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�9 Summary. The effects of bathing solution HCO3/CO2 concentra- 
tions on baseline cell membrane voltages and resistances were 
measured in Necturus gallbladder epithelium with conventional 
intracellular microelectrode techniques. Gallbladders were 
bathed in either low HCO3/CO2 Ringer's solutions (2.4 mM 
HCO~-/air or 1 mM HEPES/air) or a high HCO~/CO2 Ringer's (10 
mM HCO~-/I% CO2). The principal finding of these studies was 
that the apical membrane fractional resistance (fR~,) was higher 
in tissues bathed in the 10 mM HCO~-/CO2 Ringer's, averaging 
0.87 _+ 0.06, whereas fRa averaged 0.63 -+ 0.07 and 0.48 -+ 0.08 in 
2.4 mM HCO3 and 1 mm HEPES, respectively. Intraepithelial 
cable analysis was employed to obtain estimates of the individual 
apical (Ra) and basolateral membrane (Rb) resistances in tissues 
bathed in 10 mM HCO3/l% CO2 Ringer's. Compared to previous 
resistance measurements obtained in tissues bathed in a low 
HCO3/CO2 Ringer's, the higher value offRa was found to be due 
to both an increase in Ra and a decrease in Rb. The higher values 
offRa and lower values of Rb confirm the recent observations of 
others. To ascertain the pathways responsible for these effects, 
cell membrane voltages were measured during serosal solution 
K + and CI- substitutions. The results of these studies suggest 
that an electrodiffusive CI- transport mechanism exists at the 
basolateral membrane of tissues bathed in a 10 mM HCO3/l% 
CO2 Ringer's, which can explain in part the fall in Rb. The above 
observations are discussed in terms of a stimulatory effect of 
solution [HCO~I/PCO2 on transepithelial fluid transport, which 
results in adaptive changes in the conductive properties of the 
apical and basolateral membranes. 

K e y  W o r d s  chloride transport �9 equivalent circuit �9 cable 
analysis �9 fluid transport �9 buffers 

I n t r o d u c t i o n  

To understand the mechanisms responsible for 
transcellular ion transport in epithelia an assess- 
ment of  the conductive properties of the apical and 
basolateral cell membranes is required. Typically, 
this problem has been addressed by representing 
the epithelium with equivalent electrical circuit for- 
malisms, and estimating the cell membrane resis- 
tances and equivalent electromotive forces utilizing 

electrophysiologic techniques. Early microelec- 
trode studies in Necturus gallbladder epithelium 
employed flat-sheet intracellular cable analysis in 
an effort to obtain estimates of  the electrical resis- 
tances of the apical and basolateral membranes 
(Fr6mter, 1972; Reuss & Finn, 1975a, 1977). In 
these studies, the apical membrane resistance aver- 
aged 3 to 5 kfl  �9 cm 2, whereas the basolateral mem- 
brane resistance was somewhat lower, averaging 2 
to 4 k~  �9 cm 2. Thus, the cell membrane resistance 
ratio (apical/basolateral = Ra/Rb) was found to 
range between about 1 and 2, and in fact, there was 
general agreement in the literature as to this esti- 
mate (van Os & Slegers, 1975; Suzuki & Fr6mter, 
1977; Graf & Giebisch, 1979; Reuss, Bello-Reuss & 
Grady, 1979). 

However ,  in more recent studies utilizing either 
cable analysis or impedance analysis (Suzuki et al., 
1982; Kottra  & FrOmter, 1984a,b), Ra/Rb was re- 
ported to be higher than previous estimates from 
the same laboratory (Fr6mter, 1972). The DC cell 
membrane resistance ratio averaged about 6.5 un- 
der control conditions in these studies. In addition, 
the increase in R~/Rb was found to be primarily at- 
tributable to a markedly lower basolateral mem- 
brane resistance. Suzuki et al. (1982) first suggested 
that the apparent discrepancy in the early versus 
later estimates of  the cell membrane resistance ratio 
could be due to hypoxic experimental conditions in 
the earlier studies (Fr/3mter, 1972). The oxygen defi- 
ciency of  the tissue would cause a decrease in trans- 
epithelial fluid transport and collapse of the lateral 
intercellular spaces leading to an underestimation of 
the cell membrane resistance ratio. In later studies 
designed to test this idea directly, confirmatory evi- 
dence could not be obtained (Kottra & Fr0mter, 
1984b). It was suggested instead by Kottra and 
Fr0mter  (1984b) and later by Petersen and Reuss 
(1985) that the differences in ionic composition of 
the bathing solutions, and specifically in HCO3- con- 
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centration, could account for the results. In this re- 
gard, it has been a recent observation in this labora- 
tory (Poler & Reuss, 1987, Reuss, 1987; Reuss, 
Costantin & Bazile, 1987), that when tissues are 
bathed in a HCO3/CO2-rich Ringer's solution (10 
mM HCO3/l% CO2) the cell membrane resistance 
ratio is higher than measured previously, when ei- 
ther a low HCO3 (2.4 mM) air-equilibrated or a 
HEPES-buffered Ringer's solution was used 
(Reuss, 1979; Reuss et al., 1979; Weinman & Reuss, 
1982; Petersen & Reuss, 1983, 1985). 

In view of these differences, the present studies 
were undertaken to establish the direction and mag- 
nitude of the effects of solution buffers on the 
steady-state electrical properties of the epithelial 
cells. The apical fractional resistance (fR~ = 
R~/(R~ + Rb)) was measured in studies in which the 
epithelium was bathed in one of the above-men- 
tioned Ringer's solutions. The results of these stud- 
ies then led us to reevaluate the equivalent electri- 
cal circuit parameters of apical and basolateral 
membranes in tissues bathed in 10 mM HCO3/l% 
CO2 Ringer's. We found that the fR ,  is indeed 
higher and the basolateral membrane resistance 
lower than previously measured, in agreement with 
the observations of others (Suzuki et al., 1982; Kot- 
tra & Frrmter, 1984b). It was also found that part of 
the increase in fR~ was because of an increase in 
apical membrane resistance. Lastly, we provide ev- 
idence for a conductive C1- transport mechanism at 
the basolateral membrane that can account, at least 
in part, for the observation of a lower Rb in tissues 
bathed in the 10 mM HCO3/ l% CO2 solution. 

was thin enough to allow for penetration by the microelectrode 
and for rapid solution exchange at the basolateral surface of the 
cells. 

SOLUTIONS 

In one group of studies (see Table 1) gallbladders were bathed in 
one of three salt solutions specifically chosen to allow for com- 
parison with steady-state recent (Reuss, 1979; Reuss et al., 1979; 
Weinman & Reuss, 1982; Petersen & Reuss, 1983, 1985) and 
earlier results (Reuss & Finn, 1975a,b; Reuss & Finn, 1977). All 
experiments in this series were done in the same group of mud- 
puppies and over a three-week period of time (May-June) to 
avoid batch-to-batch differences and/or seasonal variability. The 
10 mM HCO3/1% CO2 solution contained (in raM): 90 NaCl, 10 
NaHCO3, 2.5 KC1, 1.8 CaClz, 1.0 MgCI2, and 0.5 NaH2PO4. This 
solution was equilibrated with a gas mixture of 1% COJ99% air 
and had a pH of ~7.65. The 2.4 mM HCO3 solution contained: 
109.2 NaC1, 2.4 NaHCO3, 2.5 KCI, and 1.0 CaClz. After equili- 
bration with air, the pH was ~8.4. The 1 mM HEPES solution 
contained: 109.2 NaCI, 2.5 KC1, 1.0 CaC12 and 1.0 HEPES (N-2- 
hydroxyethylpiperazine-N'-2-ethanesulfonic acid). After titra- 
tion with NaOH and equilibration with air its pH was 7.7. With 
the exception of the studies summarized in Table 1, the control 
Ringer's was the 10 mM HCO3/I% CO2 solution. Ion substitu- 
tions were done by partial isomolar replacements of a salt of the 
control 10 mM HCO3/l% CO2 Ringer's. 25 mM K-Ringer's (K- 
Ringer's) was made by isomolar replacement of NaCl with KCI. 
In the low chloride (8.1 mM C1-) solutions 90 mM NaC1 was 
replaced with Na + gluconate (gluconate Ringer's), Na + isethio- 
nate (isethionate Ringer's), Na + cyclamate (cyclamate Ringer's) 
or 45 mM Na + sulfate (sulfate Ringer's). Sucrose (45 mM) was 
included in the sulfate Ringer's to keep osmolarity constant. 
Both gluconate and sulfate Ringer's solutions contained an addi- 
tional 6 mM CaSO4. 

ELECTRICAL MEASUREMENTS 

Materials and Methods 

Mudpuppies (Necturus maculosus) were obtained from Nasco 
Biologicals (Ft. Atkinson, Wis.) or Kon's  Scientific (German- 
town, Wis.) and kept in a large refrigerated aquarium (5 to 10~ 
The animals were anesthetized with tricaine methanesulfonate 
and the gallbladders excised and mounted horizontally in a modi- 
fied Ussing chamber (exposed area = 0.5 cm z) as previously 
described (Reuss & Finn, 1975a,b; Weinman & Reuss, 1984). 
Upper ( -0 .5  ml) and lower ( -1 .0  ml) chamber volumes were 
continuously exchanged at flow rates of 10 to 40 ml/min and 5 to 
10 ml/min, respectively. All studies were performed at room 
temperature. 

Serosal solution ion substitutions were conducted with the 
epithelium mounted serosal-side-up. The chamber assembly and 
mounting procedure were identical to those used as if the tissue 
was mounted mucosal-side-up. Following mounting of the tissue 
in the ring assembly that eventually fit into the chamber, dissec- 
tion of the subepithelial connective tissue was done under micro- 
scopic observation using fine forceps and a dissection instrument 
fashioned from a stainless steel pin bent at the end into a small 
hook. A patch of about 30 to 60% of the total exposed surface 
area was largely cleared of connective tissue, The remaining 
serosal connective tissue layer in the central region of the patch 

Transepithelial voltage (Vms), and apical (Vmo) and basolateral 
(Vc~) membrane voltages were measured as described previously 
(Reuss & Finn, 1975a,b; Reuss et al., 1987). With the tissue 
mounted mucosal-side-up, Vms and Vcs were measured with re- 
spect to serosal ground and Vmo was calculated as the electrical 
difference (Vcs - Vms). With the tissue mounted serosal-side-up, 
electrical ground was the mucosal solution and transepithelial 
voltage is referred to as Vsm. Accordingly, V~s wa s calculated as 
Vmo -- V~m. The reference electrode in both groups of studies 
(mucosal- or serosal-side-up) was a Ag-AgC1 pellet separated 
from the solution by a short Ringer's-agar bridge. To minimize 
liquid junction potentials arising from solution changes, the ipsi- 
lateral electrode was a calomel half-cell connected to the bathing 
solution by a flowing saturated-KC1 bridge consisting of a - 2  mm 
length of Ultrawick glass capillary (WPI, New Haven, Conn.) 
pulled to a 0.5 to 1 mm OD tip. Intracellular conventional micro- 
electrodes were prepared from inner-fiber borosilicate glass and 
filled with either 1 M KC1 or 3 M KC1. Their tip resistances ranged 
from 20 to 100 MfL 

The transepithelial resistance, R, (AVmJL), and the appar- 
ent apical membrane fractional resistance, fRa (AV~c/AVms = 
RJ(Ra + Rb)), were calculated from the changes in transepithe- 
lial and cell membrane voltages produced by a calibrated trans- 
epithelial DC pulse, L (50 /xA/cm2), which was provided by a 
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constant current source and applied through Ag-AgCI elec- 
trodes. The pulse duration was 1 sec and the change in voltage 
was measured at 600 msec following the onset of the pulse. Ap- 
propriate corrections were made for series resistances. Electrical 
resistances and equivalent emf's of the "lumped" equivalent 
circuit model of Necturus gallbladder epithelium illustrated in 
Fig. 1 were determined by intracellular current injection and 
cable analysis as described in detail elsewhere (Fr6mter, 1972; 
Reuss & Finn, 1975a, 1977). In brief, intracellular current pulses 
fro) of different intensities were applied via an intracellular mi- 
croelectrode (see below) and the steady-state voltage deflections 
(AVe) at several radial distances (x) were measured in adjacent 
cells (7 to 14 impalements) with a second microelectrode. The 
best fit of plots of AVx vs. x to the appropriate Bessel function 
allowed determinations of the tissue space constant (X) and the 
constant A (see Fr6mter, 1972). From these values, the parallel 
arrangement of apical and basolateral membrane resistances, 
Rz = R~ �9 Rb/(R~ + Rb) was calculated according to (Fr6mter, 
1972): 

Rz - 21]AX2/Io. (1) 

The electrical parameters defined in Fig. 1 were then calculated 
using equations found in Reuss and Finn (1975a). 

The Io vs. AVx relationship was essentially linear over an Io 
range of -+20 nA, provided that the interelectrode distance (x) 
was greater than -50  t~m (Fig. 2B). As shown in Fig. 2(A), atx < 
50 k~m (equivalent to 2 to 5 cells between electrodes), and when 
Io was both greater than about 10 nA and passed in a direction to 
depolarize the cell membranes, a deviation from linearity was 
observed. With hyperpolarizing current, the Io-AVx relationship 
was linear even at small distances x. A similar nonlinear relation- 
ship has been reported by Fr6mter (1972). This observation can 
be explained by a voltage-dependent conductance at the apical 
membrane (Garcfa-Dfaz, Nagel & Essig, 1983) which is activated 
when Vmr is depolarized by intracellular current injection. In 
theory, this voltage-dependent attenuation of AVx should be ap- 
parent at all interelectrode distances. However, in practice, the 
attenuation becomes immeasurably small beyond about 50/xm 
for two reasons: 1. Inasmuch as gb >> ga, the fraction Of Io leaving 
the cells across the apical membrane is small relative to that 
across the basolateral membrane. Therefore, a voltage-depen- 
dent increase in ga will have a minimal effect on the intraepithe- 
lial spread of current. 2. In the absence of voltag#-dependent 
changes in Ro, A Vx falls off very sharply in the first few cells from 
the point of current injection (i.e., the AVx vs. x relationship is 
described by a zero-order Bessel function, see above). Thus, the 
influence of voltage-dependent changes in Ra on AVx will de- 
crease with larger interelectrode distances and hence will be lo- 
calized to a region of one or a few cells. In all cable experiments 
(Table 2) Io ranged from +5 to -+ 16 nA and AV~ was normalized 
to an Io of 10 nA. To minimize nonlinear behavior, a lower Io was 
most often used at small interelectrode distances. 

STATISTICAL ANALYSIS 

Summary values are expressed as the mean _+. the standard error. 
of the mean (SEM). Significant differences between groups were 
determined by conventional t-tests for paired or unpaired data as 
appropriate. Linear regression (and correlation coefficient, r) 
were employed to assess significant correlations between param- 
eters. In all cases, a value o fP  < 0.05 was considered significant. 
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Fig. I. Equivalent electrical circuit of Necturus gallbladder epi- 
thelium. M, C, and S represent mucosal, cellular and serosal 
compartments, respectively. This simple "lumped" model de- 
picts two parallel pathways for transepithelial current flow: a 
cellular pathway consisting of the series arrangement of apical 
and basolateral membranes and a paracellular pathway, de- 
noted by subscripts a, b, and s, respectively. Each electrical 
analog is represented by a Th6venin equivalent, composed of an 
equivalent electromotive force (E) in series with an equivalent 
resistance (R). As noted in the text, Es is assumed to be equal to 
zero when the tissue is bathed with symmetrical solutions. It is 
also assumed that all the shunt resistance is localized at the level 
of the tight junctions of the cells. It should be stressed that to the 
extent that the resistance of the lateral intercellular space is not 
negligible in comparison to R, and Ra + Rb, then a "distributed" 
electrical model of the epithelium is more appropriate (Clausen 
et al., 1979; Boulpaep & Sackin, 1980; Essig, 1982; Kottra & 
Fr6mter, 1984b). The measured fRa in our experiments is there- 
fore an "apparent" fRa 

Results 

EFFECT OF SOLUTION B U F F E R  COMPOSITION 

ON f R a  

T h e  a i m  o f  t h e s e  s t u d i e s  w a s  to  d e t e r m i n e  if  t he  

a p p a r e n t  f R a  is h i g h e r  in t i s s u e s  b a t h e d  in 10 mM 

H C O 3 / l %  CO2 R i n g e r ' s  t h a n  in t i s sue s  i n c u b a t e d  in 
e i t h e r a  2 .4  m M  H C O 3  a i r - e q u i l i b r a t e d  R i n g e r ' s  so- 

l u t i o n  o r  a 1 mM H E P E S  a i r - e q u i l i b r a t e d  R i n g e r ' s  

s o l u t i o n .  T h e  c o n t r o l  v a l u e s  o f  m e m b r a n e  v o l t a g e s  

a n d  r e s i s t r t nce s  o f  t i s s u e s  b a t h e d  c o n t i n u o u s l y  in 
o n e  o f  t h e s e  t h r e e  s o l u t i o n s  a r e  s u m m a r i z e d  in T a -  
b le  1. T h e  m a j o r  f ind ing  w a s  a s ign i f i can t ly  h i g h e r  

f R a  in g a l l b l a d d e r s  b a t h e d  w i t h  10 mM H C O 3 / l %  

CO2,  c o m p a r e d  w i t h  e i t h e r  o f  t h e  o t h e r  t w o  b a t h i n g  

m e d i a .  T h e  f R a  a v e r a g e d  0 .87 + 0 .06 in 10 mM 
H C O 3 / l %  CO2 w h i c h  a g r e e s  w e l l  w i t h  r e c e n t  m e a -  
s u r e m e n t s  f r o m  t h i s  l a b o r a t o r y  ( P o l e r  & R e u s s ,  
1987, R e u s s ,  1987; R e u s s  e t  a l . ,  1987) a n d  o t h e r s  
( S u z u k i  e t  a l . ,  1982; K o t t r a  & F r r m t e r ,  1984b). 

K o t t r a  a n d  F r O m t e r  (1984b) a n d  P e t e r s e n  a n d  R e u s s  
(1985) h a v e  s u g g e g t e d  tha t  h igh  v a l u e s  o f  f R a  m a y  
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Table 1. Membrane voltages and resistances of gallbladders bathed in solutions buffered with 1 mM 
HEPES,  2.4 mM HCO3 or 10 mM HCO~-/I% CO? ~ 

Solution Vms Vmc Vc~ f R,, R, 
(mV) (mV) (mV) (ft . cm 2) 

1 m M H E P E S  0 .0 -+0 .1  - 6 7  +- 4 - 6 7 + -  4 0 .48 -+0 .08  210 +- 20 
(n = 7) ( - 0 . 4 ,  0.5) ( - 5 3 ,  - 82 )  ( - 53 ,  -82 )  (0.17, 0.84) (130, 300) 

2 . 4 m M H C O 3  0 .2_+0 .2  - 7 5 - +  2 - 7 5  + 2 0.63-+ 0.07 180+- 10 
(n = 7) ( - 0 . 7 ,  0.3) ( - 62 ,  - 82 )  ( - 6 3 ,  - 83 )  (0.24, 0.77) (140, 220) 

10 mM HCOT/l% CO2 0.3 -+ 0.2 b - 6 8  -+ I b - 6 8  ~+ I h 0.87 -+ 0.06 c 160 -+ 10 
(n = 7) ( - 0 . 1 ,  0.9) ( - 6 5 ,  - 73 )  ( - 6 4 ,  - 72 )  (0.51, 0.99) (I 10, 200) 

Values are mean -+ SEM (range). 
b Significantly different from 2.4 mM HCO3 (P < 0.05, unpaired t-test). 

Significantly different from both 1 mM HEPES and 2.4 mM HCO3 Ringer's (P < 0.05, unpaired 
t-test). 

There were no significant differences between the 1 mM HEPES and 2.4 mM HCO~ series. 
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Fig, 2, Relationship between intracellular current injection (1o) 
and the cell membrane voltage deflection (AVx) measured at in- 
terelectrode distances of  34 /xm in one tissue (Panel A) and 115 
/~m in another tissue (Panel B). Positive values of Io result  in 
depolarization of apical and basolateral membranes. Conversely, 
when Io is negative, A V, is negative in polarity. Solid lines: linear 
least-squares fit of  lower 9 points (panel A) or all points (panel 
B); dashed line denotes nonlinear behavior with large depolariz- 
ing currents 

be related to solution HCO3 concentration, and in-  
d e e d  fRa increases progressively as solution H C O 3  
concentration is increased (r = 0 .68,  n = 21, P < 
0.01). 

Cell membrane voltages were lower and Vm~ 
was more mucosa-positive in the 10 mM HCO3/l% 
CO2 studies in comparison with the 2.4 mm HCO3 
studies. These data, taken together with the higher 
fRa, can be explained by a lower value of basola- 
teral membrane equivalent emf (Eb) and a reduction 
in intraepithelial current flow (see below and Dis- 
cussion). Although the average cell membrane volt- 
age and fRa values were somewhat higher in tissues 
bathed in 2.4 mM HCO3 in comparison with tissues 
bathed in 1 mM HEPES, they did not differ statisti- 
cally. Importantly, the membrane voltages and re- 
sistances in both conditions were quite similar to 
previous estimates obtained in this and other labo- 
ratories in which the bathing solution composition 
was either identical or very similar to those used in 
the present experiments (for references, see Mate- 
rials and Methods). 

On rare occasions a rather low estimate of fRo 
was obtained in gallbladders bathed in 10 mM 
HCOf/I% CO2 (Table 1). This could be related to a 
high endogenous cAMP level in these gallbladders 
resulting in an increase in apical membrane chloride 
conductance (gc0 (Petersen & Reuss, 1983). The 
values of Vm~ in all three groups of studies were not 
statistically different from zero, a result which sug- 
gests that, assuming that Es = 0, E~ = Eb. In individ- 
ual tissues, however, Vm~ frequently differs from 
zero, which denotes the existence of a finite in- 
traepithelial current loop attributable to Es 4= 0 and/ 
or Ea 4= Eb. Lastly, we note that no significant cor- 



J.S. Stoddard and L. Reuss: Effects o f  HCO3/CO 2 on Cell Conductances 

Table 2. Equivalent circuit parameters of gallbladders bathed in 10 mM H C 0 3 / I %  CO2 a 

167 

Resistances R: fR,  Rt R, Rb R, 
(~ �9 cm 2) (aQ �9 cm 2) (O.. cm 2) ( ~ -  cm 2) (f~ �9 cm 2) 

900 _+ 100 0.90 • 0.02 190 -+ 20 11240 -+ 2640 1010 • 120 200 _+ 20 
(610, 1170) (0.81, 0.97) (130, 280) (4810, 20610) (690, 1370) (130, 280) 

Voltages and emf ' s  Vm~ Vine Vc~ E,, Eb 
(mV) (mV) (mV) (mV) (mV) 

0 . 0 •  0.2 - 6 6  • 1 - 6 6  + 1 -68-- -  10 - 6 6  • 1 
(0.7, -0 .3)  ( -63 ,  -71)  ( -63 ,  -71)  ( -37 ,  -109) ( -61 ,  -70)  

a Values are mean • SEM (range) o f n  = 6 experiments.  Calculations of Rz involved estimates of A and 
JX which averaged 2.1 • 0.2 mV and 266 _+ 21/xm, respectively (see Materials and Methods for details). 

relation was found between Rt and bathing solution 
HCO3 concentration (r = -0.42, n = 21). 

I N T R A C E L L U L A R  C A B L E  AND E Q U I V A L E N T  

C I RCU I T  A N A L Y S I S  

A reexamination of the cable properties of the epi- 
thelium was done to quantify the absolute changes 
in apical and basolateral membrane resistances re- 
sponsible for the higher fro measured in tissues 
bathed in 10 mM HCO3/ l% CO2 Ringer's. The 
results of six circuit analysis experiments per- 
formed under these conditions are summarized in 
Table 2. The apical membrane resistance was found 
to be two- to fourfold higher and the basolateral 
membrane resistance was found to be one-half to 
two-thirds of the values obtained in previous stud- 
ies done in low HCO3--low CO2 Ringer's solutions 
(Fr6mter, 1972; Reuss & Finn, 1975a, 1977; Reuss, 
1979). The lower value of Rb confirms the recent 
findings of Fr6mter and colleagues (Suzuki et al., 
1982; Kottra & Fr6mter, 1984b). 

The differences in apical and basolateral cell 
membrane resistances were associated with altera- 
tions in apical and basolateral membrane emf's. 
Compared to earlier estimates (Reuss & Finn, 
1975a, 1977; Reuss, 1979, see Discussion), E~ was 
hyperpolarized and Eb was depolarized, the net 
result being E~ = Eb. 

The results described above, namely greater 
values of R~ and E~ and smaller values of Rb and Eb, 
can, in principle, be explained by a reduction of the 
relative conductance of a low emf pathway (more 
positive than EK) at the apical membrane and an 
increase in the relative conductance of a low emf 
pathway at the basolateral membrane. To test the 
latter possibility, we performed basolateral solution 
ionic substitutions. 

SEROSAL S O L U T I O N  POTASSIUM SUBSTITUTIONS 

Investigations of the ionic permeability of the baso- 
lateral membrane of Necturus gallbladder have 
demonstrated that this membrane is primarily K + 
conductive with at most a very small C1- conduc- 
tance (Reuss, 1979; Fisher, 1984). To test if the 
same is true in tissues bathed in 10 mM HCO3-/l% 
CO2 Ringer's, we performed serosal solution K + 
and C1- substitutions. A typical record of the 
changes in cell membrane and transepithelial volt- 
ages upon elevation of serosal solution K + concen- 
tration is shown in Fig. 3. In this experiment, con- 
trol values of V~s and V~ were -74  and 0.2 mV, 
respectively. A 10-fold elevation of serosal solution 
K + concentration resulted in a rapid and reversible 
depolarization of Vcs by 39 mV and a serosa-nega- 
tive change in V~m by 1.5 inV. As summarized in 
Table 3, Vcs and Vmc depolarized by 40 _+ 2 mV and 
39 -+ 2 mV, respectively, within about 10 sec, which 
demonstrates that the basolateral membrane re- 
mains potassium selective under the conditions 
used in this study. The serosa-negative change in 
Vsm and the fall in Rt indicate that PK > PNa at the 
paracellular pathway (van Os & Slegers, 1975; 
Reuss & Finn, 1975b). After returning to control 
Ringer's, both cell membranes hyperpolarized be- 
yond control values for about 5 rain. Although the 
mechanism of this response remains unknown, pos- 
s ine explanations include an increase in cell mem- 
brane P~ in response to an elevation in intercellular 
Ca 2+ activity (Garc/a-Dfaz et al., 1983) or to cell 
swelling induced by KC1 entry across the basola- 
teral membrane (Reuss, 1983; Larson & Spring, 
1984). 

During elevation of serosal solution [K +] there 
was no significant reduction in fRo, although it fell 
in every case (Table 3). This is an unexpected find- 
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Fig. 3. Effect of  serosal K Ringer ' s  (25 mM) 
on transepithelial  (Vsm) and cell membrane  
voltages (Vmc and Vcs) in t issues incubated in 
10 mM H C O 3 / l %  COz Ringer 's .  Initial 
voltages are given to the left of  each trace. 
Vertical deflections are the result  of  1-sec 
transepithelial  current  pulses  (50 ~ A / c m  2) 
applied at 30-sec intervals to obtain resis tance 
est imates .  Note  the long time course  of  
hyperpolarizat ion of  cell membrane  voltages 
following return to control after the exposure  
to K Ringer ' s  

Table 3. Effects  of  elevation of serosal [K +] on membrane  voltages and resis tances a 

Condit ion V~m Vmc Vcs f R,~ R, 
(mY) (mY) (mY) (f~ �9 cm 2) 

Control  0.4 • 0.2 - 7 2  • 1 - 7 2  -+ 1 0.90 • 0.02 170 -+ 20 
K-Ringer ' s  - 1 . 2  • 0.2 - 3 3  -+ 2 - 3 2  • 3 0.85 -+ 0.04 160 • 20 
Difference - 1 . 5  • 0.1 b 39 • 2 b 40 • 2 b - 0 . 05  • 0.03 - 1 0  • 28 

" Values are mean  -+ SEM of n = 5 exper iments .  Difference was calculated as exper imental  - control. 
b p < 0.05, paired t-test. Changes  in Vsm, Vmc and V0s represent  the initial changes  in voltage and were 
measured  at about  10 sec following exposure  of the t issue to K Ringer 's .  Res is tance  measuremen t s  
were obtained near  the end of the 2-rain exposure  to K Ringer 's .  

ing, inasmuch as raising serosal [K +] is expected to 
increase fRa by decreasing basolateral Rb. The lack 
of increase in fRo can be explained by a voltage- 
dependent decrease in Ro (Garcfa-Dfaz et al., 1983). 
Although this interpretation was not tested in detail, 
in one experiment we clamped the tissue for 1 min 
with a transepithelial constant-current pulse (200 
/xA/cm 2) during exposure to high-serosal [K+]. The 
fRo was determined by superimposing 1-sec pulses 
on the current clamp. When current was passed in 
the mucosa-to-serosa direction, causing a hyperpo- 
larization of Vmo and thus reversing the serosal K +- 
induced depolarization, fRa increased. Current 
application in the serosa-to-mucosa direction (depo- 
larization of Vm~) had the opposite effect, that is, a 
further fall in fRa. These results are consistent with 
a voltage-dependent K + conductance at the apical 
membrane which is activated by elevating serosal 
solution [K+]. This effect reduces fRo and obscures 
the increase in this parameter expected from the 
K+-induced decrease in Rb. 

S E R O S A L  S O L U T I O N  C H L O R I D E  S U B S T I T U T I O N S  

To test for a possible basolateral C1- conductance, 
serosal [C1-] was reduced from 98.1 to 8.1 mM while 
measuring membrane voltages and resistances. The 
responses of Vmc, Vcs and Vsm to partial replacement 
of C1- with either gluconate or sulfate are illustrated 
in Fig. 4. Although smaller than the changes elicited 
by K + substitutions, reducing [C1-] caused a signifi- 
cant depolarization of Vcs. As summarized in Table 
4, gluconate and sulfate Ringer's had similar effects 
on membrane voltages. The time course of the Vcs 
change was variable. Following an initial rapid de- 
polarization, which occurred in about 15 sec and 
was somewhat slower than the V~s response to K- 
Ringer's ( -10  sec), V~s either secondarily depolar- 
ized further (Fig. 4, gluconate Ringer's), hyperpo- 
larized slightly (not shown), or remained essentially 
unchanged (Fig. 4, sulfate Ringer's). The secondary 
changes were small and most often in the depolariz- 
ing direction. For example, in the gluconate Ring- 
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Fig. 4. Effects of serosal solution Cl- 
reduction (98.1 to 8. I mM) on Vmc, Vcs and 
Vsm using gluconate and sulfate as C1- 
substitutes. The voltage records were 
obtained from the same cell impalement as in 
Fig. 3. Format as in Fig. 3 

Table 4. Effects of reduction of serosal [CI-] on membrane voltages and resistances a 

Condi t ion  Wsm Vmc Wcs f Ra Rt 
(mY) (mV) (mY) (f~ �9 cm 2) 

Control 0.2 4- 0.1 -71 4- 1 - 7 2  4- 1 0.88 --+ 0.04 160 -+ 20 
Gluconate Ringer's -7 .1  + 0.4 - 7 2  4- 1 -65  4- 1 0.85 --- 0.04 200 4- 30 
Difference -7 .3  + 0.4 b - 1  4- 1 6 • 1 b -0.03 --- 0.0l b 40 -+ l0 b 

Control 0.2 4- 0.1 - 7 0  4- 2 -71 -+ 2 0.88 --- 0.04 160 4- 20 
Sulfate Ringer's - 5 .4  _+ 0.3 - 6 8  4- 2 -63  -+ 1 0.87 4- 0.03 180 4- 30 
Difference -5 .6  -+ 0.4 b 2 4- 1 8 2 1 b -0.01 4- 0.01 30 + l0 b 

Control 0.2 4- 0.1 -71 _+ 2 -71 4- 2 0.87 4- 0.04 150 4- 20 
Isethionate Ringer's - 4 . 9  4- 0.3 - 7 2  4- 2 -67  4- 2 0.86 4- 0.04 170 4- 20 
Difference -5 .1  2 0.4 b - 1  4- 1 4 _+ 1 b -0.01 • 0.00 20 4- 4 b 

Control 0.2 4- 0.1 - 7 2  4- 1 -72  4- 1 0.92 4- 0.01 160 4- 20 
Cyclamate Ringer's - 7 . 0  -+ 0.4 - 7 7  -+ I -70  _+ 1 0.92 4- 0.01 190 4- 30 
Difference -7 .2  4- 0.4 b - 5  4- 1 b 2 _+ 1 0.00 -+ 0.0l 30 4- l0 b 

a Values are mean m SEM of  n = 6 experiments. Difference was calculated as experimental - control. 
u p < 0.05, paired t-test with control data. Changes in V~m, Vmc and Vcs represent the initial changes in 
voltage and were measured at about 15 sec following exposure of the tissue to low-C1 Ringer's. 
Resistance measurements  were obtained near the end of  the 2-rain exposure to low-C1 Ringer's. Note 
that with cyclamate Ringer's there was no significant Vcs change. 

er's studies Vcs fell by an additional 2 -+ 1 mV over 2 
min after an initial depolarization of 6 -+ 1 mV (Ta- 
ble 4). 

The magnitude of the initial depolarization of 
Vcs followed the sequence sulfate > gluconate > 
isethionate > cyclamate. This result could be due to 
a finite permeability of the C1- electrodiffusive path- 
way to some of the anion substitutes tested, a par- 
tial inhibition of the transport mechanism, or per- 
haps systematic differences in pH or Ca 2+ activity 
in the low-C1- solutions. Finite permeability of 
anion-selective channels to C1- substitutes has been 
found in the basolateral membrane of rabbit urinary 
bladder (Hanrahan, Alles & Lewis, 1985) and cer- 
tain anion substitutes have been observed to inhibit 
CI- efflux in skeletal muscle (Bretag, 1987). 

A negative correlation was found between the 
magnitude of the response of Vcs to low-C1- Ring- 

er's and the magnitude of the K+-induced depolar- 
ization, which was statistically significant (P < 
0.05) for each of the C1- substitutes tested. How- 
ever, there were no significant correlations between 
the baseline membrane voltage and the magnitude 
of the depolarization of Vcs induced either by the 
low-C1- or by the high-K + Ringer's solutions. The 
changes in apical fractional resistance with low-Cl- 
Ringer's were small and only in the case of gluco- 
hate was a significant fall in fRa observed (Table 4). 
This result indicates that the contribution of the 
chloride-conductive pathway to Rb is small. 

The response of Vsm to the reduction in serosal 
chloride was remarkably similar regardless of which 
anion substitute was used. As shown in Fig. 4, Vsm 

changed rapidly in the serosa negative direction 
over the first several seconds, which is consistent 
with a solution bi-ionic potential. Subsequently, Vsm 
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T ab l e  5. E q u i v a l e n t  e lec t r ica l  c i rcui t  p a r a m e t e r s  in Necturus ga l lb ladder  ep i the l ium a 

Solution Technique f Ra Rt R~ Rb E, E~, 
[HCO3]/PCO2 (f~ ' cm z) (~q ' cm 2) (f~ . cm 2) (mV) (mV) 
or Air 

Reference 

2.4/- DC Cable 0.64 b 307 4470 2880 
2.38/Air DC Cable 0.56 b 450 .+ 40 3350 -+ 390 2750 .+ 320 39.9 -+ 3.6 
2.38/Air DC Cable 0.45 b 400 b 3510 .+ 420 4260 -+ 460 38.7 -+ 3.6 
2.4/Air DC Cable 0.68 ~ 170 c 5160 c 2458 ~ 50.6 ~ 
10/2.5% Square-Wave Pulse 0.86 +- 0.025 82 -+ 6.7 1220 -+ 406 201 -+ 79 
10/2.5% DC Cable 0.86 -+ 0.019 83 -+ 8.5 960 -+ 221 127 .+ 16 
10/1% AC Impedance 0.87 b 153 3470 225 
10/1% DC Cable 0.90 -+ 0.02 190 .+ 20 11240 -+ 2640 1010 -+ 120 68 -+ 10 

Fr6mter (19"72) 
69.4 +- 1.8 Reuss & Finn (1975a) 
90.5 _+ 7.6 Reuss & Finn (1977) 
77.7 ~ Reuss (1979) 

Suzuki et al. (1982) 
Suzuki et al. (1982) 
Kottra & Fr6mter (1984b) 

66 -+ 1 Present Study 

Values are either mean or mean .+ SEM. The Ringer's solutions used in these studies contained the following principal ions in raM: 101 -115.4 Na+; 2.5-3 
K+; 93.5-118.7 CI-; 0.89-2.7 Ca 2+. All studies were done at room temperature. 
b Calculated from mean values in the references quoted, from the relations: a/(a + 1) = fR,, where a = R,/Rb, or R, = (R,, + Rb)R,/(R,, + Rh + R,). 
c Data summarized from Tables 1-5 (Reuss, 1979). 

returned slowly towards control over the next 2 
rain, but always remained serosa-negative to con- 
trol. This secondary change in g s m  c a n  be explained 
by dissipation of the junction potential as the fluid 
within the lateral intercellular spaces exchanges 
with the low-C1- Ringer's. The changes in g s m  a r e  

mostly due to a change in Es, which in principle 
must also cause IR drops across both cell mem- 
branes. Consistent with this view, the initial re- 
sponse of Vmc was in the hyperpolarizing direction 
(Fig. 4). The contribution of AE~ to AVcs (AVcs,) is 
given by: 

A V c s '  = A E s [ R b / ( R a  + Rb  + R ~ ) ] .  (2) 

This contribution is small because of the low value 
of Rb relative to (Ra 4- Rb + Rs). Therefore, the 
change in Vcs must arise essentially from a change in 
Eb. Accordingly, we tentatively conclude that in 10 
mM HCO3/1% CO: Ringer's significant electrodif- 
fusive CI- permeability exists at the basolateral 
membrane of these cells. 

Discussion 

The major conclusions drawn from these studies are 
that the steady-state conductances of the apical and 
basolateral membranes of Necturus gallbladder epi- 
thelial cells depend on the nature and concentration 
of the buffers present in the bathing media, in par- 
ticular the HCO3/CO2 concentrations. In addition, 
we can tentatively conclude that in 10 mM HCO3/ 
1% CO2 Ringer's the basolateral membrane has a 
sizable electrodiffusive C1- permeability. Finally, 
as will be discussed below, we believe that intracel- 
lular cable analysis and the DC transcellular voltage 
divided ratio can be useful in the electrophysiologic 
analysis of this epithelium. Our resultg suggest that 

the voltage dependence of the apical membrane 
conductance poses a greater problem than the width 
of the lateral intercellular spaces in electrical mod- 
eling of the system. In this section, we will discuss 
first the use and interpretation of fRa determina- 
tions, then we will address the apparent differences 
in the literature pertaining to equivalent circuit pa- 
rameters, and finally we will justify our conclusions 
concerning adaptive changes of basolateral mem- 
brane-conductive pathways and their possible phys- 
iological significance. 

I N T E R P R E T A T I O N  O F  f R a  M E A S U R E M E N T S  

To compare fRa values under steady-state condi- 
tions in solutions of different compositions, we car- 
ried out studies in the same group of mudpuppies 
and at the same time of the year, in order to elimi- 
nate a number of potential sources of error, includ- 
ing differences in experimental techniques between 
laboratories and/or investigators. The results of the 
present studies with 10 mM HCO3/l% CO2 are 
compared with earlier observations in Table 5. 
Clearly, the values of fR~ are much higher in solu- 
tions buffered with 10 mM HCO3/I% CO2 or with 10 
mM HCO3/2.5% CO2. One interpretation of these 
results is that the previous measurements of  fR~ 
underestimated the true value. That is, when tissues 
are bathed in a low HCO3/CO2 Ringer's, trans- 
epithelial ion transport could be significantly re- 
duced, leading to a reduced rate of transepithelial 
fluid transport and consequently to closure of the 
lateral intercellular spaces. Under these conditions, 
if fR~ is calculated from a lumped model its value is 
underestimated because the distributed nature of 
the basolateral membrane-lateral intercellular space 
is ignored (Clausen, Lewis & Diamond, 1979; Boul- 
paep & Sackin, 1980; Essig, 1982). However, sev- 
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eral experimental observations indicate that a large 
contribution of the lateral intercellular spaces to the 
estimate offR~ is unlikely under these experimental 
conditions. 

First, we found no correlation between solution 
HCO~-/CO2 concentrations and Rt (Table 1), which 
suggests that the different buffering conditions did 
not result in major changes in the resistance of the 
lateral intercellular spaces. Suzuki et al. (1982) re- 
ported an average R, of about 83 ~ �9 cm 2 in gall- 
bladders bathed with a 10 mM HCO3/2.5% C02 so- 
lution. In a later study from the same laboratory, in 
which a 10 mM HCO3/l% CO2 solution was used, 
Rt was about double, averaging 153 f~ �9 cm 2 (Kot- 
tra & FrOmter, 1984b). Since no differences in fRa 
(measured by transepithelial direct current pulses) 
were observed between these two series of experi- 
ments, the contribution of the lateral spaces to the 
apparent Rh must have been either small or indepen- 
dent of solution PCO2. This suggests that if the dif- 
ferent Rt values reported are caused by changes in 
width of the spaces, this is not reflected in the value 
of fR~. 

Second, Kottra and Fr6mter (1984b), utilizing 
AC impedance analysis, demonstrated that only un- 
der rather extreme experimental conditions, namely 
complete cessation of chamber perfusion or re- 
placement of solution 02 with N2, did the resistance 
of the lateral intercellular spaces increase signifi- 
cantly. Similar experimental conditions were neces- 
sary to elicit a significant increase in R, (Kottra & 
Fr6mter, 1984b). 

Third, in paired studies the fluid transport rate 
in low-HCO3 media is reduced by only about 40% 
compared with 10 mM HCO~/I% CO2 Ringer's 
(Reuss, 1984). Thus, it is unlikely that partial inhibi- 
tion of transepithelial fluid transport would account 
for a large decrease in apical membrane fractional 
resistance. In conclusion, to the extent that the 
equivalent resistance of the basolateral membrane 
and the lateral intercellular space is distributed 
(Kottra & Fr6mter, 1984b), changes in the width of 
the space will result in underestimation of fRa. 
However, the available experimental evidence indi- 
cates that this error is small and the estimates of 
fRa under most experimental conditions are reason- 
able. Therefore, we considered the possibility that 
the observed differences in fR~ values are caused 
by changes in the cell membrane resistances them- 
selves. 

ESTIMATES OF CELL MEMBRANE RESISTANCES 

Inspection of Table 5 reveals that the larger values 
of fR~ measured in the present studies (10 mM 

HCO3/1% CO2) are attributable to both an increase 
in Ra and a decrease in Rb in comparison to values 
obtained in low H C O 3 / C O 2  Ringer's. However, our 
estimates of Ro and Rb were significantly greater 
than in other recent studies in which higher HCO;-/ 
CO2 bathing conditions were used. Suzuki et al. 
(1982), using both square-wave pulse analysis and 
intracellular DC cable analysis in tissues bathed 
with 10 mM HCO3/2.5% CO2, obtained similar 
results with both techniques. The values of Ra and 
Rb averaged about I000 and 130 to 200 f~ �9 cm 2, 
respectively. In tissues bathed with 10 mM HCO3/ 
1% CO2 Ringer's, Kottra and Fr6mter (1984b) uti- 
lized alternating current spectroscopy to estimate 
R~ and Rb, which averaged about 3500 and 230 f~ �9 
cm 2, respectively. The results of Kottra and FrOm- 
ter (1984b) are somewhat higher than those of Su- 
zuki et al. (1982), but still lower than our estimates. 
Regarding the studies of Suzuki et al. (1982), we 
suggest that the transport properties of the epithe- 
lium may be quite different from ours because of the 
higher CO2 tension of the bathing solution. We have 
found that elevation of solution CO2 from 1 to 5%, 
at constant [HCO3]o, has marked effects on intra- 
cellular pH (Stoddard & Reuss, 1985, 1986). In ad- 
dition, Rt averaged 83 f~ �9 c m  2 in the studies of 
Suzuki et al. (1982). We have on occasion measured 
Rt values below 100 f~ �9 cm 2, but this has been a rare 
occurrence. Thus, because of these Rt values and 
the possible differences in pH;, a direct comparison 
of resistance estimates between the studies cited is 
not warranted. 

Although very similar bathing media were em- 
ployed, a major difficulty in comparing our resis- 
tance estimates with those of Kottra and Fr6mter 
(1984b) is the model dependency and the different 
assumptions involved in the two methodologies, 
i.e., AC impedance versus DC cable analysis. In 
addition, the AC impedance analysis has a rather 
limited degree of certainty in the estimates of cell 
membrane resistances, whereas the DC circuit anal- 
ysis requires an accurate determination of fR,, to 
ultimately arrive at absolute values of Ra and Rb. It 
is also possible that discrepancies between their 
results and ours could be related to differences in 
experimental procedure between laboratories that 
we are unaware of. 

Suzuki et al. (1982) reported cell membrane 
voltages averaging about -80 mV. This value is 
higher than our mean of -66 mV in 10 mM HCO3/ 
I% CO2, which may suggest that our estimates of Ra 
and Rb could be compromised by leaky impale- 
ments. However, using their mean values of Ra and 
Rb from cable analysis, we calculate that in their 
hands Rz ~- 110 f~ �9 cm 2, which is considerably 
smaller than our estimate of 900 f~ �9 cm 2. Although 
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the authors did not report values of A or )t, it is clear 
from Eq. (1) (see Materials and Methods) that A, ?t, 
or both, must be greater in our experiments than in 
theirs. This result is inconsistent with the possibility 
of leaky impalements in our experiments. 

PERMSELECTIVITY OF APICAL AND 

BASOLATERAL MEMBRANES 

Previous determinations of apical and basolateral 
membrane zero-current voltages have shown that 
E~ < Eb when tissues are bathed in a low-HCO3/ 
CO2 Ringer's (Table 5). In the present studies in 10 
mM HCO3/ l% CO2 Ringer's, Ea was found to be 
increased and Eb decreased from previous esti- 
mates, resulting in E~ = Eb (Tables 2 and 5). In low 
HCO3, when E~ < Eo, assuming Es to be zero with 
symmetric bathing solutions, cellular current flow 
from apical to basolateral membranes results in a 
mucosa-negative value of Vm~. In 10 mM HCO3/l% 
CO2, reduction of this cellular current flow to near 
zero (E~ -~ Eb) should then result in a mucosa-posi- 
tive shift in Vms, a prediction which was confirmed 
in our studies (Table 1). 

Parallel increases in Ra and E~ cannot be attrib- 
uted to a decrease in apical membrane K + conduc- 
tance alone. Previous studies have demonstrated a 
small but significant apical membrane electrodiffu- 
sive PNa (van Os & Slegers, 1975; Reuss & Finn, 
1975b). Hence, a reduction in apical gK by itself 
should result in a fall in E~. Recent patch-clamp 
studies suggest that the small electrodiffusive Na + 
permeability of the apical membrane may be attrib- 
utable to Na + permeation across K + channels (Se- 
gal & Reuss, 1987). A reduction of the conductance 
of this channel together with an increase in its po- 
tassium permselectivity would explain the present 
observations. 

The lower values of Rb and Eb observed in 10 
mM HCO3/ l% CO2 Ringer's cannot be explained by 
a singular effect on basolateral gK. Although baso- 
lateral gK may indeed increase (Petersen & Reuss, 
1985), the observed fall in Eb indicates an increase 
in the relative conductance of a parallel pathway in 
the basolateral membrane with a zero-current volt- 
age more positive than EK. Evidence for this con- 
clusion was obtained in studies where the average 
depolarization of V~s in response to a 10-fold eleva- 
tion in serosal [K +] was found to be 40 -+ 2 mV, i.e., 
significantly less than predicted if the basolateral 
membrane were only permeable to K +. As dis- 
cussed above (see Results), the less-than-expected 
basolateral depolarization may be explained, at 
least in part, by the voltage dependence of the api- 
cal membrane PK (Garcfa-Dfaz et al., 1983). Be- 

cause E~ and R,~ cannot be assumed to remain con- 
stant during the elevation of serosal [K+], estimates 
of basolateral membrane potassium partial ionic 
conductance, gK, or ionic permeability, PK, cannot 
be made with certainty. Nevertheless, the results of 
these studies suggest that although the basolateral 
membrane is primarily K § conductive, other ion(s) 
must contribute to the basolateral membrane poten- 
tial and zero-current voltage. 

The most direct evidence in support of a signifi- 
cant electrodiffusive C1- pathway at the basolateral 
membrane is the observation that reducing serosal 
[CI ] causes a measurable fall in Vcs. The depolar- 
ization averaged ca. 7 mV when C1- was lowered 
from 98.1 to 8.1 mM and either gluconate or sulfate 
were used as CI- substitutes (Table 3). In similar 
studies utilizing 2.4 mM HCO3, Reuss (1979) found 
a very small basolateral CI- conductance. Because 
Eb was found to be near E~ in that study, changes in 
Vcs as a consequence of alterations in serosal [C1-] 
would be expected to be small, i.e., under these 
bathing conditions basolateral gcl is low (see be- 
low). Fisher (1984) carried out analogous experi- 
ments in 10 mM HCO3/ l% CO2, and did not ob- 
serve depolarizations comparable to those reported 
here. Fisher's experiments involved the use of two 
conventional microelectrodes: one to measure ba- 
solateral membrane voltage and the other passed 
through a neighboring cell to a position just below 
the basolateral membrane to detect the voltage 
changes occurring in the subepithelial tissue and 
hence to correct the intracellular voltage records for 
subepithelial junction potentials. The observed 
changes in Vcs in response to reductions in serosal 
solution [C1-] were complex and interpreted as in- 
consistent with a simple electrodiffusive C1- trans- 
port mechanism at the basolateral membrane. Fish- 
er's interpretation relies on the assumption that the 
subepithelial electrode yields an accurate correc- 
tion for the junction potential change. This is ques- 
tionable because the electrode is not a flowing one 
and hence the composition of its tip solution is un- 
known. We suggest that the expected basolateral 
depolarization upon lowering [C1-] is masked by 
solution junction potential changes in the initial 30 
sec following the ionic substitution [see Fig. 2 of 
Fisher (1984)]. 

Other results from our laboratory are also con- 
sistent with a basolateral electrodiffusive C1- trans- 
port mechanism in Necturus gallbladder epithelium. 
Experimental procedures that result in a decreased 
rate of C1- entry into the cells via C1-/HCO3 ex- 
change, i.e., pharmacologic inhibition (Reuss et al., 
1987) or reduction of mucosal [CI-] (Reuss, 1984; 
Reuss & Costantin, 1984), cause cell membrane hy- 
perpolarization and cellular alkalinization. The by- 
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perpolarization can be accounted for by changes in 
basolateral membrane gc~ and Ecl, but not by an 
effect of intracellular pH on gK (Stoddard & Reuss, 
1985; Stoddard & Reuss, unpublished observa- 
tions). We have also shown that acidification of the 
basolateral solution by reducing [HCO3] at constant 
pCO2 results in a marked increase in the depolariza- 
tion of Vcs in response to reductions in serosal [C1-] 
(Stoddard & Reuss, 1986). 

Finally, we will discuss the possible physiologic 
significance of the lower values of Rb and Eh in tis- 
sues bathed in 10 mN HCO3/ l% CO2 Ringer's. Re- 
cent studies in Necturus gallbladder, have demon- 
strated that the transepithelial fluid transport rates, 
and by inference the rates of transepithelial sodium 
and chloride transport, are significantly increased 
by raising bathing solution HCO3/CO2 concentra- 
tions (Reuss, 1984; Petersen & Reuss, 1985). The 
steady-state intracellular Na + and C1- activities are 
unchanged under these various conditions (Wein- 
man & Reuss, 1982; Reuss, 1984; Reuss & Costan- 
tin, 1984; Reuss & Petersen, 1985; Reuss et al., 
1987), but phi is lower in 10 mN HCO;-/I% CO2, 
i.e., about 7.35, compared with ca. 7.50 in tow- 
riCO;- Ringer's (Weinman & Reuss, 1982; Reuss & 
Costantin, 1984; Reuss & Petersen, 1985; Reuss, 
1987; Reuss et al., 1987). Assuming that intraceltu- 
lar [HCO3] is lower in the studies with low HCO3, 
and since apical NaC1 entry is by Na+/H + and C1-/ 
HCO3 exchange (Reuss & Stoddard, 1987), thermo- 
dynamic arguments indicate that apical Na + and 
CI- entry should be increased when solution HCO~-/ 
COz is increased. Consequently, the Na + and CI- 
transport rates at the basolateral membrane would 
be required to change accordingly. As discussed by 
Schultz (see in Reuss et al., 1984), stimulation of 
apical membrane ion transport in Na+-absorbing or 
C1--secreting epithelia causes adaptive steady-state 
increases in both Na + pump rate and basolateral 
membrane K + conductance. Because of the electri- 
cal coupling between apical and basolateral mem- 
branes in such electrogenic systems, the increase in 
basolateral gK tends to compensate for the depolar- 
izing effect of the primary apical membrane conduc- 
tance change. In addition, the requirement for en- 
hanced K + recycling at the basolateral membrane is 
satisfied. In Necturus gallbladder epithelium, apical 
NaC1 transport is primarily electroneutral (Reuss & 
Stoddard, 1987) and hence different adaptive 
changes may occur to accommodate increased rates 
of fluid transport while preserving intracellular ho- 
meostasis. Since the cell membranes are K + selec- 
tive, increasing basolateral membrane PK alone 
should hyperpolarize both cell membranes. The hy- 
perpolarization, by itself, would tend to reduce the 
net basolateral conductive K + efflux. However, a 

concomitant increase in basolateral Pcl would tend 
to maintain the cell membrane voltages constant, 
thereby increasing the basolateral electrodiffusive 
effluxes of both ions. Thus, both net CI- transport 
and K + recycling at the basolateral membrane will 
be increased pari passu with the increase in trans- 
epithelial fluid transport. The precise mechanisms 
of the changes in basolateral membrane-permselec- 
tire properties remain unknown, but may be related 
to the changes in pHi, HCOh, or perhaps secondary 
effects of Cal.. Further studies are required to distin- 
guish among these possibilities. 

We thank C.U. Cotton and Y. Segal for comments on a previous 
version of the manuscript, J.E. Bazile for technical assistance, 
and A. Pearce for secretarial help. This research was supported 
by NIH Grant DK-38734 (LR) and a National Kidney Founda- 
tion Fellowship (JSS). 

References 

Boulpaep, E.L., Sackin, H. 1980. Electrical analysis of in- 
traepithelial barriers. Curr. Top. Membr. Transp. 13:169-197 

Bretag, A.H. 1987. Muscle chloride channels. Physiol. Rev. 
67:618-724 

Clausen, C., Lewis, S.A., Diamond, J.M. 1979. Impedance anal- 
ysis of a tight epithelium using a distributed resistance model. 
Biophys. J. 26:291-318 

Essig, A. 1982. Influence of cellular and paracellular conduc- 
tance patterns on epithelial transport and metabolism. 
Biophys. J. 38:143-152 

Fisher, R.S. 1984. Chloride movement across basolateral mem- 
brane of Neeturus gallbladder epithelium. Am. J. Physiol. 
247:495-500 

Fr6mter, E. 1972. The route of passive ion movement through 
the epithelium of Necturus gallbladder. J. Membrane Biol. 
8:259-301 

Garc/a-Dfaz, J.F., Nagel, W., Essig, A. 1983. Voltage-dependent 
K conductance at the apical membrane of Necturus gallblad- 
der. Biophys. J. 43:269-278 

Graf, J., Giebisch, G. 1979. Intracellular sodium activity and 
sodium transport in Necturus gallbladder epithelium. J. 
Membrane Biol. 47:327-355 

Hanrahan, J.W., Alles, W.P., Lewis, S.A. 1985. Single anion- 
selective channels in basolateral membrane of a mammalian 
tight epithelium. Proc. Natl. Acad. Sci. USA 82:7791-7795 

Kottra, G., Fr6mter, E. 1984a. Rapid determination of in- 
traepithelial resistance barriers by alternating current spec- 
troscopy. I. Experimental procedures. Pfluegers Arch. 
402:409-420 

Kottra, G., Fr6mter, E. 1984b. Rapid determination of in- 
traepithelial resistance barriers by alternating current spec- 
troscopy, tI. Test of model circuits and quantification of 
results. Pfluegers Arch. 402:421-432 

Larson, M., Spring, K.R. 1984. Volume regulation by Necturus 
gallbladder: Basolateral KC1 exit. J. Membrane Biol. 
81:219-232 

Os, C.H. van, Slegers, J.F.G. 1975. The electrical potential pro- 
file of gallbladder epithelium. J. Membrane Biol. 24:341-363 



174 J.S. Stoddard and L. Reuss: Effects of HC03/CO2 on Cell Conductances 

Petersen, K.U., Reuss, L. 1983. Cyclic AMP-induced chloride 
permeability in the apical membrane of Necturus gallbladder 
epithelium. J. Gen. Physiol. 81:705-729 

Petersen, K.U.; Reuss, L. 1985. Electrophysiological effects of 
propionate and bicarbonate on gallbladder epithelium. Am. J. 
Physiol. 248:C58-C69 

Poler, S.M., Reuss, L. 1987. Protamine alters apical membrane 
K + and C1- permeability in gallbladder epithelium. Am. J. 
Physiol. 253:C662-C671 

Reuss, L. 1979. Electrical properties of the cellular transepithe- 
lial pathway in Necturus gallbladder: III. Ionic permeability 
of the basolateral cell membrane. J. Membrane Biol. 47:239- 
259 

Reuss, L. 1983. Basolateral KCI co-transport in a NaCl-absorb- 
ing epithelium. Nature (London) 305:723-726 

Reuss, L. 1984. Independence of apical membrane Na + and CI- 
entry in Necturus gallbladder epithelium. J. Gen. Physiol. 
84:423-445 

Reuss, L. 1987. Cyclic AMP inhibits C1-/HCO~ exchange at the 
apical membrane of Necturus gallbladder epithelium. J. Gen. 
Physiol. 90:173-196 

Reuss, L., Bello-Reuss, E., Grady, T.P. 1979. Effects of ouabain 
on fluid transport and electrical properties of Necturus gall- 
bladder. Evidence in favor of a neutral basolateral sodium 
transport mechanism. J. Gen. Physiol. 73:385-402 

Reuss, L., Costantin, J.L. 1984. C1-/HCO3 exchange at the api- 
cal membrane of Necturus gallbladder. J. Gen. Physiol. 
83:801-818 

Reuss, L., Costantin, J.L., Bazile, J.E. 1987. Diphenylamine-2- 
carboxylate blocks C1-/HCO{ exchange in Necturus gall- 
bladder epithelium. Am. J. Physiol. 253:C79-C89 

Reuss, L., Finn, A.L. 1975a. Electrical properties of the cellular 
transepithelial pathway in Necturus gallbladder. I. Circuit 
analysis and steady-state effects of mucosal solution ionic 
substitutions. J. Membrane Biol. 25:115-139 

Reuss, L., Finn, A.L. 1975b. Electrical properties of the cellular 
transepithelial pathway in Necturus gallbladder. II. Ionic per- 

meability of the apical celt membrane. J. Membrane Biol. 
25:141-161 

Reuss, L., Finn, A.L. 1977. Effects of luminal hyperosmolality 
on electrical pathways of Necturus gallbladder. Am. J. Phy- 
siol. 232:C99-C 108 

Reuss, L., Lewis, S.A., Wills, N.K., Helman, S.I., Cox, T.C., 
Boron, W.F., Siebens, A.W., Guggino, W.B., Giebisch, G., 
Schultz, S.G. 1984. Ion transport processes in basolateral 
membranes of epithelia. Fed. Proc. 43:2488-2502 

Reuss, L., Petersen, K.U. 1985. Cyclic AMP inhibits Na+/H * 
exchange at the apical membrane of Necturus gallbladder 
epithelium. J. Gen. Physiol. 85:409-429 

Reuss, L., Stoddard, J.S. 1987. Role of H § and HCOf in salt 
transport in gallbladder epithelium. Annu. Rev. Physiol. 
49:35-49 

Segal, Y., Reuss, L. 1987. Single channels in the apical mem- 
brane of Necturus gallbladder. Physiologist 30:157 

Stoddard, J.S., Reuss, L. 1985. Effect of mucosal COflHCO3 on 
intracellular pH in Necturus gallbladder epithelium. J. Gen. 
Physiol. 86:42a 

Stoddard, J.S., Reuss, L. 1986. Effect of basolateral pH on mem- 
brane voltage in Necturus gallbladder epithelium. J. Gen. 
Physiol. 88:57a 

Suzuki, K., Fr6mter, E. 1977. The potential and resistance pro- 
file of Necturus gallbladder cells. Pfluegers Arch. 371:109- 
117 

Suzuki, K., Kottra, G., Kampmann, L., Fr6mter, E. 1982. 
Square wave pulse analysis of cellular and paracellular con- 
ductance pathways in Necturus gallbladder epithelium. 
Pfluegers Arch. 394:302-312 

Weinman, S.A., Reuss, L. 1982. Na+-H + exchange at the apical 
membrane of Necturus gallbladder. Extracellular and intra- 
cellular pH studies. J. Gen. Physiol. 80:299-321 

Weinman, S.A., Reuss, L. 1984. Na+-H + exchange and Na + 
entry across the apical membrane of Necturus gallbladder. J. 
Gen. Physiol. 83:57-74 

Received 12 November 1987; revised 27 January 1988 


