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Abstract. To assess the role of chloride in cell volume 
and sodium transport regulation, we measured cell height 
changes (CH), transepithelial chloride and sodium 
fluxes, and intracellular chloride content during chal- 
lenge with hyposmotic solutions under open circuit (OC) 
conditions. CH maximally increased following hypos- 
motic challenge within -5  minutes. The change in CH 
was smaller under short circuit (SC) conditions or fol- 
lowing replacement of chloride in the mucosal solution 
by gluconate or cyclamate (C1--freem). When corrected 
for the osmotically inactive cell volume (30 _+ 2%), ACH 
for controls (OC) were greater than predicted for an ideal 
osmometer. In contrast, ACH for C1--free m or SC con- 
ditions were similar to that predicted for an ideal osmom- 
eter. 

Na + and C1 mucosa-to-serosa fluxes increased fol- 
lowing hyposmotic challenge. Chloride fluxes increased 
maximally within 5 min, then decreased. In contrast, the 
Na + flux increased slowly and reached a steady state 
after -25 rain. Under isosmotic conditions, exposure to 
C1--free,, solutions led to decreases in the transepithelial 
conductance, Na + flux, and CH. Chloride permeabilities 
in the apical and basolateral membranes were detected 
using the fluorescent intracellular chloride indicator 
MQAE. 

The results indicate that during osmotic swelling, 
the entry of both sodium and chloride is increased. The 
time courses of these increases differ, suggesting distinct 
mechanisms for the osmotic regulation of these apical 
membrane transport processes. 
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Introduction 

The cultured renal cell line A6 has become a popular 
model for studies of sodium transport regulation across 
the distal renal tubule. A primary role of the distal neph- 
ton in vivo is the absorption of sodium and chloride from 
the lumen of the kidney tubule into the blood, thereby 
"fine tuning" the plasma concentrations of these ions. 
Recently, Wills, Millinoff and Crowe (1991) demon- 
strated that sodium channel activity in A6 epithelia is 
sensitive to small changes in serosal solution osmolality. 
Since plasma osmolality of aquatic amphibians can vary 
according to the environmental conditions (Mayer, 
1969), this response may be physiologically important 
for the regulation of plasma sodium content. 

In previous studies (Crowe & Wills, 1991; Ehren- 
feld, Raschi & Brochiero, 1994), we showed that the 
hyposmotic solution-induced stimulation of Na + trans- 
port occurred more slowly than the onset of cell swelling. 
In addition, Crowe and Wills (1991) reported that the 
increase in cell volume was greater than expected for an 
ideal osmometer. This result suggested a paradoxical ac- 
cumulation of intracellular solutes during cell swelling. 

We now investigated the possible role of chloride 
ions in the osmotic response of A6 cells and Na + trans- 
port regulation. Specifically, we determined the chloride 
permeability of the apical membrane using intracellular 
fluorescent probes, cell-volume measurements, and 
transepithelial chloride flux measurements. In addition, 
we assessed how changes in the driving force for apical 
chloride or sodium movement affect the cell-volume re- 
sponse to hyposmotic solutions. 
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Materials and Methods 

CELL CULTURE 

A6 cells were grown on transparent permeable filter supports according 
to previously described methods (Wills & Millinoff, 1990; Ehrenfeld et 
al. 1994). For cell height measurements, the filter supports (Anocell 
25: Wheaton, NJ) were coated with microbeads by placing a 0.5 ml of 
a suspension of microbeads (0.03% stock solution in 100% ethanol) on 
the top surface of the filter. The microbeads consisted of 0.6 lam di- 
ameter latex spheres which were fluorescent at red wavelengths (L- 
5363, Molecular Probes, OR). The filters were left in a sterile hood 
until the ethanol evaporated, leaving the microbeads adhered to the 
filter surface. Cells were then seeded on the filters and grown as usual. 

Access of microbeads to the apical surface can be hindered by the 
presence of extracellular debris on top of the apical membrane. For this 
reason, we removed the serum from the mucosal medium after eight 
days and completely replaced the mucosal solution each time the cells 
were fed. In addition, the apical surface was washed several times to 
remove as much of this material as possible. Ceils were grown to 
confluence and studied 14-30 days after plating. 

SOLUTIONS 

Unless otherwise noted, the composition of the Ringer's solution was 
(in mM): 74.4 NaCI, 5.4 KC1, 8.0 NaHCO 3, 1.4 CaCI 2, 1.7 MgSO 4, 0.9 
NaH2PO 4, 5.5 glucose, 1.0 sodium pyruvate, 1.0 N-2-hydroxy- 
ethylpiperazine-N'-2-ethanesulfonic acid (HEPES) and 30 mannitol. 
The osmolality of the solution was 200 mosmol/kgH20 and was mea- 
sured with a vapor pressure osmometer (model 5500; Wescor, Logan, 
Utah). Solutions were maintained at a pH of 7.4 by gassing with air 
containing 1% CO 2. For experiments investigating the osmotic re- 
sponses of A6 cells, the mannitol was removed from the solution. 
Alternatively, the solution osmolality was reduced to 100 mosmol/ 
kgH20 by reducing the solution NaCI concentration to 39.4 mM and 
omitting mannitol. To obtain the correct osmolality for other solutions, 
appropriate concentrations of mannitol were added. For the transepi- 
thelial flux or intracellular chloride measurements, changes on the se- 
rosal side of the monolayer from isosmotic solutions to hyposmotic 
(76% of the isosmotic osmolality) solutions were assessed using two 
protocols: (1) mannitol omission from the isosmotic solution or (2) a 
24% water dilution of the isosmotic solution (see Ehrenfeld et al., 
1994). Chloride-free solutions were obtained by substituting chloride 
salts with either gluconate or cyclamate salts. Amiloride (a gift of 
Merck, Sharp and Dohme) was prepared as a concentrated stock in 
distilled water and used at a final concentration of 20 ~tM. 

CELL HEIGHT MEASUREMENTS 

Before each experiment, the apical surface of the epithelium was la- 
beled with microbeads by exposure to a Ringer's solution that con- 
tained 2% of the microbead stock. After a 15-min exposure, the mi- 
crobead solution was removed and the apical surface washed several 
times to remove loosely attached beads. The epithelium and filter sup- 
port were then mounted in a specially designed Ussing-type chamber 
that allowed simultaneous optical and electrical studies (Crowe & 
Wills, 1991), and placed on the stage of an inverted microscope (model 
IM: Zeiss, Oberkochen, FRG). Cell height was determined by alter- 
nately focusing between fluorescent beads located at the apical and 
basal surfaces. The distance between the two planes was measured 
electrically by friction coupling the shaft of a potentiometer to a large 

wheel (diameter, 130 mm) attached to the coarse focus knob of the 
microscope, to reduce hysteresis in the system. Calibration was 
achieved by focusing between two surfaces of a glass coverslip of 
known thickness and measuring the voltage difference as a result of 
rotating the potentiometer. This calibration factor was then multiplied 
by the ratio of the refractive index of the cell to that of the glass 
coverslip (1.37/1.52) to compensate for the elongation of the depth 
scale in the glass (Persson & Spring 1982; Carlsson, 1991). Without 
this correction, cell heights are overestimated by -10% (Crowe & 
Wills, 1991). 

It was possible to make a cell height reading every 3 sec. To 
reduce scatter in the measurements, seven consecutive readings were 
averaged. The typical standard error of the averaged measurements 
was -0.5 gm and the time resolution was -30 sec. 

ELECTRICAL MEASUREMENTS 

The method for measuring transepithelial voltage (VT) and current (/) 
were similar to those described previously (Wills & Millinoff, 1990). 
In brief, V~- was monitored with 3M KCI half cells (connected to the 
chamber by agar bridges) and attached to an automatic current/voltage 
clamp. Transepithelial resistance (RT) was calculated from Ohm's law 
using the measured deflection in V r to an applied current pulse passed 
through Ag-AgCI wires located on either side of the epithelium. The 
short-circuit current (lsc), a measure of active sodium transport across 
the A6 epithelium, was calculated as Vz/R, 

RADIOISOTOPIC FLUX MEASUREMENTS 

Unidirectional Na + and C1 § fluxes were measured with the isotopes 
22Na (15[.tCi/ml; Amersham, France) and 36C1 (15~tCi/ml; Amersham, 
France) added to one side of the epithelium and 2 ml samples were 
collected from the opposite bathing solution at 5-rain intervals, after a 
20-min equilibration period. The radioactivity of the samples was mea- 
sured after addition of 6 ml of liquid scintillation fluid (ACS, Amer- 
sham; France) in a scintillation counter (Intertechnique, France). The 
fluxes were calculated from the quantity of radioactivity transferred per 
unit time and the initial specific radioactivity of the labelled compart- 
ment. 

FLUORESCENT DYEMEASUREMENTS 

To monitor intracellular chloride concentrations, the fluorescent probe 
MQAE (N-[6-methoxyquinoly]acetoethyl ester, Molecular Probes, Eu- 
gene, OR) was used. Due to low membrane permeability to this dye, 
A6 monolayers were loaded overnight in amphibian cell culture me- 
dium containing 7 mM MQAE at 28~ in a CO 2 incubator. After 
several rapid washes, the filter and the monolayer were cut off the 
support, mounted in an adapted "Ussing chamber," and placed in the 
sample compartment of a spectrophotometer system (PTI Deltascan, 
N.J.). The excitation light was set at 360 nm and the emission was 
monitored at 450 nm (6 nm band pass). The fluorescence intensity was 
measured every second and plotted graphically. Intracellular chloride 
activity (aiC1) was estimated using a technique derived from that used 
by Issley and Verkman (1987). At the end of the experiment, the 
monolayer was perfused with a KSCN(120 ms)  solution (buffered with 
10 mM HEPES/KOH, pH 7.2) which quenched MQAE fluorescence by 
>90%. For data analysis, this value was subtracted from the fluores- 
cence measured experimentally. To calculate aiC1, a calibration curve 
was obtained by bathing the epithelium on both sides in a high K § (105 
mM) medium containing tributyltin-chloride (10 ~tM, Fluka; Buchs, 
Switzerland), nigericin (2.5 I.tM Sigma, St. Louis, MO) and valinomy- 



W.E. Crowe et al.: Osmotic Properties of A6 Cells 

Table 1. Effects of hyposmotic challenge (15%) under different con- 

ditions 

lsc" G r Cell height 
(% change) (% change) (% change) 

Open circuit 
5 m i n ( n = 9 )  12_+ 3 3+ 3 19+ 2 
20 min (n = 6) 130_+20 40_+10 8+ 6 

Short circuit 
5 r a i n ( n = 6 )  16+ 8 2+ 3 8 + 3  c 
20 rain (n = 3) 130_+30 30_+20 7_+ 6 

Chloride free 
5 m i n ( n = 5 )  19_+ 6 13_+ 8 l l_+l  ~ 
20 rain (n = 4) 120_+20 50_+10 1_+ 7 

l~x is calculated a s  V?/R T and is an estimate of the rate of net Na + 
transport (see Materials and Methods) 
b p < 0.05, unpaired t-test, open circuit vs. chloride free 
c p < 0.01, unpaired t-test, open circuit vs. short circuit 
Means _+ SEM 

cin (5 }aM Sigma, St. Louis, MO) and by changing the extracellular 
chloride concentration (by equimolar substitution of gluconate for chlo- 
ride). The MQAE fluorescence was found to be linear over a range of 
cell chloride concentrations of 0-60 mM, values within the physiolog- 
ical range (see below). Dye leakage was low and was estimated as <5% 
over a period of 20 min. 

Results 

THE EFFECTS OF HYPOSMOTIC CHALLENGE UNDER OPEN 

CIRCUIT CONDITIONS 

Table 1 illustrates the mean responses (n = 9) for cell 
height (CH), Isc and G r to a 15% decrease in solution 
osmolality under open circuit conditions. As shown in 
Fig. 1, swelling began within 1 rain following the solu- 
tion change and reached its peak within 5 min, followed 
by a regulatory volume decrease (RVD) to a new steady- 
state value (in 20 min) that was -8% higher than the 
control level. In contrast, Isc and G r began to increase 
after the onset of cell swelling and continuously in- 
creased for -25 min, reaching new plateau values within 
30 min following the solution change (plateau data not 
shown in Fig. 1). 

In agreement with our previous preliminary find- 
ings, the maximum observed increase in cell height 
(ACH) was 19 + 2% (n = 9). To further assess cell vol- 
ume responses to osmotic challenge, we next measured 
cell height following changes in the solution osmolality 
over a range of values from 100 to 300 mosmol/kgH20. 

RELATIONSHIP BETWEEN CELL HEIGHT AND 

SOLUT]ON OSMOLALITY 

Figure 2 illustrates cell height measurements obtained 
for a representative experiment during step changes in 
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Fig. 1. Hyposmotic challenge under open circuit conditions. Mean 
values from nine experiments showing cell height (CH), short circuit 
current (lsc) and transepithelial conductance (Gr) as percentages of 
their control values in isosmotic solutions. At time = 0 the serosal 
bathing solution was changed to a 15% hyposmotic solution. Isc and 
G r reached a new maximum steady state value at t = -25 min (data not 
shown). Note that the maximum increase in CH occurred earlier, at t = 
-5 min. 

solution osmolality. The small dots represent individual 
measurements, the solid line is a running average of the 
data, and the large filled circles represent the mean val- 
ues of ten sequential measurements. (The standard er- 
rors of the sequential measurements averaged 0.3 + 
0.01gm; n = 66). The epithelium was first incubated in 
an isosmotic low NaC1 Ringer's solution (200 mosmol/ 
kgH20) containing low NaC1 (39 raM, see Materials and 
Methods). As expected, a hyposomotic challenge re- 
suited in cell swelling whereas hyperosmotic challenge 
resulted in a decrease in cell height. 

In preliminary experiments, we noted that hypos- 
motic solutions evoked nonlinear increases in cell height. 
For this reason, we next assessed the osmotic responses 
of the cells in more detail by avoiding the possible com- 
plications of transepithelial sodium transport. In these 
experiments, epithelia were first exposed to 20 ~tM 
amiloride in the mucosal bath. Under these conditions, 
VTWaS --8.5 _ 2.3 mV, Isc was 0.5 +_ 0.1 }-tA]cm 2, RTWaS 

17 _+ 5 kf2 �9 cm 2 and cell height averaged 15 _+ 1 Bm (n 
= 5). In these experiments, bathing solutions were 
changed to hyperosmotic  solutions (300 mosmol/  
kgH20), followed by symmetrical step decreases in os- 
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Fig. 2. The effect of stepped changes in osmolality on cell height. In this experiment, the epithelium was bathed on both sides in an isosmotic (200 
mosmol/kgH20 ) Ringer's solution (39 mM NaC1, 100 mM mannitol, s e e  "100% osmolality" above). Osmolalities were varied by changing the 
mannitol concentration and are indicated as the percentage of the isosmotic osmolality. 

molality (200, 150, 120, 100 mosmol/kgH20), and fi- 
nally isosmotic solutions. Figure 3A shows the maxi- 
mum cell height increase (at time ~<5 min) normalized to 
the cell height in isosmotic solutions shown as a function 
of the inverse normalized solution osmolarity for a typ- 
ical epithelium. Longer exposure times led to regulatory 
volume decreases as indicated in Fig. 3B, where 10-min 
exposures were used. For this reason, data for maximum 
cell height change (i.e., 5-min data points) were used in 
subsequent calculations. 

The data in Fig. 3A are described by the Boyle-van't 
Hoff equation ( c f  Dick, 1966; Hallows & Knauf, 1993): 

~-~o--HT 1--~-~o +C~/o (1) 

where H o and C H  o are the original (isosmotic) external 
solution osmotic pressure and cell height, H r and C H  r 

are the same parameters for the anisosmotic condition 
and b is the nonsolute or osmotically inactive volume 
(OIV) of the cell. A linear regression of averaged data 
from four experiments in which osmolality was varied 
from 150-300 mosmol/kgH20 yielded a regression co- 
efficient of 0.998 and a slope of 0.7 + 0.02 and a y 
intercept of 0.30 _+ 0.01. As described above, the later 
parameter is the percentage of the cell volume that is 
osmotically inactive. 

From Eq. 1 above, it is evident that when b = 0 (i.e., 
an ideal osmometer), H(,/H~ = CHv/CH o. Thus, given a 
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Fig. 3. The relationship between cell height of amiloride-treated A6 
cells and the reciprocal of osmolality. (A) Mean cell heights (filled 
circles) were normalized to isosmotic conditions and plotted against 
normalized l/osmolality. (Sampling time -5 rain after solution 
change). The linear regression coefficient of the fitted line was 0.999. 
The osmotically inactive volume can be estimated by extrapolation to 
infinite osmolarity (i.e., y intercept = 0.30) as 30% of the cell volume. 
The slope of the regression was 0.7 and is less than the predicted value 
for an ideal osmometer (slope = 1) because of the osmotically inactive 
volume. (B, inset). In four experiments, a longer sampling interval was 
used (/> l 0 min) and RVD was observed at lower osmolalities. If these 
points are deleted from the analysis, a regression line fitted to the 
remaining data is in good agreement with Fig. 3A (r 2 = 0.997 and y 
intercept = 0.29). 
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change in osmolality from 200 to 170 mosmol/kgH20, 
an ideal osmometer should show an increase in volume 
of -18%. If 30% of the cell volume is osmotically in- 
active, then only a 12% increase should occur. There- 
fore, the observed -19% change in cell height for Na § 
transporting monolayers exposed to this hyposmotic 
challenge (see Fig. 1) represents an increase in the os- 
motically active volume. 

A6 cells are generally cuboidal in shape and the 
average cell density of the monolayer is 2 x 106 cells/cm 2 
(Jovov, Wills & Lewis, 1991). Thus, the estimated api- 
cal surface of the cell is approximately 7 ~tm x 7 gm 
square. Since the average cell height is 14.5 _+ 0.6 gm (n 
= 30), the total cell volume is -710 gm 3. Using the 
above value for osmotically inactive volume (30%), we 
calculate that the osmotically active volume is -500 gm 3. 
Thus, the observed 19% increase in cell height corre- 
sponds to a 27% increase in the osmotically active vol- 
ume (OAV). The increase in OAV is approximately 
50% higher than predicted for the behavior of an ideal 
osmometer, suggesting a net gain in intracellular solute 
composition during swelling. 

THE ROLE OF THE APICAL MEMBRANE CHLORIDE 

ELECTROCHEMICAL GRADIENT IN THE 

HYPOSMOTIC RESPONSE 

It is possible that movement of chloride into the cell 
across the apical membrane of open-circuited epithelia 
may partly contribute to this net gain of intracellular 
solutes. To test this hypothesis, we first replaced chlo- 
ride with an impermeant anion to create a chemical gra- 
dient for chloride effiux. Second, the electrical gradient 
was altered by short circuiting the monolayer such that 
the apical membrane was hyperpolarized and the electri- 
cal gradient for chloride entry was reduced. 

Chloride Replacement 

Replacement of mucosal chloride with either gluconate 
or cyclamate under isosmotic conditions resulted in a 
decrease in cell height (9 + 5%, n = 9) over 5 min and a 
decline in mean Isc and G r (22 + 7% and 30 _+ 7%, 
respectively; Fig. 4 and Table 2). However, we note that 
in some experiments there was no apparent decrease in 
cell height and in others, a partial recovery of Isc oc- 
curred, indicating an inherent variability in this perme- 
ability under isosmotic conditions. 

Although the observation of a decrease in cell height 
is consistent with an apical membrane chloride conduc- 
tance, the decrease in G T could reflect either a decrease 
in other apical or basolateral membrane conductances or 
an alteration in the paracellular pathway. Data from 
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Fig. 4. Replacement of mucosal chloride under isosmotic conditions. 
At time = 0, mucosal chloride was replaced with an impermanent anion 
(cyclamate or gluconate), lsc and G r rapidly declined and the decrease 
in cell height was delayed (n = 9). 

Table 2. Effects of mucosal CI replacement on cell height and elec- 
trical parameters 

Isc G v Cell height 
(~tA/cm 2) (~tScm 2) (Mm) 

Control 9.4 _+ 0.7 207 _+ 12 12.1 _+ 0.8 
C1- free 7.5 -+ 1.0 146 _+ 29 11.0 _+ 0.8 
%change -22 _+ 17 -30_+ 7 -9 _+ 5 
P * <0.01 <0.0001 <0.001 

* Paired t-test; (n = 9) 

amiloride experiments show the transepithelial conduc- 
tance was 31 + 1% (n = 6) lower following mucosal 
chloride replacement by gluconate. This reduction ap- 
pears to be related to a decrease in sodium absorption 
(see below). 

When A6 epithelia were challenged with hypos- 
motic solutions following similar replacement of mu- 
cosal chloride (Fig. 5A and Table 1), the maximum 
change in mean cell height was 11 _+ 1% (n = 5). When 
corrected for the osmotically inactive volume, this in- 
crease in cell height represents a 17% increase in the 
osmotically active volume, significantly lower than the 
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Fig. 5. Cell height responses to hyposmotic solutions following mu- 
cosal chloride replacement (A) or short circuit conditions (B). (A) Mu- 
cosal chloride was replaced with cyclamate or gluconate (n = 5). Tis- 
sues were initially bathed with isosmotic solutions and changed to a 
hyposmotic solution at t = 0. The broken line represents cell height 
changes in the presence of chloride under normal open circuit condi- 
tions (data from Fig. 1). Note that at t = 5 min, the increase in cell 
height was lower in the absence of chloride. (B) Data from similar 
experiments in which epithelia were voltage clamped to 0 mV. Under 
these conditions, the hyposmotic-induced cell swelling at t = 5 min was 
also reduced (n = 6; broken line indicates CH results for control ex- 
periments as described above.) 

27% increase in OAV seen in the presence of mucosal 
chloride (P < 0.01; see above). 

Short Circuit Conditions 

As described above, A6 cells behave as simple osmom- 
eters in the presence of mucosal amiloride (see Fig. 3). 
Amiloride blocks the apical membrane sodium conduc- 
tance, leading to decreased sodium entry and hyperpo- 
larization of the apical membrane potential. To investi- 
gate this effect of apical membrane hyperpolarization, 
experiments were conducted under short circuit condi- 
tions. This manipulation allows the apical membrane to 
be hyperpolarized without blocking sodium channels. 
Short circuiting A6 epithelia did not have a significant 
effect on cell height (Table 3), suggesting a lack of 
change in net intracellular solute content. 

W.E. Crowe et al.: Osmotic Properties of A6 Cells 

Table 3. Effects of short circuiting on cell height and conductance 

GT Cell height 
(~tS/cm 2) (gm) 

Control 300 + 40 14.5 +0.8 
Short circuit 320 _+ 50 14.8 + 1.0 
% change 7.4 + 3.6 1.5 + 2.0 
P* NS NS 

* Paired t-test; (n = 8) 

Figure 5B shows the response of cell height to hy- 
posmotic challenge (15%) for short-circuited epithelia. 
Note that the increase in mean cell height of 10 • 2% (n 
-- 6) was less than that seen under open circuit conditions 
(P < 0.05). The cell height change corresponds to a 14% 
increase in the osmotically active volume, less than the 
18% change in CH predicted for an ideal osmometer 
exposed to a 15% decrease in solution osmolarity (see 
above). 

Short circuiting the epithelium or replacing mucosal 
chloride under open circuit conditions did not signifi- 
cantly alter the normal open circuit response of Isc and 
G T to hyposmotic challenge (Table 1). This suggests 
that the osmotic stimulation of sodium transport does not 
require mucosal chloride. 

TRANSEPITHELIAL FLUX MEASUREMENTS 

Under open circuit, isosmotic conditions, mucosa-to- 
serosa C1- fluxes were approximately seven times larger 
than the serosa-to-mucosa fluxes (137 __ 9 nEq/cm 2 hr 
and 21 __ 2 nEq/cm 2 hr, respectively; n = 3). Therefore, 
there was a net absorption, i.e., mucosa-to-serosa move- 
ment, of chloride (JnetC1 = 116 • 7 nEq/cm 2 hr; n = 3). 
Short circuiting the tissue significantly reduced the mu- 
cosa-to-serosa C1- flux by 64 __ 8% (n = 4; P < 0.003), 
consistent with the elimination of the lumen negative 
transepithelial potential. 

Figure 6A and Table 4 compare the time course of 
changes in mucosa to serosa fluxes of chloride and so- 
dium under open circuit conditions before and during 
exposure to a 24% hyposmotic serosal solution (mannitol 
omission, see Protocol 1 in Materials and Methods). 
Following hyposmotic challenge, JmsC1 increased rap- 
idly, by 192 • 31% (n = 3) within 5 min, and then 
declined to a new steady state value that was 108 • 27% 
higher than control levels. In contrast to the immediate 
change in JmsC1, JmsNa increased slowly and was not 
significantly increased during the first 5 min of serosal 
hyposmotic solution application. JmsNa reached a new 
steady state within 25 min (&JmsNa = 120 • 14%; n = 3). 
As shown in Fig. 6B, similar results were found when 
the serosal solution was made hyposmotic by a 24% 
water dilution: (see Protocol 2 in Materials and Methods; 
n = 9). 
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F i g .  6. Transepithelial absorptive fluxes of sodium and chloride. (A) 

Epithelia were initially bathed in isosmotic solutions and switched to 

hypotonic serosal solution (protocol 1, s e e  Materials and Methods) at t 

= 0. Note that chloride fluxes transiently increase then decrease to a 

new steady state value whereas sodium fluxes increase and plateau at 

t = -25  minutes. Both fluxes were reduced by mucosal  amiloride at t = 

30 rain. (n = 3) the Na + and CI- concentrations in the bathing solutions 

were 80.2 mM and 56.5 raM, respectively. (B) Mean results from similar 

experiments in which the serosal solution was made hyposmotic by 

water dilution (protocol 2; n = 9). Note the similar t ime course of the 

sodium and chloride fluxes in A. (Note: the initial Na + and C1- con- 

centrations in the bathing solutions were 115 mM and 92 mM, respec- 

tively.) 

As also shown in Table 4 and Fig. 6A, addition of 
mucosal amiloride (5 x 10-5M) under open circuit con- 
ditions reduced Jm~Na and JmsC1 by 74 -+ 2% and 76 + 
2%, respectively. Similar reductions are evident in Fig. 
6B. This finding is expected following blockage of the 
apical membrane Na + conductance and is consistent with 
a reduction in the electrical driving force favoring mu- 
cosa-to-serosa chloride movement. It must be noted that 
for both protocols, JmsNa was larger than Jm~C1. 
Although these are unidirectional fluxes, this large dif- 
ference makes it likely that anions other than chloride 
might also balance the entry of Na +. 

In isosmotic open circuit conditions, mucosal-to- 
serosa Na + fluxes were significantly reduced when chlo- 
ride in the mucosal bathing solution was replaced with 
gluconate (Jms = 249 + 23 nEq/cm 2 hr and 118 + 18 
nEq/cm 2 hr for control and C1--free, respectively; n = 5). 
The replacement of chloride by gluconate did not prevent 
the osmotic stimulation of Jm~Na seen in C1- containing 
solutions. Following a 24% hyposmotic challenge, 
fluxes in the same tissues were increased similarly (&lms 
= 98 -+ 12%, control and 124 + 13%, gluconate, NS). 

INTRACELLULAR CHLORIDE MEASUREMENTS USING MQAE 

Transepithelial chloride fluxes do not distinguish be- 
tween cellular and paracellular transport pathways. To 
assess whether a chloride permeability was present in the 
apical or basolateral membranes, we depleted cells of 
chloride by replacing this ion in both bathing solutions 
with gluconate. The chloride permeability of each mem- 
brane was assessed by readdition of chloride to either 
side of the epithelium. 

The mean value of intracellular chloride activity was 
27 _+ 2 mM (n = 23) with a 89.5 mM chloride concentra- 
tion in the Ringer's solution. As shown Fig. 7, removal 
of chloride caused an increase in the fluorescence signal 
which reached a new steady state within 7.0 + 0.8 min, 
indicating a decrease in the intracellular chloride activity 
(AaiC1 = -23 + 2 mM; n = 23). Re-addition of chloride to 
the serosal side of the epithelium, resulted in a rapid 
increase (within 7.4 + 0.7 min) in intracellular chloride 
content to control values (AaiC1 = -23 + 2 mM; n = 23). 
This finding indicates the existence of a large basolateral 
membrane chloride permeability. 

As also shown in Fig. 7, restoration of mucosal chlo- 
ride-to-chloride-depleted cells led to a small increase in 
aiC1 (6 + 2 mM; n = 9) within 2.9 + 0.6 min which could 
be reversed by subsequent removal of mucosal chloride. 
Therefore, an apical membrane chloride permeability is 
present. However, this permeability is smaller than that 
of the basolateral membrane and is insufficient to fully 
restore the intracellular chloride activity in the absence 
of serosal chloride. 

D i s c u s s i o n  

The results of this paper confirm and extend our previous 
observation that A6 cells paradoxically gain intracellular 
solutions following osmotic challenge (Crowe & Wills, 
1991). The present data indicate that this response in- 
volves sodium and chloride entry across the apical mem- 
brane. In addition, the time course of the sodium and 
chloride fluxes differed, suggesting distinct mechanisms 
for the osmotic regulation of these apical membrane 
transport processes. 
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Table 4. Effects of hyposmotic solutions on mucosal to serosal fluxes 

Time 0 (min) 5 (min) 25 (min) Amiloride 

Protocol 1 (Mannitol) 
JN~ (nEq/cm2hr) 302 _+ 10 389 _+ 13 568 _+ 23 a 173 _+ 7 b 
Jcl(nEq/cmZhr) 34_+ 3 97_+ 4 ~ 59_+ 4 a 15_+ 1 

n = 3  
Protocol 2 Dilution 

JNa (nEq/cm2hr) 284 -+ 24 310 -+ 48 517 -+ 50 ~ 173 _+ 21 a 
Jcl (nEq/cm2hr) 108 _+ 14 309 +- 35" 130 _+ 17 90 _+ 27 

n = 9  

a p < 0.05 compared to t = 0, paired t-test 
b p < 0.05 compared to t = 25, paired t-test 
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Fig. 7. Quenching of the intracellular chloride dye MQAE. Results 
from a typical epithelium showing the effects of: (A) bilateral chloride 
removal (replacement with gluconate), (B) restoration of serosal chlo- 
ride, (C) removal of serosal chloride, (D) restoration of mucosal chlo- 
ride, and (E) removal of mucosal chloride. Note that signal is quenched 
in the presence of chloride (B and D), indicating entry of this ion into 
the cell. Entry across the basolateral membrane was greater than across 
the apical membrane. 

OSMOT1C RESPONSE OF A6 CELLS: OSMOTICALLY ACTIVE 

AND OSMOTICALLY INACTIVE VOLUMES 

In experiments in which a range of hyposmotic solutions 
were used, the cell height increased more than expected 
from the change in solution osmolarity. In contrast, 
when cells were treated with mucosal amiloride, the cells 
behaved as simple osmometer, i.e., there was a linear 
relationship between cell height and inverse solution os- 
molality (see Fig. 2). At infinite osmolarity, the esti- 
mated normalized cell height was 0.3, indicating that 
-30% of the cell volume is osmotically inactive. 

The above 30% value for the osmotically inactive 
cell volume is comparable to values found for frog an- 
terior tibial muscles (33%, Blinks, 1965) and MDCK 
cells (30%, Roy and Sauvr, 1987) but is larger than that 
obtained for mitochondria-rich cells of isolated epithe- 

lium of toad skin (21%, Larsen et al., 1987). Our value 
is presumably an upper estimate since regulatory volume 
decrease in the hyposmotic solution may reduce the mag- 
nitude of the cell height change and since the microbeads 
lie on top of the apical surface, cell height may be over- 
estimated. 

We have previously reported that changes in mu- 
cosal solution osmolality did not significantly alter cell 
volume or Na + transport (Crowe & Wills, 1991; Wills et 
al. 1991; Ehrenfeld, unpublished observations). Thus 
the water permeability of the apical membrane is low 
compared to the basolateral membrane. 

INTRACELLULAR SOLUTES DURING CELL SWELLING 

As stated above, intracellular solute content in open- 
circuited A6 cells is apparently increased during cell 
swelling. This conclusion is supported by two aspects of 
the present studies. First, when amiloride was used to 
block the sodium entry across the apical membrane, the 
increase in cell height in response to hyposmotic solu- 
tions was decreased and the cells behaved as simple os- 
mometers. Second, in experiments performed in the ab- 
sence of mucosal chloride or under short circuit condi- 
tions, the cell swelling was similarly reduced, and again, 
was consistent with simple osmotic swelling. These 
findings are in contrast to the large, nonlinear increases 
in osmotically active volume that occurred under open 
circuit conditions (see Fig. 2). The most simple expla- 
nation of this finding is that cell swelling under this 
condition causes an increase in intracellular solute con- 
tent. 

EVIDENCE FOR APICAL MEMBRANE CHLORIDE ENTRY 

As implied above, at least part of the above increase in 
intracellular solute content is related directly or indi- 
rectly to the presence of an apical membrane chloride 
permeability. Additional evidence for a role of an apical 
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membrane permeability in the intracellular solute content 
increase includes the following: (i) replacement of chlo- 
ride with impermeant anions in the mucosal bathing so- 
lution resulted in a decrease in cell height, (ii) measure- 
ments with the fluorescent intracellular chloride indica- 
tor dye MQAE demonstrated chloride entry across the 
apical membrane in chloride-depleted cells, and (iii) 
transepithelial mucosa-to-serosa chloride fluxes in- 
creased under open circuit conditions during hyposmotic 
challenge. 

The most straightforward explanation for the above 
results is that the increase in intracellular solute content 
during cell swelling is due to the entry of chloride and a 
cation. Alternatively, mucosal chloride could regulate 
the entry of sodium into the cell either as a co-anion or 
by some allosteric regulation of the apical membrane 
sodium channel. As expected from considerations of 
macroscopic electroneutrality, sodium fluxes under the 
open circuit condition were significantly reduced when 
the mucosal chloride was replaced by an impermeant 
anion. Thus the rate of sodium entry into the cell and the 
intracellular solute content should decrease under these 
conditions, consistent with the observed reduction in cell 
height. 

ELECTROCHEMICAL CONSIDERATIONS 

The direction of conductive movements of chloride 
across the apical membrane will depend on the sum of 
the chemical and electrical driving forces. From the es- 
timated intracellular chloride activity (-27 mM), the cal- 
culated chemical driving force (Ecj) is -30  mV, favoring 
chloride entry. These values are comparable to those 
previously reported for some other sodium absorptive 
tight epithelia (Wills, 1985). 

The apical to basolateral membrane resistance ratio 
(RA/RB) of A6 epithelia is high (RA/R B - 6 - 8 ;  Granitzer et 
al., 1991, Wills, Purcell & Clausen, 1992), therefore, 
most of the voltage drop occurs across the apical mem- 
brane. Presently, no measurements of apical membrane 
potential are available for A6 epithelia with sodium 
transport rates comparable to the present study. None- 
theless, under the open circuit conditions, the apical 
membrane potential (Va) should be approximately equal 
or greater than the transepithelial potential (-47 mV), 
resulting in a small cell interior negative or positive api- 
cal membrane potential. Thus, under open circuit con- 
ditions of our study, the net electrochemical gradient for 
chloride (Agcl = E, + V,,) would favor mucosal chloride 
entry. 

As mentioned above, cell swelling was reduced 
when the electrical gradient for chloride entry across the 
apical membrane was made unfavorable by short circuit- 
ing the epithelium. Under these conditions or during 
conditions of low Na + transport (Thomas & Mintz, 

1987), V,, is hyperpolarized (i.e., cell interior becomes 
more negative) and the electrical driving force for chlo- 
ride entry becomes unfavorable. For example, Thomas 
and Mintz reported V a measurements o f - 5 2  mV for A6 
epithelia with low sodium transport rates (-4 gA/cm2). 
Similarly, Wills and Millinoff (1990) estimated that the 
intracellular potential was -45 mV under short circuit 
conditions, comparable to values obtained by Granitzer 
et al. (1992a; -46  mV). Assuming that aiC1 is unaltered, 
under these conditions AgCl would be - - 1 2  mV, favor- 
ing chloride exit from the cell. 

Although the mechanism of the chloride permeabil- 
ity was not identified in the present study, it is possible 
that the entry of chloride or some other anion occurs by 
a conductive mechanism. Patch clamp studies have 
demonstrated the presence of two types of chloride chan- 
nels in the apical membrane of A6 cells (Marunaka & 
Eaton, 1990). Marunaka and Eaton (1990) speculated 
that an apical membrane chloride conductance would 
facilitate sodium transport across the A6 epithelium at 
high transport rates. An increase in anion conductance 
would help offset the changes in apical membrane po- 
tential induced by the increased flux of sodium. How- 
ever, we cannot rule out the possibility that an anion 
exchange mechanism could contribute to the apical 
membrane chloride permeability. We note that Kersting, 
Napathron and Spring (1993) reported that exposure of 
gallbladder epithelial cells to hyposmotic solutions led to 
an electroneutral influx of Na § across the basolateral 
membrane and CI- exchange across the apical mem- 
brane. It is conceivable that a similar mechanism could 
account for intracellular solute increases noted in the 
present study. 

Chloride and sodium absorption across high resis- 
tance (tight) sodium transporting epithelia are generally 
believed to follow separate pathways. In toad urinary 
bladder (Macknight, DiBona & Leaf, 1980), chloride is 
believed to move paracellularly, whereas in the toad 
skin, chloride movements are through the mitochondria- 
rich cells (Larsen, Ussing & Spring, 1987). A6 epithelia 
consist of one cell type and the selectivity of the para- 
cellular pathway appears to be cationic (Jovov et al., 
1991). Moreover, A6 cells have a high junctional resis- 
tance (-17 kf2. cm 2 when grown on Anocell filters). 
Therefore, it would be advantageous for chloride to 
move passively through the cell, instead of paracellu- 
larly. However, we cannot exclude the possibility of 
some paracellular chloride movement. 

IMPLICATIONS FOR THE MECHANISM(S) OF OSMOTIC 

REGULATION OF SODIUM AND CHLORIDE ABSORPTION 

We have previously shown that sodium channel activity 
is activated by serosal hyposmotic solutions. A striking 
finding of the present results is that the time course of 
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cell volume change was distinct from the time course of 
sodium channel activation. After an initial increase 
which was maximum after 5 min, the cell volume began 
to recover and reached a new steady state that was -8% 
higher that the control level. In contrast, the amiloride- 
sensitive sodium current and conductance increased 
more slowly and reached maximum, steady-state values 
after -25 min. Because the maximum cell volume and 
sodium channel activity occurred at different times 
(i.e., 5 and 25 min after the onset of hyposmotic chal- 
lenge), cell stretch or mechanoactivation cannot be the 
only signal for channel activation. Investigations are 
presently underway to determine whether putative intra- 
cellular second messenger systems are responsible for 
this stimulation of sodium transport. Recent studies 
by Ehrenfeld et al. (1994) suggest that RVD mechanisms 
in A6 cells are located in the basolateral mem- 
brane. They observed an increase in the K + permeability 
of the basolateral membrane which occurred with the 
opening of an anionic pathway within minutes of hypos- 
motic challenge. In isolated A6 cells, they found that 
cell volume increases were similar to those predicted 
for an ideal osmometer. Thus the present data for 
short-circuited epithelia are in agreement with their 
findings. 

In contrast to sodium and similar to the cell volume 
changes, chloride fluxes were maximal 5 min following 
hyposmotic challenge. It is possible that this difference 
may reflect a transient increase in the chloride perme- 
ability, the electrochemical driving force, or conduc- 
tance. Ehrenfeld et al. (1994) suggested that an initial 
depolarization (due to C1- exit or Na + entry) on the ba- 
solateral membrane was responsible for the increased K + 
exit across this membrane. Such a depolarization would 
be reflected on the apical membrane and thus could in- 
crease the electrochemical driving force for chloride 
across this membrane, explaining the increased JmsC1. 
Electrophysiological experiments are currently under- 
way to measure these potentials. 

SUMMARY 

In conclusion, A6 cells under open circuit conditions 
show a complex response to hyposmotic challenge. In- 
itially (within 5 min) the cells swell and gain intracellular 
solutes in a process that requires mucosal chloride. In 
addition, the transepithelial sodium absorption gradually 
increases, reaching a new steady state after the period of 
maximum cell volume change (-25 min). Fluorescent 
intracellular chloride indicator dye and cell height mea- 
surements suggest the presence of a chloride permeabil- 
ity in the apical membranes of A6 cells. These results 
are consistent with a paradoxical increase in chloride and 
sodium entry across the apical membrane during anisos- 
motic cell swelling. 
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