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Summary .  Soiution osmolarity is known to affect Na + transport 
rates across tight epithelia but this variable has been relatively 
ignored in studies of cultured renal epithelia. Using electrophysio- 
logical methods to study A6 epithelial monolayers,  we observed 
a marked effect of  solution tonicity on amiloride-sensitive Na + 
currents (l~c). l~c for tissues bathed in symmetrical hyposmotic 
(170 mOsm), isosmotic (200 mOsm), and hyperosmotic (230 or 
290 mOsm) NaCI Ringer 's solutions averaged 25 -+ 2, 9 -+ 2, 3 +- 
0.4, and 0.6 -+ 0.5 /zA/cm 2, respectively. Similar results were 
obtained following changes in the serosal tonicity; mucosal 
changes did not significantly affect l~c. The changes in l~c were 
slow and reached steady-state within 30 rain. Current fluctuation 
analysis measurements indicated that single-channel currents and 
Na + channel blocker kinetics were similar for isosmotic and hy- 
posmotic conditions. However,  the number of  conducting Na + 
channels was approximately threefold higher for tissues bathed 
in hyposmotic solutions. No channel activity was detected during 
hyperosmotic conditions. The results suggest that Na + channels 
in A6 epithelia are highly sensitive to relatively small changes 
in serosal solution tonicity. Consequently,  osmotic effects may 
partly account for the large variability in Na + transport rates for 
A6 epithelia reported in the literature. 

Key W o r d s  A6 �9 epithel ium �9 Na + channel ,  current fluctuation 
analysis - CDPC �9 amiloride �9 osmolarity 

Introduction 

Many cells demonstrate volume-related regulation 
of ion transport processes when exposed to anisos- 
motic media (cf. Hoffman & Simonsen, 1989). It has 
long been recognized that solution osmolarity can 
have important effects on transepithelial Na + trans- 
port across so-called tight epithelia. In studies of the 
isolated frog skin, Ussing (1965) demonstrated that 
hyperosmotic serosal solutions decreased Na + 
transport (as measured by amiloride-sensitive short- 
circuit current, Is~) and caused cell shrinkage (mea- 
sured as a decrease in tissue height). Conversely, 
hypotonic serosal solutions resulted in increased Isc 
and cell swelling. 

The mechanism of these changes in Na + trans- 
port remains poorly understood. One problem is the 
complex structure of most epithelia. For example, 
the frog skin contains a layer of underlying connec- 
tive tissue and is composed of different cell types. 
Nonetheless, recent studies of a number of other 
epithelia have clearly shown that hyperosmotic solu- 
tions result in a decrease in basolateral membrane 
K + conductance (of. Lewis & Donaldson, 1990). 
Because of the more simple monolayer structure of 
cultured renal epithelia and the ability to precisely 
control the extracellular environment, we sought to 
determine whether similar effects of solution osmo- 
larity on Isc could be detected in cultured renal A6 
epithelium. 

A6 cells have Na + transport properties that are 
similar to renal distal tubule cells and have recently 
become a popular model for studies ofNa + transport 
regulation. Under normal conditions, l~c across this 
epithelium is due to conductive, amiloride-sensitive 
Na + transport that is stimulated by several hor- 
mones, including aldosterone, vasopressin (Perkins 
& Handler, 1981) and insulin (Fidelman et al., 1982). 
We now report a potent regulation of Na + transport 
in this tissue by serosal solution osmolarity. Small 
(15%) perturbations in solution osmolarity led to 
threefold changes in Isc. Moreover, these alterations 
were fully accounted for by changes in the number 
of conducting apical membrane Na + channels. 

Materials and Methods 

C E L L  C U L T U R E  

A6 (Xenopus laevis) renal cells obtained from American Type 
Culture Collection (Bethesda, MD) were grown on permeable 
supports according to previously described methods (Wills & 
Miflinoff, 1990). Briefly, cells at passages 74-79 were seeded onto 
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permeable filter paper supports (Millicell-HA, 0.4-#m pore, 30- 
mm diameter, Millipore, Bedford, MA) at a seeding density of 
106 cells per well (i.e., 2 • l0 s celts/cm-~). The cells were fed 
three times weekly with a Dulbecco's  Modified Eagle's Medium 
(amphibian formula; Gibco Laboratories, Grand Island, NY, cat- 
alogue no. 84-5022) which was supplemented with antibiotics and 
10% fetal calf serum (Hyclone Laboratories, Logan, UT). The 
solution osmolarity was measured using a vapor pressure osmo- 
meter (Model 5500, Wescor,  Logan UT). The measured osmolar- 
ity was 200 mOsm, which was defined as isosmotic. 

E X P E R I M E N T A L  CHAMBERS 

AND B A T H I N G  SOLUTIONS 

Chambers 

After 12-14 days of  incubation, the epithelial monolayers were 
mounted in an Ussing chamber designed to eliminate edge damage 
(Lewis, 1977; chamber opening = I or 4.2 cm2). The epithelium 
was bathed on both sides with a NaCI-HCO3 Ringer's solution 
that was continuously stirred and bubbled with air containing 
1% CO2. Solution temperature was maintained at 28~ by water 

jackets surrounding the chambers.  

SOLUTIONS 

The electrolyte composition of the bathing solution was designed 
to match the culture medium and contained (in raM): 74.4 NaCI, 
5,4 KCI, 8 NaHCO 3, 1.4 CaC12, 1.7 MgSO4, 0.9 NaH2PO4, 5.5 
glucose, 1 Na pyruvate, and 1 N-2-hydroxyethylpiperazine-N'-2- 
ethanesulfonic acid (HEPES).  The osmolarity of this solution was 
170 mOsm, and the pH was maintained at 7.4 by bubbling the 
solution (see above). Isotonic or hypertonic solutions were made 
by adding the appropriate amounts of  either mannitol or NaCI. 
Amiloride Ca gift o f  Merck, Sharp, and Dohme) and 6-chloro- 
3,5'-diaminopyrazine-2-carboxamide (CDPC, Aldrich Chemical, 
Milwaukee, WI) were prepared as concentrated stock solutions 
in NaC1 Ringer 's solution, and microliter aliquots were added to 
the bathing solutions to achieve the specified concentrations. 

ELECTRICAL M E A S U R E M E N T S  

Transepithelial DC Measurements 

Methods for measuring transepithelial current and voltage were 
similar to those described previously (Wills & Millinoff, 1990). 
Briefly, the transepithelial voltage (Vr) and current (I) were moni- 
tored using pairs of  Ag-AgCI wires or 1 M NaCl agar bridges 
connected to Ag-AgCl wires led to an automatic voltage clamp. 
Currents were read to -+-0.1 p~A/cm 2 accuracy using a digital 
meter and a computer  A/D system. In current fluctuation analysis 
experiments,  the size of  the chamber opening area was reduced 
from 4.2 to 1 cm 2 to avoid saturation of  the voltage-clamp amplifi- 
ers. Transepithelial electrical properties normalized to membrane 
area were identical for the two nominal chamber areas. 

Current Fluctuation Analysis 

Current fluctuation analysis methods were similar to those pre- 
viously described (Wills et al., 1984) and used an ultra-low noise 
voltage clamp (Van Driessche & Lindemann, 1978). The tissue 

was continuously short-circuited except for brief periods in which 
the open-circuit potential was measured. The l~c signal was led to 
a high-pass RC filter (0.5 Hz), amplified and then fed into a low- 
pass filter (120 dB/octave;  model LPI20; Unison Instruments,  
White Plains, NY). The resulting noise signal was digitized using 
a 12-bit A/D converter  and laboratory computer  system (LSI 1 I/ 
73; Indec Systems, Sunnyvale, CA). The sampling rate was 1 
msec/point resulting in 81,920 sequential data points. These data 
were divided into blocks of  512 points, and each block was ana- 
lyzed using a fast Fourier transform program. This resulted in 160 
power-density spectra that were averaged to provide a final mean 
spectrum. 

To analyze the mean spectrum, the data were reduced to 
50-100 points that were logarithmically spaced over the fre- 
quency range. A Lorentzian function was fit to the power density 
spectrum (PDS) using a nonlinear least-squares curve fitting rou- 
tine (N-Fit, Island Products, Galveston, TX). In most cases it 
was necessary to use a function that takes into account l / f  noise 
at low frequencies (Van Driessche & Zeiske, 1980) as follows: 

s(f) = B/? + S,,/[1 + (f/f,)q (1) 

where So is the low fiequency plateau value, f,. is the corner 
frequency, and B / f  ~ is the low frequency 1/./'noise. S,, a n d f  values 
were used to calculate the single-channel current (i) and channel 
density (M) as follows (see also Wills et al., 1984): 

i = So(kon[CDPC] + kofO2/(kon[B]4lNa) 

M = INa/iP,, 

(2) 

(3) 

where the parametersf ,  and S,, are as defined above, [B] is blocker 
concentration, kon and kofr are the apparent association rate con- 
stant and the dissociation rate constant,  and IN~ is the remaining 
portion of  the blocker-sensitive current. P,, is defined as the proba- 
bility that the channel is open and is calculated as 1 - ko0[CDPC]/ 
(ko,[CDPC] + kof f) or 1 - P,., the probability that the channel is 
closed (for discussion, see Krat tenmacher  et al., 1988). 

E Q U I V A L E N T  CIRCUIT  ANALYSIS 

Paracellular resistance (Ri) or its reciprocal, paracellular conduc- 
tance (G), was assessed using methods described by Wills and 
Millinoff(1990). Briefly, tight junctional resistance (Rj) and cellu- 
lar electromotive force (E c) were calculated from the RT and VT 
measurements during amiloride action. A plot of Vr versus R r 
yields a linear double intercept plot as follows (Wills, Lewis & 
Eaton, 1979): 

1 = Vr/E , + RT/R j (4) 

where E c is the cellular electromotive force (E~.) and Rj is the 
paracellular resistance. Cellular resistance (l/G,.) was calculated 
as (GT -- Gfl -I. 

Results 

As a first step in characterizing the effects of solution 
osmolarity on epithelial electrical properties,  solu- 
tion osmolarity was changed symmetrically (i.e., on 
both sides of the epithelium) and the time course of 



N.K. Wills et al.: Na + Channel Regulation by ()smolarity 81 

changes in transepithelial short-circuit current (Is~) 
and conductance (Gr) was measured. Next, unilat- 
eral solution replacements were performed to assess 
the sideness of these effects. In addition, the Na + 
channel blocker amiloride was applied to the muco- 
sal bath to determine whether the changes in I~c 
and G r were due to alterations in conductive Na + 
transport. Equivalent circuit analysis was performed 
on the amiloride results to assess changes in the 
cellular conductance (G,.) and transcellular Na + 
driving force (Ec). Lastly, the effects of osmolarity 
on apical membrane Na + channels were determined 
using current fluctuation analysis and the rapid Na + 
channel blocker CDPC (Marunaka & Eaton, 1988). 

OSMOLARITY E F F E C T S  AND T I M E  COURSE 

Symmetrical changes in solution osmolarity led to 
slow but marked changes in I~c and G T. In four epi- 
thelia exposed to a series of randomized bilateral 
solution changes, the steady-state short-circuit cur- 
rent (I~c) in 170, 220, 230 and 290 mOsm solutions 
averaged 25 _+ 2, 9 -+ 2, 3 -+ 0.4, and 0.6 -+ 0.5/~A/ 
cm 2, respectively. G T for the same solutions aver- 
aged 468 + 37,341 _+ 40,307 + 35 and 300 + 24/~S/ 
c m  2. 

Figure 1 shows the average time course of the 
changes in l~c observed for these experiments. Tis- 
sues were initially equilibrated in isosmotic (200 
mOsm) solutions for 30 rain and then changed to 
hyposmotic or hyperosmotic solutions at t = 0. (So- 
lution changes were complete within 2 rain.) In hy- 
posmotic solutions (170 mOsm), the current slowly 
increased after 5-10 rain, then more rapidly, and 
reached a new steady state level at 20-30 rain. Fol- 
lowing restoration of the control (200 mOsm) solu- 
tion, Isc returned to its previous level within 30 rain. 

When epithelia were exposed to hyperosmotic 
(230 or 290 mOsm) solutions, l~c decreased within 5 
min, reaching new steady-state levels at 20-30 rain. 
The effects of 230 mOsm solutions were usually fully 
reversible upon restoration of 200 mOsm solutions, 
whereas Isc typically showed only partial recovery 
from 290 mOsm solutions. 

These findings demonstrate that the electrical 
parameters of A6 epithelium are quite sensitive to 
small (15%) perturbations in solution osmolarity. 
With the exception of 290 mOsm solutions, the alter- 
ations in l~c and Gr were readily reversible. The long 
time course of these effects suggests that osmolarity 
changes do not have a direct mechanical effect (such 
as stretch activation of ionic channels), but rather 
may initiate a slow process or cascade of intracellu- 
lar events. 
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Fig. 1. Changes in transepithelial short-circuit current (lsc) as a 
function of  time after bilateral changes in solution osmolarity at 
time = 0. Data are averages from four tissues 

S IDENESS OF E F F E C T S  

Epithelial apical (luminal) and basolateral (serosal) 
membranes have asymmetrical properties. There- 
fore, it was useful to determine which membrane 
mediated the osmolarity effects. Mucosal solution 
osmolarity had little effect on Isc or G T, although a 
transient increase in lsc was sometimes noted for 
mucosal 290-mOsm solutions. As shown in Fig. 2, 
I~ c and G r were significantly larger in 170-mOsm 
serosal solutions than in 200-mOsm solutions. How- 
ever, these parameters did not significantly differ 
between tissues bathed with different mucosal solu- 
tion osmolarities. Indeed, the effects of asymmetri- 
cal serosal solution osmolarity changes were essen- 
tially identical to those for symmetrical changes. 
The results are summarized in Figure 3 (n = 15). In 
these experiments the mucosal solution osmolarity 
was held constant at 200 mOsm. 

In agreement with Figs. 1 and 2, both l~c and G T 
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Fig. 2. Effects of solution osmolarity on transepithelial short- 
circuit current (l~c) and conductance (GT). Filled bars indicate 200 
mOsm serosal solution and striped bars are 170 mOsm serosal 
solutions (n = 4) 

significantly decreased as serosal solution osmolar- 
ity was increased. As in the symmetrical solution 
solution replacement experiments,  exposure to 290 
mOsm serosal solutions led to a virtual abolition of 
I~. These findings indicate that the effects of osmo- 
larity originate from the serosal side of the epi- 
thelium. 

To determine whether this decrease is due to 
osmolarity or is an unusual effect of  manitol, similar 
symmetrical or serosal replacement studies were 
performed using NaC1 instead of mannitol. The re- 
sults were similar to those reported for mannitol: 
average values for Isc in 170,200,230, and 290 mOsm 
solutions were 20.8 -+ 2.1, 9.6 + 1.1, 0.6 -+ 0.3, 
and 0.3 -+ 0.2 / ,A/cm 2, respectively (n = 3). Gr 
significantly decreased from 607 -+ 66, to 516 _+ 28, 
439 -+ 71, and 472 + 63/~S/cm 2 (in the same order). 
The reason for the larger value of  Gr in the 290 
mOsm solution is unknown but is consistent with an 
epithelial chloride conductance (N. K. Wills, unpub- 
lished observations). 
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Fig. 3. Effects of different serosal solution osmolarities on Lc and 
GT. The osmolarity of the mucosal solution was 200 mOsm. Mean 
and SEM from 15 epithelia 

EFFECTS OF AMILORIDE 

AND SOLUTION OSMOLARITY 

In subsequent experiments,  solution osmolarity was 
changed on only the serosal side and the mucosal 
osmolarity was held constant at 200 mOsm as before. 
To test whether the changes in Isc and G r were due 
to changes in the amiloride-sensitive conductance,  
the effects of 50/XM mucosal amiloride were tested in 
tissues bathed with serosal hyposmotic (170 mOsm), 
isosmotic (200 mOsm), and hyperosmotic (290 
mOsm) solutions. The results are summarized in 
Table I. In the absence of amiioride, Gr was signifi- 
cantly higher in the 170 mOsm solutions and lower 
in 290 mOsm solutions compared to the control (200 
mOsm) solution (see above). However ,  in the pres- 
ence of amiloride, the conductance values were re- 
duced for 200 and 170 mOsm solutions and did not 
significantly differ between the groups. I~c was zero 
for all groups in the presence of amiloride. No sig- 
nificant changes in G T or l~c were obtained for the 
290 mOsm solution. Consequently,  the amiloride- 
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Table 1. Solution osmolarity and effects of amiloride 

Vr l~c GT 
(mV) (p~A/cm 2) (p~S/cm 2) 

200 mOsm 
Control - 1 8  -+ 3 8 -+ 1 453 • 44 
Amiloride - 1  -+ I" 0 + 0.4 a 349 • 42 a 
n - 7  

170 mOsm 
Control - 4 2  + 4 b 22 + I b 556 -+ 42 b 

Amiloride 0 • 1 ~ 0 • 0.2 ~ 330 -+ 40 ~ 
n 8 

290 mOsm 
Control - 2  + 1 b 0 -+ 0.1 ~' 329 + 36 b 
Amiloride t -+ 1 0 -+ 0.4 326 • 35 
n = 4  

a Paired t test: P < 0.05 compared to control. 
b Unpaired t test: P < 0.05 compared to 200 mOsm. 

sensitive conductance is decreased or abolished in 
hypertonic solutions and increased in hypotonic so- 
lutions. 

In order to determine whether mucosal Na + en- 
try plays a role in the effects of osmolarity, we re- 
versed the order of solution replacement and amilor- 
ide addition in preliminary experiments. Tissues 
were first bathed in 200 mOsm solutions, next, 
treated with amiloride, and then exposed to a 170 
mOsm serosal solution. No change was observed in 
Isc or G r as a result of the hyposmotic solution. 
However, following removal of amiloride from the 
mucosal bath, I~c increased within 2-3 min to its 
usual value in 170 mOsm solutions (I~c = 22 -+ 3/xA/ 
cm2). This increase was faster than the I~ stimulation 
caused by hyposmotic solutions and was similar to 
the recovery of Isc observed following amiloride re- 
moval. These findings indicate that the activation of 
the amiloride-sensitive current by serosai solution 
osmolarity is not dependent on Na + entry across the 
apical membrane. 

E Q U I V A L E N T  C I R C U I T  ANALYSIS  

OF A M I L O R I D E  E F F E C T S  

in previous studies (Wills & Millinoff, 1990), we 
determined that the amiloride-sensitive pathway 
could be described by the constant field equation 
and showed an essentially ohmic I-V relationship 
over a potential range of _+ 100 mV. Therefore, alter- 
ations in the cellular driving force for Na + (E~.) or 
the cellular conductance (G,.) would be expected to 
result in proportional changes in Isc. 

As a first step in obtaining information about E c 
and Go, we used equivalent circuit analysis tech- 
niques to estimate E, and to resolve the cellular 
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lFig. 4. Cellular resistance (R,), driving force (E,.)and paracellular 
resistance (Rj) estimated from amiloride data and equivalent cir- 
cuit analysis (paired measurements from eight epithelia) 

resistance (R~ --- 1~Go) and the paracellular resis- 
tance (Rj). These values are compared for the 200 
and 170 mOsm solutions in Fig. 4 (n = 8, paired 
measurements; estimates are not available for hy- 
perosmotic solutions since the small or absent amil- 
oride-sensitive currents for these conditions made 
this analysis impractical). Rj was not significantly 
different for hyposmotic and isosmotic solutions (3.4 
+- 0.4 and 3.4 _+ 0.5 kf~cm 2 for the 170 and 200 mOsm 
solutions, respectively). E,. averaged 88 +- 2 mV for 
the 200 mOsm solutions and was slightly higher (96 
- 3 mV, P < 0.05) in 170 mOsm solutions. This 
slight ( -8%) increase in E,., is too small to account 
for the nearly threefold increase in Isc observed in 
this solution. In contrast, R,, was approximately 
three times lower for the 170 mOsm group (R C = 4.6 
-+ 0.3 and 14 +- 2 kf~cm 2 for 170 and 200 mOsm 
solutions, respectively). Consequently, the decrease 
in R,. is large enough to account for the observed 
increase in Isc. 

T H E  EF F ECTS  OF AMILOR1DE CONCENTRATION 

AND N a  : K SELECTIVITY OF THE A M I L O R I D E -  

S E N S I T I V E  P A T H W A Y  IN ISOSMOTIC AND 

HYPOSMOTIC SOLUTIONS 

Amitoride Dose Response 

In a previous study, we characterized the amiloride 
dose-response relationship for the transepithelial 
conductance (G) in 170 mOsm solutions (Wills & 
Millinoff, 1990). The K; for half-maximal inhibition 
of Gr was 0.7 +_ 0.1/XM. In the present experiments, 
identical measurements were performed for four epi- 
thelia bathed in 200 mOsm solutions and Ki averaged 
0.3 _+ 0. I /ZM. This value was in general agreement 
with our previous results. 
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Table 2, So lu t ion  o s m o l a r i t y  and  the ef fec ts  o f a m i l o r i d e  in differ- 

en t  mucosa l  so lu t ions  

Vr ls~ RT 
(mV) ( /xA/cm 2) (kf~cm 2) 

200 m O s m  
Con t ro l  (NaC1) - 2 1  -+ 4 - 9  -+ 1 

Ami lo r ide  I • 0,5 a 0 -+ 0.3 a 

Con t ro l  (KCI) 0 • 0.1 b 0 -+ 0.3 h 

A m i l o r i d e  1 • 0.8 0 + 0.3 

170 m O s m  
Con t ro l  (NaCI)  - 4 1  • 7 ~ - 2 3  • 3 c 

A m i l o r i d e  - 1  • I a 0 • 0.2 a 

2.5 -+ 0.4 

3.1 -+ 0.6 ~ 

3.0 -+ 0.8 

3.1 -+0 .8  

1.8 -+ 0.2 ~ 

3.4 -+ 0.6 a 

Con t ro l  (KCI) - 1 +- 1 b - ] -+ 0.3 b 3.0 • 0.4 b 

A m i l o r i d e  0 -+ 1 a 0 -+ 0.2 3.3 -+ 0.6" 

Pa i red  m e a s u r e m e n t s ,  n = 4. Se rosa l  so lu t ion  NaCI  R inge r ' s .  

a p < 0.05, c o m p a r e d  to cont ro l .  

b p < 0.05, c o m p a r e d  to  NaCI.  

c p < 0.05 c o m p a r e d  to 200 m O s m .  

Macroscopic Na : K Selectivity 

The N a : K  selectivity ratio of the amiloride-sensi- 
tive pathway was also calculated by Wills and Milli- 
noff (1990) from the amiloride-sensitive portion of 
the transepithelial conductance (Gamil). Gamil mea- 
sured in normal (Na+-containing) mucosal solutions 
was compared to Gamil measured in mucosal K + solu- 
tions, and the ratio of  these values was used to esti- 
mate the macroscopic Na : K selectivity of the amil- 
oride-sensitive conductance.  In our previous study, 
this ratio averaged 15 -+ 2 (n = 8) for 170 mOsm 
solutions, indicating a high Na : K selectivity. 

Table 2 compares the effects of amiloride addi- 
tion to mucosal Na + or K + solutions for 170 and 200 
mOsm solutions. The results are paired measure- 
ments from four epithelia. For  both solution osmola- 
rities, there was little effect of  amiloride on I,c or RT 
when the mucosal solution was replaced with KCI 
Ringer's solution. As in our previous study (Wills & 
Millinoff, 1990), the current-voltage relationship was 
essentially linear over  a range of  - 100 mV for both 
mucosal Na + and K + solutions (data not shown). 
The ratio of Gamil values for Na + solutions compared 
to K + solutions averaged 15 -+ 9 for the 200 mOsm 
solution, in reasonable agreement with our previous 
results. Consequently,  solution osmolarities did not 
significantly alter the macroscopic Na : K selectivity 
of  the amiloride-sensitive conductance.  

C U R R E N T  F L U C T U A T I O N  A N A L Y S I S  

O F  O S M O T I C  E F F E C T S  

A disadvantage of the above analysis is that it does 
not allow resolution of the apical and basolateral 
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d a t a  po in t s  r e p r e s e n t  the  resu l t s  of  c o m p u t e r - g e n e r a t e d  least-  

s q u a r e s  fits to Eq.  (I).  Resu l t s  of  the  fits w e r e  as  fo l lows:  

B b S,, f,. Residual 
(A 2 sec/cm 2 (A 2 sec/cm z (Hz) error 
x 10 "~) x i0 --~) (%) 

t r 0mOsm 2.3 -+0.13 1.9-+0.04 9.7-+0.10 89 + 1 0.2 
200mOsm 1.1 +0.03 1 .6+0 .02  1.7 + 0.02 111 -+ 1 0.2 

The  best-f i t  p a r a m e t e r s  for  the 290 m O s m  so lu t ion  spec t r a  

w e r e B  = 0.3 -+ 0.1 x 10 -19 , b = 1.6 -+ 0.01, S O = 0.2 • 0.003 

x 10 -2t and  f .  = 78 -+ 10 Hz ;  h o w e v e r ,  in o the r  290 m O s m  

e x p e r i m e n t s ,  the L o r e n t z i a n  c o m p o n e n t  was  not  de t ec t ab l e ,  lsc 
for  the  th ree  spec t r a  a v e r a g e d  23, 6, and  1 tzA/cm 2, r e s p e c t i v e l y  

membrane components  of E,. or R,. To examine the 
amiloride-sensitive conductance at the membrane 
and single-channel level, we next turned to current 
fluctuation analysis techniques. 

Figure 5 summarizes the results of a typical ex- 
periment. In this example, the epithelium was volt- 
age clamped to 0 mV and the Na + channel blocker 
CDPC was present in the mucosal solution at a con- 
centration of 40/XM. Data for power-density spectra 
are presented on a double-logarithmic plot of the 
amplitude of the current noise (ordinate) as a func- 
tion of  frequency in Hz (abscissa). The smooth 
curves through the data are the results of  a comput- 
er-generated fit of  the data by the sum of  a Lo- 
rentzian function and a 1/fbackground noise compo- 
nent (see Materials and Methods). 
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F i g .  6. Correlation between blocker-sensit ive current  (1,) at 40 
p~M CDPC and the plateau value (S,,; normalized to I cm 2) for 
eight t issues.  Filled circles = 200 m O s m  bathing solutions;  open 
circles = 170 m O s m  solutions 

considering that variability due to i would cause S o 
to increase as a function of i  2, since S,, = 4"ri2MaPoPb 
(where r = l/2~-f, Pb is the probability that the 
channel is blocked and a is area; Wills & Zweifach, 
1987). It is also apparent from this relationship that 
variability in I,  due to variations in blocker kinetics 
would be similarly complex (see also Eq. (5) below). 

C A L C U L A T I O N  OF S I N G L E - C H A N N E L  PROPERTIES  

Using a simple two-state model for CDPC blockage 
of the Na + channel (@ Krat tenmacher  et al., 1988), 
we next calculated the kinetics of CDPC interaction 
with the channel for the 200 and 170 mOsm data. 
The rate constants for CDPC blockage (kon) and un- 
blockage (kof 0 of  the channel were initially calcu- 
lated for each experiment from the linear rela- 
tionship: 

2~-f = (koo)[CDPC ] + kof f (5) 

Note that the spectra for both the 170 and 200 
mOsm solutions showed distinct Lorentzian compo- 
nents with similar corner frequencies. In contrast,  
the plateau value (So) of the Lorentzian component  
was higher for the 170 mOsm solution compared to 
the 200 mOsm solution. The average plateau value 
for 40-/xM CDPC and 170 mOsm solutions was 11.5 
+- 1.1 x l0 -2~ A2sec/cm 2 (n = 4 epithelia) compared 
to 2.1 +- 0.8 • 10 -21 A2sec/cm 2 for the 200 mOsm 
solution (n = 4 epithelia). 

In contrast ,  spectra for the 290 mOsm solutions 
showed a lower overall noise amplitude than the 
spectra for other solutions. Although the data shown 
in Fig. 5 could be fitted to a Lorentzian function in 
most cases the spectra lacked this shoulder-shaped 
component .  In other  experiments,  the voltage-clamp 
potential across the epithelium was increased to + 45 
mV at CDPC concentrations ranging from 10-100 
/xM. Again, no significant Lorentzian noise could be 
detected above the background noise. These find- 
ings suggest that the apical membrane channels are 
not conducting in the 290 mOsm solutions. 

A shown in Fig. 6, a linear relationship was 
observed between the Lorentzian plateau value So 
and the remaining blocker-sensitive current I,,. This 
figure summarizes data from eight spectra at 40/XM 
CDPC. Open circles indicate 170 mOsm solutions 
and filled circles are 200 mOsm solutions. The linear 
relationship between these variables suggests that 
blocker kinetics and single-channel currents are con- 
stant for these two conditions and that the variability 
in I o is directly correlated with a variation in channel 
number M. This deduction can be understood by 

where [CDPC] is the concentration of blocker  (i.e., 
10, 20, 40, 50 or 100 /XM) and f . ,  kon, and kof f are 
defined as before. For  170 and 200 mOsm solutions, 
the rate constants were not significantly different 
(mean kon = 4.4 -+ 0.5 and 3.6 -+ 0.6 /xM -~ sec -1 
and mean koff = 424 + 18 and 469 _+ 77 sec -~, 
respectively; n = 4 for each solution). 

Because the estimated kinetic parameters did 
not significantly differ, we next pooled the corner  
frequency data for the 170 and 200 mOsm solution 
conditions and analyzed mean f .  values for each 
blocker concentration using Eq. (5) above according 
to the methods of Krat tenmacher  et al. (1988) and 
Wills et al. (1984). These results are shown in Fig. 
7. Kinetic parameters calculated from the mean data 
were ko, = 4.14 /~M -1 sec -j and koff = 437 sec -~, 
r 2 = 0.99. 

Using the kinetic values above and data for Soand 
blocker-sensitive currents (INa), we next calculated 
single-channel currents (i) using Eq. (2). As shown in 
Table 2, single-channel currents were similar for the 
170 and 200 mOsm conditions. Helman and Baxen- 
dale (1990) reported that the number of  open plus 
blocked channels increased as CDPC concentrat ions 
increased. However ,  such an increase was not re- 
ported by Krat tenmacher  et al. (1988) nor observed 
in the present study. Therefore,  to calculate the num- 
ber of  conducting channels or channel density (M), 
we used a simple two-state model for CDPC blockage 
of  Na + channels (see Eq. (3)) that was essentially 
identical to that used by Krat tenmacher  et al. (1988) 
rather than the more complex three-state model (Hel- 
man & Baxendale,  1990). 

As shown in Table 3, M and Iso were both ap- 
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Fig. 7. Pooled corner f requency data from eight exper iments  
showing mean  and SEM for reaction rate (2~rf) plotted against 
CDPC concentrat ion.  Linear  regression of  the data (r: = 0.99) 
was used to est imate kon (slope = 4.13 -+ 0.14 /t/,M - I  sec -I) and 
kof e (intercept = 437 • 7 sec -t)  

Table 3. Blocker kinetics and channel  properties 

Osmolari ty  i M l~c 
(mOsm) (pA) (106/cm 2) (/xA/cm 2) 

170 (n = 4) 0.2 -+ 0.03 207 -+ 53 29 • 4 
200 (n = 4) 0.2 -+ 0.03 66 -+ 16 ~ 10 • 3 a 

a p < 0.05 unpaired t test. 

proximately threefold higher in 170 mOsm solutions 
than in 200 mOsm solutions. These results and the 
lack of detectable Na § channel noise in the 290 
mOsm solution indicate that the number of conduct- 
ing channels is increased in hyposmotic (170 mOsm) 
solutions and decreased in hyperosmotic (290 
mOsm) solutions. 

Discussion 

The results of this study demonstrate a novel and 
potent regulation of Na + channel activity by serosal 
solution osmolarity. Thus, these findings confirm 
and extend to a single-channel level those originally 
observed by Ussing (1965) for the intact frog skin. 
Moreover, since the solution osmolarities used in 
this study are within the physiological range mea- 

sured for amphibian plasma (Mayer, 1969), it is plau- 
sible that plasma osmolarity may be an important 
regulator of epithelial Na + transport. 

IMPLICATIONS OF THE S L O W  O N S E T  

AND THE S I D E D N E S S  OF E F F E C T S  

The slow onset of changes in transepithelial parame- 
ters in response to solution osmolarity changes sug- 
gests that this process is not due to a mechanical 
effect, such as cell stretching or shrinkage, but rather 
involves a slower process or cascade of events. Cell 
volume changes and mechanical activation of ionic 
channels are relatively fast events in epithelia. For 
example, Sackin (1987) found that stretch activation 
of K + channels in Necturus renal epithelial cells 
occurred within seconds after application of nega- 
tive pressure. Similarly, Davis and Finn (1987) ob- 
served a rapid increase in cell volume in the frog 
urinary bladder that was maximal within 5 rain fol- 
lowing the application of serosal hyposmotic solu- 
tions. In contrast, -20 min was required for the full 
effects of osmolarity on I~ c. This time course is slow 
enough to permit mediation of these effects by intra- 
cellular messengers and/or cytoskeletal events (see 
below). 

Notably, the effects of anisosmotic solutions 
were observed for serosal, but not mucosal, solu- 
tions. This result indicates that the water permeabil- 
ity of the basolateral membrane is greater than that 
of the apical membrane. It is likely that movements 
of water across the basolateral membrane could re- 
sult in events which affect the levels of intracellular 
messengers that regulate apical membrane Na + 
channel activity. Numerous intracellular messenger 
systems affect channels in epithelial membranes. 
For instance, increased intracellular cyclic AMP 
concentrations result in activation of apical mem- 
brane chloride channels in canine trachea (Welsh, 
1988) and other secretory epithelia (of. Wills & Zwei- 
fach, 1987). Factors that affect apical membrane 
Na + channels include G-binding proteins (Cantiello, 
Patenause & Ausiello, 1989; Eaton & Ling, 1989; 
Garty et al., 1989), intracellular Ca 2+ levels (Garty 
& Asher, 1985), intracellular pH (Garty, Asher & 
Yeger, 1987; Palmer & Frindt, 1987), cAMP and 
protein phosphorylation/dephosphorylation (Sarib- 
an-Sohraby et al., 1988), and methylation (Sariban- 
Sohraby et al., 1984). 

Site of Action of Osmolarity Effects 

The effects on solution osmolarity on membrane 
ionic conductances have been studied in several epi- 
thelia (cf. Lewis & Donaldson, 1990). In general, 
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hypertonic solutions lead to cell shrinkage and de- 
creases in basolateral membrane K + and/or CI- 
conductances. Conversely, hypotonic solutions re- 
sult in cell swelling and increases in these conduc- 
tances (e.g., Hazama & Okada, 1988). 

In many tight epithelia, the apical membrane 
Na + conductance and the basolateral membrane K + 
condactance change in parallel, an unexplained phe- 
nomenon called "crosstalk" (Schultz, 1981; Dia- 
mond, 1982). In the A6 epithelium, the basolateral 
membrane conductance is largely due to potassium 
and is ~4 times higher than the apical membrane 
conductance (Wills & Millinoff, 1990). Conse- 
quently, the cellular driving force for Na + (E,) 
largely reflects the sum of the basolateral membrane 
potential and the Na + chemical driving force across 
the ical membrane. For this reason, the changes in 
/~c observed in the present study could have been 
mediated by a shift in the basolateral K + conduc- 
tance (resulting in a change in Ec) and/or an alter- 
ation in the apical membrane Na + conductance. 

In the present study only a slight (8% change) 
was noted in E,, in response to solution hyposmo- 
larity. This change in the electrochemical driving 
force for Na § entry was too small to account for 
the large (~300%) increase in I~. In contrast, the 
increase in I~ was accompanied by a nearly threefold 
reduction in the cellular resistance (R,). The results 
of current fluctuation analysis measurements re- 
vealed that the number of conducting apical mem- 
brane Na + channels was similarly increased by ap- 
proximately threefold. 

In hyperosmotic solutions, I~ was decreased or 
abolished and it was not possible to detect blocker- 
induced Na § channel noise. These findings were 
consistent with a reduction in the number of conduc- 
tive channels. Because of the lack of detectable 
transepithelial currents under these conditions, it 
was not possible to assess other changes in E,. or the 
single-channel current. 

Relationship to Cell Volume Changes 

The effects of solution osmolarity on cell volume 
were not assessed in the present study. In recent 
preliminary measurements of cell height in A6 epi- 
thelia (Crowe & Wills, 1990), we have observed a 
different time course for cell height changes follow- 
ing exposure to anisosmotic solutions than that ob- 
served for I~c. Cell height changed rapidly and typi- 
cally reached steady state 5-10 rain sooner than l~c. 
Therefore, cell volume changes preceded osmolari- 
ty-induced alterations in Na + transport. 

BLOCKER KINETICS AND 
SINGLE-CHANNEL PROPERTIES 

CDPC binding kinetics and single Na + channel prop- 
erties were generally similar to those reported pre- 
viously for other amphibian epithelia (cf, Wills & 
Zweifach, 1987). The apparent association rate con- 
stan~ (ko~) averaged - 4  ~M- ~ sec - 1 and the dissocia- 
tion rate constant (ko~) was -400 sec-  ~ compared to 
previous values for ko, and kof f of - 4  /xN-I sec-l  
and -300  sec-I observed by Krattenmacher et al. 
(1988) who used a similar protocol and a two-state 
model. 

Single-channel currents were somewhat 
smaller in the present study and averaged 0.2 pA 
as compared to 1.0 pA reported for the frog colon 
(Krattenmacher et al., 1988) and 0.5 pA reported 
for the frog skin by Helman and Baxendale (1990). 
We have no explanation for this difference. How- 
ever, membrane potentials in A6 cells are known 
to be lower than those of the frog skin (Thomas 
& Mintz, 1987). 

Channel density (M) ranged between 60-200 
million channels/cm 2 and was dependent on osmo- 
larity conditions and the Na + transport rate (Isc 
= 10-30 /~A/cm2). These values were also in 
reasonable agreement with previous measure- 
ments, M averaged -30-60  million channels/cm 2 
for I~ values of -20-30  /~A/cm 2 in the study by 
Helman and Baxendale (1990); however, a some- 
what lower value ( -12  million channels/cm z for an 
l~c of 33 /~A/cm z) was reported by Krattenmacher 
et al. (1988). Given the apparent differences in 
measurement conditions and tissues, the agreement 
between previous studies and the present results 
is reasonable. 

Possible Mechanisms o f  Na + Channel Regulation 

Conceivably, the differences in I~c observed between 
the hyposmotic and control condition could be ex- 
plained by the existence of more than one population 
of Na + channels and the recruitment of an additional 
population(s) at the lower osmotic strength. How- 
ever, we could not detect differences in the amiloride 
or CDPC binding kinetics for these two conditions. 
Therefore, if two or more populations exist, their 
kinetic properties are similar or one population is 
predominate. In view of the lack of conducting Na + 
channels and low or absent Isc observed under hyper- 
osmotic conditions, it is parsimonious to suggest that 
a single-channel population and regulatory process 
may be responsible. 

As discussed by Lewis and Donaldson (1990), 
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regulation of ionic channels can occur by three gen- 
eral mechanisms: activation, modulation or inser- 
tion. In the case of activation, as discussed pre- 
viously, the slow time course of the osmolarity 
effects indicates that an intracellular messenger sys- 
tem might be involved. Recent studies by Cantiello 
et al. (1989) indicate that G-binding proteins, particu- 
larly the a;-3 subunit are capable of activation of 
apical membrane Na + channels from A6 epithelia. 
However, to date, there are no known volume-acti- 
vated G proteins. On the other hand, there have been 
numerous reports of cells with altered intracellular 
levels of cAMP (Watson, 1989), calcium (Wong, De- 
Bell & Chase, 1990) and leukotrienes (cf. Hoffman & 
Simonsen, 1989) following exposure to anisosmotic 
solutions. Changes in the concentrations of intracel- 
lular regulators, such as pH (Palmer & Frindt, 1987) 
or calcium (Garry & Asher, 1985), or biochemical 
changes, such as phosphorylation or methylation of 
the channel or its regulatory peptides, could result in 
a shift in the channel open probability. As mentioned 
earlier, phosphorylation and methylation have been 
implicated in vasopressin and aldosterone activation 
of the channel, respectively (Sariban-Sohraby et al., 
1984; 1988). 

The second mode of channel regulation, channel 
modulation or modification, is unlikely since single- 
channel currents, blocker kinetics and the macro- 
scopic Na : K selectivity were similar for the differ- 
ent osmotic conditions. On the other hand, the third 
means for channel regulation, insertion, is plausible 
and would involve increasing the number of con- 
ducting channels in the membrane by the direct in- 
sertion of channels or by fusion of channel-con- 
taining intracellular membrane vesicles. Vesicle 
fusion has been reported for apical membrane Na + 
channels of the mammalian urinary bladder (Lewis 
& deMoura, 1984) and for water channels in the 
amphibian urinary bladder (Wade, Stetson & Lewis, 
1981). To examine this issue, we monitored net 
membrane area using the capacitance method of 
Lewis and deMoura (1984). Transepithelial capaci- 
tance (Cr) was measured before and after solution 
osmolarity changes and averaged 1.4 +- 0.1, t.4 -+ 
0.1, and 1.4 -+ 0.0 in 170, 200, and 290 mOsm solu- 
tions, respectively (n = 8). Consequently, if chan- 
nels were inserted or withdrawn as the result of 
vesicle fusion or endocytosis, these changes did not 
result in a detectable change in net membrane area. 
Nonetheless, it is possible that anisosmotic solutions 
stimulate simultaneous (or parallel) processes of in- 
sertion of new channel-containing membrane and 
retrieval of existing plasma membrane. Experiments 
using extracellular fluid phase markers and cytoskel- 
etal disruptive agents are now underway to deter- 

mine whether membrane fusion and endocytosis 
play a role in these effects. 

POSSIBLE PHYSIOLOGICAL FUNCTION 

A potential problem for any study using a cell culture 
model system is whether the cells retain normal bio- 
chemical and physiological functions. Although we 
can only speculate as to the physiological function 
of an osmotically activated Na + transport regulatory 
mechanism, it is important to note that the A6 renal 
cell line (Rafferty, 1969) was originally derived from 
the kidney of the South African clawed toad, an 
aquatic species. An aquatic amphibian dehydrates 
quickly when kept away from moisture and can lose 
half its weight through evaporation of body fluids in 
a few hours (Heusser, 1968). Although, there are 
no available data concerning plasma osmolarity for 
Xenopus laevis, Mayer (1969) has reported values 
for Rana esculenta ranging from 210-260 mOsm, 
depending on whether the animal was maintained in 
distilled water or an 0.8% NaCt solution. Thus, it is 
possible that plasma osmolarity in X. laevis may 
vary across the range used in the present study. If 
Na + transport is indeed normally regulated by 
plasma osmolarity, an obvious advantage to such 
regulation is that the animal would increase Na + 
absorption at a time in which osmolytes are needed 
in the plasma and cease absorption when osmolyte 
values are already high. 

Implications for Studies of Cultured Epithelia 

Whether or not the effects of osmolarity reported in 
this study prove to be an important physiological 
modulator of epithelia Na + transport, the present 
findings have practical relevance for studies of cul- 
tured epithelia. Figure 8 compares the 1so values 
from the present study to previous studies of A6 
epithelium for which osmolarity data was reported. 
Although these studies tend to be clustered, there is 
excellent agreement between the previous studies 
and the present I~ c data. Therefore, it is possible that 
differences in solution or medium osmolarity may 
partly account for the large variability reported for 
Na + transport rates across A6 epithelia (@ Wills & 
Millinoff, 1990). Interestingly, in preliminary experi- 
ments in which ls~ was stimulated by aldosterone or 
cAMP, Is~ showed a further increase when exposed 
to hyposmotic solutions. Therefore, it is tempting to 
speculate that osmolarity may modulate Na + trans- 
port by a mechanism that is independent of hormonal 
activation of the apical membrane Na + channels. 
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Fig, 8. Comparison ofl~r values from present study (filled circles) 
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(1987) 

CONCLUSIONS 

In summary, small (15%) decreases in serosal solu- 
tion osmolarity resulted in a threefold stimulation of 
amiloride-sensitive I~c in cultured renal (A6) epithe- 
lium. In contrast, ->15% increases in osmolarity in- 
hibited Is~. The alterations in 1~ were accounted 
for by changes in the number of conducting Na + 
channels in the apical membrane. The time course 
of this regulation was slow with new steady-state 
levels usually attained within 30 rain. Preliminary 
experiments suggest that this mode of Na + channel 
regulation may be independent of hormonal activa- 
tion. Experiments are now underway to determine 
the precise mechanism and its possible physiological 
significance. An obvious biological advantage of 
such an osmotic regulation of Na + transport is that 
increased salt absorption would result during condi- 
tions of plasma hyposmolality and salt absorption 
would be decreased during dehydration (hyperos- 
molality). 

The authors are indebted to Dr. Luis Reuss for his insightful 
suggestions and to Drs. Lewis and Donaldson for helpful discus- 
sions. This work was supported by N.1.H. grant DK-29962 to 
N.K.W. 
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