+]i most likely reflects the 
mean [K+]i of all the cells. Fourth, qualitatively, we 
did not find any difference in responses of Vb and 

[K+]; between cells (within a wide range of Vb values 
between - 20 to - 40 mV) to any of the experimental 
manipulations, indicating that the conclusions 
drawn herein are not based on measurements in cells 
with erroneously low membrane potentials. The val- 
ues of [K+]i were uniformly low in cells from 2 out 
of 16 subjects which could not be attributed to the 
variation in the electrode size or shape. We retained 
the data from these subjects since we have no valid 
reason to exclude these data. Finally, the interfer- 
ence from intracellular [Na+]i should be minimal 
because of high K + selectivity of the exchanger and 
minimal intracellular Na + (a maximum of 70 mvt 
[Na+]i). Since we have used the empirical method 
of electrode calibration (with reciprocal dilution of 
Na + with K+), any ambiguity in the Na + interfer- 
ence should be further minimized. 

[K+]i  

Our values of [K+]e in the RSD are comparable to 
those reported for reabsorptive epithelia such as gall 
bladder [28], proximal tubules [8] and urinary blad- 
der [7]. It is important to note that in all of the above 
epithelia, Vb is much closer to the K + equilibrium 
potential (Ek) across the BLM suggesting that in 
those epithelia the EMF at the BLM (Eb) is predomi- 
nantly determined by transmembrane K + distribu- 
tion. However, in RSD the V b is much further re- 
moved from Ek (Table 2). The [K+]i is accumulated 
in the cell against a large electrochemical gradient 
(Table 2) compared to many other reabsorbing epi- 
thelia [7, 8, 28]. The mechanisms involved in the 
accumulation of [K+]i several times in excess of a 
passive distribution concentration are not under- 
stood. Several factors play a role in determining the 
value of [K+]/such as Na+/K + pump activity, Na+/ 
K+/2 C1- or K+/C1 + cotransporters at the APM and/ 
or BLM and apical and basolateral membrane K + 
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conductances.  We have, therefore, investigated 
some of  the factors which potentially determine the 
value of [K+]i . 

FACTORS RESPONSIBLE FOR DEPLETION AND 

ACCUMULATION OF [K+]i 

Na+/K + Pump Activity and [K+]i 

At first, we tested if the measured signal from the 
K + electrode is due to a change in the concentration 
of ions other  than K + for which the electrode might 
be sensitive, which would overestimate [K+];. H o w  
ever, when we inhibited Na+ /K + pump with oua- 
bain, the transport  was inhibited almost instantane- 
ously (Vt = 0) and as expected,  [K+]i decreased 
towards equilibrium (Fig. 1) showing that Na+/K + 
pump activity is mainly responsible for the K + accu- 
mulation in the cell and that our electrode is sensitive 
to [K+ ]i. The depolarization of  the BLM due to pump 
inhibition is also consistent with the loss of K + from 
the cell due to ouabain. Since ouabain effects are 
rather slow to reverse in RSD, we further tested 
dependence of intracellular K + accumulation by re- 
moving K + from the bath, which reversibly inhibited 
the Na + /K  + pump (Table 3). Inhibition of pump 
activity by complete removal o f K  + in the bath depo- 
larized the BLM and decreased [K+]~ towards equi- 
librium similar to the effects of ouabain. Although 
some of the loss of K + can be attributed to passive 
efflux of  K + due to slightly increased driving force 
(AE k) due to removal of  extracellular K + , inhibition 
of Na+ /K + pump is probably the main cause of 
depletion of  [K+]; [1]. Upon reactivation of the pump 
by introducing K + into the bath, there was a rapid 
hyperpolarization of  BLM with a significant under- 
shoot of Vb [23] which is consistent with the activa- 
tion of  Na + /K  + pump activity as was observed in 
the proximal tubule [1]. A comparison of the appar- 
ent rate of decrease of  [K+]i during inhibition of 
Na +/K + pump activity with the apparent rate of K + 
uptake during the activation of  the pump as reflected 
by changes in [K+]; reveals that the rate of  efflux of 
K + due to K + removal  from the bath is about four 
times slower than the rate of  active uptake of  K + 
due to the reintroduction of K + into the medium 
[23] which is compatible with rapid activation of 
the Na+ /K + pump activity in the BLM. Part of the 
differences in the kinetics of  [K+]i during inhibition 
and reactivation of  the Na +/K + pump could be due 
to cell swelling (during inhibition of  the Na+/K + 
pump) and shrinking (during reactivation of the 
Na + /K  + pump). However ,  as judged by the rela- 
tively constant  luminal and duct diameters, we did 
not notice any changes in cell volume during our 

measurements.  These results indicate that Na +/K + 
pump activity in the BLM is mainly responsible for 
the high [K+]~ values in the RSD, but does not ex- 
clude the role of other  transport  carriers such as 
Na+/K+/2  C1- or K+/CI - cotransporters which in 
turn depend on the Na+ /K + pump activity [10]. 

ROLE OF K+-DEPENDENT COTRANSPORTER IN 
THE INTRACELLUEAR K + ACCUMULATION 

In a number of reabsorptive epithelia it has been 
shown that K+-dependent  cotransporter  (such as 
K+/C1 - and Na+/K+/2  C1-) in the APM [9, 18] and/ 
or BLM [11, 12, 27] contributes to transepithelial 
salt transport.  Consequently,  during the course of 
salt reabsorption, the K + cotransporters could ei- 
ther increase or decrease the [K+];. Under  the exper- 
imental conditions (150 NaC1 in the lumen and bath) 
we found no evidence for a K + cotransporter.  Nei- 
ther substitution of luminal Cl-  (Fig. 5, Table 8) nor 
removal of K + from the lumen [23] had any effect 
on [K+]i. I f a  K + cotransporter  were involved in salt 
transport across the APM, luminal substitution of 
C1 or K + should have decreased [K+]/. The ab- 
sence of an effect of  K + and C1- substitutions on 
[K+]~ suggest that a cotransporter  does not play a 
significant role in the salt transport  across the APM. 

We do not have any evidence o fa  K +-dependent 
cotransporter  at the BLM either. Although removal 
of K + or C1- from the bath decreased [K+]~, the K + 
cotransport  inhibitor bumetanide had no effect on 
[K+]i even at a concentrat ion of 10 -3 M (see Results). 
These results indicate that the decrease in [K+]i dur- 
ing K + and CI- substitution in the bath (Tables 3 
and 9) is probably due to inhibition o f N a + / K  + pump 
and depolarization of Vb, respectively. Since we do 
not have convincing evidence for a carrier-mediated 
K + transport  process at the APM and BLM, we 
investigated the role of K + conductance in each cell 
membrane as a source of K + leak to balance the 
cellular loading of  K + by the Na+ /K + pump. 

Absence of K + Conductance in the APM 

The APM in RSD does not seem to possess a K + 
conductance [3]. Imposition of a K + gradient by K + 
substitution in the lumen did not have any effect on 
the [K+]i or on the electrical properties of the RSD 
[23]. Further,  application of Ba 2+ in the lumen did 
not affect [K+]i [23]. By comparison, both of  these 
manipulations in the bath had a significant effect on 
the BLM potential (Tables 3 and 5, Fig. 2). Further,  
if the APM has K + conductance,  experimental ma- 
nipulation of  [K+]i should affect Va. When we de- 
creased [K+]i by substituting K + in the bath we 
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noticed a significant decrease in [K+]~ without a sig- 
nificant effect on Va (Table 3) also suggesting that 
Va is insensitive to changes in [K+]~ due to the ab- 
sence of K § conductance in the APM. In contrast 
to our findings in RSD, several reabsorptive epithelia 
with amiloride-sensitive Na § conductance have a 
K + conductance in the APM [19, 20, 31-33]. Fur- 
ther, the urinary bladder [20] was reported to pos- 
sess voltage-dependent K § conductance which is 
activated by depolarization of the APM. However, 
experimental depolarization of the APM by luminal 
C1- substitution did not affect [K+]i either, although 
there is a significant driving force (AE k) for K + exit 
across the APM (Table 8, Fig. 5), implicating the 
absence of K § conductance in the APM of RSD. 

K + Conductance in the B L M  

The low cell potentials in RSD [24] as compared to 
both the K-- equilibrium potentials (Table 2) and the 
cell potentials of other epithelia [7, 28] seems to be 
due to a relatively low K ~ conductance rather than 
to an absence of K § conductance in the BLM based 
on several pieces of evidence. First, increasing the 
K + concentration 10-fold in the bath elevated [K+]i 
and depolarized V~ (Table 4). Second, replacing the 
bath K + decreased [K+]~ with a transient hyperpo- 
larization of Vb (Table 3, ref. [23]). Third, the K + 
conductance inhibitor Ba 2+ increased [K+]i and de- 
polarized BLM (Table 5, Fig. 2). In addition, a K § 
conductance in the BLM should render [K+]i sensi- 
tive to V b. In fact, we have found that [K+]z seems 
to be a direct function of Vb. Experimental depolar- 
ization of BLM by C1- substitution in the bath (Table 
9) resulted in a dramatic decrease in [K+]i probably 
due to the decrease in intracellular negativity which 
is consistent with G k. Still, it is perplexing that in 
the presence of a significant G k and a high Ek (Table 
2), cell potentials in RSD are very low. These results 
suggest that either (i) the electromotive force (EMF) 
across the BLM (Eb) is not determined exclusively 
by K § distribution or (ii) that there is a significant 
paracellular shunt in the RSD that depolarizes E b, 
away from Ek. However, we do have several indica- 
tions which suggest that E b in RSD is determined 
primarily by transmembrane C1- distribution. For 
example: (i) in RSD, 85% of the transepithelial con- 
ductance is due to C1- [22]; .(ii) there is a significant 
C1- conductance in the BLM [25, 26] (iii) prelimi- 
nary data from our laboratory on intracellular CI- 
activity revealed that the C1- equilibrium potential 
across the BLM is about -20  to -28  mV which is 
much closer to Vb; and (iv) a lO-fold change in K + 
concentration or inhibition of K + conductance with 
B a  2 + resulted in a much smaller depolarization (sub- 

Nernstian response) of Vb (Tables 4 and 5) indicating 
that a relatively small G k is responsible for low val- 
ues of Vb. Furthermore, in epithelia where Vb (and 
Eb) is primarily determined by a huge relative K § 
conductance in the BLM, G k plays an active rote 
in modulating the transepithelial salt transport [5]. 
However, in RSD, the role of relatively small G k on 
transepithelial salt transport is unclear. 

PROPERTIES OF a k AND TRANSPORT 

Amiloride 

Inhibition of Na § conductance at the apical mem- 
brane by 10 .6 M amiloride in the lumen increased 
[K+]i while hyperpolarizing the BLM and APM. The 
increase in [K+]~ during inhibition of Na + transport 
suggests a possible decrease in G k based on the fol- 
lowing rationale. First, the increase in [K+]z cannot 
be attributed to the increase in the Na+/K + pump 
activity because a decrease in intracellular Na § (due 
to amiloride) should have decreased, not increased, 
the pump activity. Second, an increase in the holding 
potential for [K+]~ due to hyperpolarization of Vb 
(Table 6, Fig. 3) cannot be solely responsible for 
such a significant increase in [K+]~. Experimental 
hyperpolarization of Vb with luminal C1- substitu- 
tions (in some cases, the luminal C1- substitution 
hyperpolarized Vb as much as in the case of amilor- 
ide) did not increase [K+]i (Table 8, Fig. 5), showing 
that hyperpolarization of Vb alone does not increase 
[K+]i. Third, blocking of G k by Ba 2+ caused a 
similar increase in [K+]i (Table 5, Fig. 2). Fourth, in 
other amiloride-sensitive tight epithelia, G k is re- 
duced in parallel with decreasing the apical Na § 
conductance [5]. These observations indicate that 
the [K + ]i is not only a function of the Na +/K + pump 
activity, but is also dependent on the transport status 
of Na § across the APM and the K § conductance 
across the BLM. 

Anomalous Effects o f  Amiloride at Higher 
Concentration on [K+]i 

Amiloride at a much higher concentration (10 .4  M), 
decreased [K+]i. The effect is probably due to an 
increase in G k (Table 7, Fig. 4) for the following 
reasons. First, the decrease in [K+]i cannot be due 
solely to a decrease in Na+/K § pump activity be- 
cause the kinetics of change in [K+]i due to inhibition 
of the Na+/K § pump by ouabain or complete K § 
substitution in the bath are much slower as com- 
pared with the effect of amiloride (Figs. 1 and 4). 
Second, hyperpolarization of the BLM due to ami- 
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loride results in an increase in the holding potential 
for K + which favors K + influx, not efflux. In one 
experiment (not shown), the loss of K + due to ami- 
loride (10 -4 M) was, in fact, reduced by Ba 2+ in the 
bath. Since amiloride has been used frequently at 
high concentrat ions in many epithelial ion transport 
studies as an inhibitor of Na § conductance,  these 
observations stress the need for an awareness of 
possible nonspecific effects. 

Effect of  Transport Inhibition by Cl- Substitution 
in the Lumen on G~ and [K+]g 

Interestingly, in contrast  to blocking Na + conduc- 
tance, inhibition of  C1- transport  by luminal C1- 
substitution had little effect on the [K +]i (Table 8, 
Fig. 5). Since [K+]g is above equilibrium, an increase 
in G~ should have decreased [K+]i as with 10 -4 M 
amiloride (Table 7, Fig. 4) and vice versa, a decrease 
in G~ should have increased [K+]i as in the case of 
B a  2+ (Table 5, Fig. 2). The fact that the [K+]i is 
unchanged during C1- substitution in the lumen (Ta- 
ble 8, Fig. 5) indicates that the relationship between 
the G~ and the transport  status at the apical mem- 
brane is mainly mediated by Na + , but not C1 trans- 
port,  at least within the duration of  the experiment 
(about 4-6  rain). 

SOME IMPLICATIONS OF THE PRESENT STUDY 

The K + concentrat ion in the human sweat is much 
higher than in blood [2]. Our results indicate that 
there is no K + conductance or K+-dependent  carrier 
transport  system to account  for K + secretion across 
the APM. If there is any other  K+-dependent  trans- 
porter  such as Na+ /K  + or K + / H  + exchange [2], 
substitution of K + in the lumen should have affected 
[K+]i. Since K + removal from the lumen had no 
effect on [K + ]; or on the electrical properties ofRSD,  
a K+-dependent  carrier transport  system probably 
does not exist in the APM. Further,  the tight junc- 
tions of RSD appear  to be impermeable to K + [3] 
indicating that a leak of  K + into the lumen as a 
consequence of  luminal negativity [21] is not a viable 
explanation either. Since K + concentrat ion in sweat 
increases with decreased rates of sweat secretion 
[2], at low secretory rates NaC1 and H20 reabsorp- 
tion may leave an excess of K + in the lumen. If this 
argument is to be accepted,  inhibition of reabsorp- 
tion should decrease K + hypertonicity in the sweat. 
However ,  in the sweat from cystic fibrosis (CF) sub- 
jects whose ductal reabsorption is impaired due to 
CI- impermeability [21], the K + concentration is 
significantly higher, not lower, than in the sweat 
from normal subjects [2]. These observations indi- 

cate that although reabsorption of  water across a 
K+-impermeable membrane as evidenced from the 
present studies may increase [K +] in the lumen to 
some extent,  it is not the sole cause o f K  + accumula- 
tion in the lumen of  RSD. It is, therefore,  more likely 
that primary sweat from the secretory coil is the 
source of the higher K + concentrations in the sweat. 
Relatively higher K + concentrat ion in the sweat 
from CF patients as compared to normals reflects 
another abnormality in the epithelial electrolyte 
transport in CF. 

CONCLUSION 

Our results indicate that [K+]i in the RSD cell is 
above equilibrium and mainly due to the activity of 
the N a+ /K  + pump in the BLM. There is neither a 
K + conductance nor a K+-dependent  transport in 
the APM. Only the BLM has a BaZ+-sensitive K + 
conductance which can be modulated by the Na + 
transport status in the APM. Finally, the source 
of  hypertonic K + in human sweat is probably the 
secretory coil and not the RSD. 
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