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Summary. The chloride conductance of the basolateral cell mem- 
brane of the Necturus proximal tubule was studied using con- 
ventional and chloride-sensitive liquid ion exchange microelec- 
trodes. Individual apical and basolateral cell membrane and 
shunt resistances, transepithelial and basolateral cell membrane 
potential differences, and electromotive forces were determined in 
controI and after reductions in extracellular C1 . When extracel- 
lular CI- activity is reduced in both apical and basolateral so- 
lutions the resistance of the shunt increases about 2.8 times over 
control without any significant change in cell membrane resis- 
tances. This suggests a high CI-  conductance of the paracellular 
shunt but a low C1- conductance of the cell membranes. Re- 
duction of CI- in both bathing solutions or only on the baso- 
lateral side hyperpolarizes both the basolateral cell membrane po- 
tential difference and electromotive force. Hyperpolarization of 
the basolateral ceil membrane potential difference after Iow CI 
peffusion was abolished by exposure to HCO~-free solutions and 
SITS treatment. In control conditions, intracellular CI-  activity 
was significantly higher than predicted from the equilibrium dis- 
tribution across both the apical and basolateral cell membranes. 
Reducing C1- in only the basolateral solution caused a decrease 
in intracellular CI-.  From an estimate of the net C1 flux across 
the basolateral cell membrane and the electrochemical driving 
force, a C1 conductance of the basolateral cell membrane was 
predicted and compared to measured values. It was concluded 
that the C1- conductance of the basolateral ceil membrane was 
not large enough to account for the measured flux of CI- by 
electrodiffusion alone. Therefore these results suggest the presence 
of an electroneutral mechanism for C1- transport across the 
basolateral cell membrane of the Necturus proximal tubule cell. 
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Introduction 

Chloride enters the cells of a wide variety of NaC1 
absorbing epithelia across the apical cell membranes 
by means of electroneutral, coupled sodium and 
chloride transport [15]. These epithelia transport 
chloride across the apical cell membrane against an 
electrochemical gradient, the energy for the uphill 
movement of C1- being derived from the downhill 
chemical gradient for Na + across the apical cell 
membrane. The Na + gradient across the luminal cell 

membrane is established by the active transport of 
sodium across the basolateral cell membrane via the 
Na/K pump. 

A common feature of these epithelia is that in- 
tracellular C1- activity is higher than predicted from 
the electrical potential difference across the apical 
membrane. For example, the measured intracellular 
CI- activity exceeds the activity predicted from the 
passive chloride distribution across the apical cell 
membrane by a factor of 2.4 in the rabbit gallblad- 
der [13], 2.3 in the bullfrog small intestine [6], and 
3.4 in the winter flounder small intestine [12]. 

The intracellular chloride activity of the Neaurus  
proximal tubule cell has also been shown to be 
above the value predicted for passive distribution 
[21, 26]. Spring and Kimura [26] found that the 
entry of chloride into the cell across the apical cell 
membrane requires the presence of sodium in the 
tubular lumen and that intracellular chloride activity 
is independent of variations of the electrical poten- 
tial difference. They postulated that chloride enters 
the cell across the apical membrane via a saturable, 
electroneutral, carrier-mediated mechanism involv- 
ing coupled sodium and chloride transport. 

Because intracellular chloride activity is above 
equilibrium in those epithelial cells that exhibit api- 
cal NaC1 cotransport, there is a favorable elec- 
trochemical gradient for chloride exit across the ba- 
solateral cell membrane. Therefore, it is possible that 
chloride transport across the basolateral cell mem- 
brane could be completely electrodiffusive provided 
there is an adequately large basolateral chloride 
conductance. However, several studies suggest that 
in some epithelia with apical NaC1 cotransport, the 
conductance of the basolateral cell membrane is not 
large enough to account for the transcellular chlo- 
ride flux on the basis of electrodiffusion alone [13, 
23]. In these epithelia a component of chloride el- 
flux from the cell must be electroneutral. 
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The quantitative role of electrodiffusive vs. elec- 
troneutral chloride transport across the basolateral 
cell membrane of the Neaurus proximal tubule is 
unknown. Therefore, three aspects of chloride trans- 
port across the basolateral cell membrane were eval- 
uated in the present study: (i) the total celt mem- 
brane conductance and the chloride conductance, (ii) 
the C1- electrochemical driving force, and (iii) the 
net flux of chloride following basolateral chloride 
concentration changes. We found that the chloride 
conductance of the basolateral cell membrane is too 
low to account for the estimated chloride flux if it 
were to occur by electrodiffusion alone. Therefore 
chloride movement across the basolateral cell mem- 
brane must include an electrically silent transport 
mechanism. Part of this research is published else- 
where in abstract form [19]. 

Mater ia l s  and M e t h o d s  

Experimemal Approach 

The mechanism of CI- movement across the basolateral cell 
membrane of proximal tubule cell of the doubly-perfused Nec- 
turus kidney was studied in three ways. 

First, the total resistances of the apical and basolateral cell 
membranes and the paracellular shunt were determined from the 
transepithelial resistance, the cell membrane resistance in parallel, 
and the resistance ratio of the apical and basolateral membranes. 
The contribution of C1 to the total resistances was assessed by 
comparing the total resistances in control solutions with values 
obtained after lowering C1-. In addition, the contribution of C1- 
to the cell membrane potential differences and the electromotive 
forces acting on CI- was determined from measurements of trans- 
epithelial and basolateral cell membrane potential differences in 
control and low CI- solutions. 

Second, the electrochemical driving force for C1- movement 
was obtained from measurements of basolateral membrane poten- 
tial and intracellular CI- activity. 

Third, the net flux of chloride was estimated from the change 
of intracellular CI- activity when the basolateral solution was 
switched from control to a low C1- solution. 

These techniques were designed to address the following 
questions: is the C1 conductance of the basolateral cell mem- 
brane of the Necmrus proximal tubule large enough to account 
for the flux of CI-  through an electrodiffusive pathway or is the 
movement of CI-  electroneutral? 

Kidney Preparation 

Adult specimens of Necturus maculosus were obtained from Con- 
necticut Valley Biological Supply Co. (Southampton, Mass.), kept 
in an aquarium at 15 ~ for at least one month prior to use, and 
fed live goldfish. Animals were anesthetized in 0.67 g/liter tricaine 
methane sulfonate (Finquel, Ayerst, N.Y.). The kidneys were pre- 
pared and doubly perfused via the aorta and portal vein as 
described previously [17] with either control or low C1- solutions 
(Table 1). Changes of the luminal solution were accomplished by 
means of a double-barreled pipette (Theta Style I, R and D 
Optical Systems, Spencerville, Md.) inserted in the glomerulus. 
One barrel of the pipette contained the control solution to which 

Table 1. Concentration of ions in Necturus Ringer 

mM Control Low C1- 

Na § 100.5 94.3 
K + 2.5 2.5 
Ca + + 1.8 8.0 
Mg ++ 1.0 1.0 
C1- 98.1 8.1 
HCO 3 10.0 10.0 
H2PO 4 0.5 05 
SO 4 - 6.2 
Gluconate - 83.8 

All solutions contained 2.2mN glucose, 15g.l i ter  -1 PVP, and 
2000 units, liter-1 heparin and were bubbled with 99 % 0 2 -  1% 
CO z to a pH of 7.6. CaSO 4 was added to the low C1 solution in 
order to maintain the Ca + + activity at control levels. 

0.1% Hercules Green Shade 4~2 (H. Kohnstamm and Co,, N.Y.) 
was added. This was helpful in the identification of the perfused 
tubule. The other barrel was filled with low C1- solution. Changes 
of peritubular solutions were achieved with the aid of a four-way 
valve placed close to the site where the caudal vein was can- 
nulated. 

TransepitheIial and Cell Membrane 
Potential Differences 

Conventional microelectrodes were drawn on a horizontal mi- 
croetectrode puller (Model PD-5, Narishige Scientific Instruments, 
Tokyo, Japan) from 1.2 mm OD and 0.6 mm ID, fiber-containing 
glass capillaries (Federick Haer & Co., Brunswick, Me.) and filled 
with 1 M KCI. Microelectrodes for transepithelial measurements 
were beveled to 10 M ~  (Model 1300 Beveler, W.P. Instruments, 
New Haven, Conn.) in order to minimize impalement damage. 

Potential differences were measured by means of an elec- 
trometer (Model 725, W.P. Instruments). All microelectrode-elec- 
trometer connections were made via Ag/AgC1 half cells. Potential 
differences were measured with reference to a 3-M KC1 flowing 
junction in the Ringer solution above the kidney. The flowing 
junction was also connected to ground with a Ag/AgC1 half cell. 
Basolateral membrane potential difference, (Vb~) and transep- 
ithelial potential difference (V~e) were measured by means of in- 
tracellular and intraluminal impalements with respect to a ground 
electrode in the bathing solution. The apical potential difference 
(V~) was calculated from: 

vo = v ,e-  v~. (1) 

Measurements of Vte and Vbl were not carried out in the same 
tubules; therefore, average values were used to calculate Vo. 

Transepithelial Resistance 

One current passing and two voltage recording microelectrodes 
were placed in the lumen of a straight portion of the early 
proximal tubule. The position of all the electrodes was verified as 
described previously 1. Briefly, resistance measurements were per- 
formed only if during control perfusion all microelectrodes in the 
lumen recorded the same transepithelial potential difference. Simi- 

1 Guggino, W.B., Windhager, E.E., Boulpaep, E.L., Giebisch, G. 
1981. Cellular and paracellular resistance of the proximal tubule 
of the Necturus kidney. J. Membrane Biol. (submitted). 
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larly, measurements were acceptable only when the same re- 
versible hyperpolarization was obtained upon changing the lu- 
minal perfusion from the control to a low CI-  solution and back 
to control solution. Interelectrode distance was measured with an 
ocular micrometer. 

Current pulses of 2 x 10 -7 A and 0.5 sec duration were passed 
through the most distally located of the three electrodes by means 
of a constant current source (Channel B Model KS 700, W.P. 
Instruments). The electrotonic potential difference was recorded 
simultaneously by the other two microelectrodes by means of two 
electrometers (Channel A Model KS 700 and Model 725, W.P. 
Instruments). Electrotonic voltage deflections were measured with 
reference to a 3-M KCI agar bridge in the Ringer solution above 
the kidney. The agar bridge was connected to ground with a 
Ag/AgC1 half cell. 

The technique for the determination of R~ by cable analysis 
has been described previously [10]. By treating the tubule as a 
single infinite cable, the length constant (2~, ~tm) of the luminal 
cable was determined from the inverse of the slope of a log plot 
of electrotonic potential difference vs. distance. The transepithelial 
specific resistance (R,~ , Q cm 2) was then estimated from the equa- 
tion: 

2pc ),~ 
Rt~ = - -  (2) a 

where Pe is the luminal fluid volume resistivity (I00 f~. cm) for 
Necturus Ringer solution) and a, the inner radius. 

Cell Membrane Resistance 

The parallel resistance (R~) of apical and basolateral membranes 
was obtained from the spread of intraepithelial current injection 
according to the cable analysis technique first used by Windhager 
et al. [29] in Necturus proximal tubule and subsequently by 
Anagnostopoulos and Velu [5]. A detailed description of this 
technique has been published previously z. 

Current pulses of 2.5 • 10 -8 A were injected through an un- 
beveled intracellular microelectrode, and the resulting voltage de- 
flections were detected at several points along the tubule by 
means of a series of sequential cell impalements with microelec- 
trode. The distance between current and measuring microelee- 
trodes was always greater than the tubule diameter and as long as 
700 ~m. 

Assuming that the proximal tubule is a sheet wrapped into 
an infinite tubule, the voltage attenuation resulting from intra- 
epithelial current injection was described by the following equation. 

zl V~ = p~ )'~ I~ e -  ~/~ (3) 
4~ad  

where A V~ is the voltage deflection at a distance x from the 
current source, & is the cell cable specific resistance (-('2- cm), I o is 
the input current, 2~ the length constant of the cellular cable, a, 
the inner tubule radius, and d, the thickness of the cell layer. 2~ 
was determined from the slope of a log plot of A V vs. distance 
and p~ from the intercept V o using the equation 

4 ~ a d V  o 
P~ ~do (4) 

R~ is then given by 

2{p~ 
& -  d (s) 

See footnote 1, p. 186 

R e s i s t a n c e  R a t i o  

The ratio of apical (R,) to basolateral (Rb~) resistance was esti- 
mated from the voltage ratio VjVb~. Current pulses of 2 x 10- v A 
and 0.5 sec duration were injected into the lumen of the tubule 
with a microelectrode. At another site along the tubule a second 
microelectrode was inserted sequentially into a cell and then into 
the lumen of the proximal tubule. The distance between the 
current and measuring microelectrode was kept constant during 
the experiment. The resistance ratio was determined from the 
equation: 

= ~ V~_ 1 (6) 
3v~, 

where A Vb~ and A V~ are the electrotonic potential differences with 
the electrode in the cell and in the lumen, respectively. 

Individual Ceil Membrane and Paracellular, 
Resistances, and Electromotive Forces 

According to a simple equivalent circuit model of the proximal 
tubule [9] which includes all resistances lumped into three com- 
ponents, the apical and basolateral ceil membrane resistances and 
the resistance of the shunt, R,, Rb~ and R s (shunt resistance) were 
calculated from the following equations: 

(R, + Rbz ) R~ 
Rte - R, + Rbl + R S (7) 

Ra" Rbl (8) 
R Z - R a  + Rbl 

R~ 
. = - - .  (9 )  

Rbl 

Likewise, the electromotive forces of the apical, E~, and baso- 
lateral, Ebt, membranes were calculated from: 

Rbz 
~b, = v~, + v,~ -~  (lO) 

v: R. (11) Eo=Vo+ , r  
R~ 

In the calculations of electromotive forces the emf of the shunt, 
E,, was neglected. This assumption is justified because with sym- 
metrical solutions on both sides of the tubule, E~ is small [11] 
and therefore would contribute only an insignificant error to the 
calculation of E~ and Ebb. 

Intracellular Chloride Activity 

Chloride ion specific electrodes were manufactured by means of a 
modification of the technique of Fujimoto and Kubota [16]. 
Electrodes were dipped for 3 sec into a 0.I ~ solution of silicone 
polymer (1107 fluid, Dow Corning Corp., Midland, Mich.), in 
acetone, and heated at 300 ~ for one-half hour. Electrodes were 
back-filled with a small quantity of CI-  specific ion exchanger 
(Coming ~477315). 

CI- electrodes were gently beveled (Model 1300, Beveler, 
W.P. Instruments) and viewed under a microscope to assess tip 
diameter. Usable electrodes were those with tips of diameters of 
< lgm. After beveling, the electrodes were back-filled with 0.5 
KCI. The tips of the CI- electrodes were immersed in 100 mM 
NaCI for several hours before use. 



188 

To assess the cellular C1- activity in single proximal tubule 
cells, impalements were made in the same tubule with both chlo- 
ride specific and 1 M KC1 conventional microelectrodes (resistance 
30-70M.Q). The voltages of both the C1- specific and the con- 
ventional microelectrodes were recorded simultaneously by means 
of a dual channel very high impedance electrometer (Model F- 
223A Dual Channel Electrometer, W.P. Instruments). Each ex- 
periment represented a single measurement on one tubule. 

C1- electrodes were calibrated in pure solutions of 5, 10, 50 
and 100mM KCI solutions. The slope (S) of the electrode re- 
sponse was determined from the regression line of voltage vs. the 
log C1- activity. Intracellular CI-  activity was calculated from the 
following equation: 

a i _ bt 10 (Vcl- Vb~) (12) 
c~ - ac~ S 

i and abctl are intracellular and basolateral solution C1- where ac~ 
activities, respectively, and Vcl the voltage change in the C1- 
electrode from the Ringer's to the cell. The average S of elec- 
trodes used in these experiments was -53.4  mV/10-fold change in 
C1- activity. The 95 ~o response time of electrodes was t sec 
(determined from rapid changes of the CI- activity of the per- 
fusion solutions). 

The selectivity of the CI- electrode (k) to gluconate and 
HCO;- was determined from: 

kC~,A= 10 VI~176 Vl~176 (13) 

where V~OOA is the voltage reading of the C1- electrode in either 
100 mN NaHCO 3 or gluconate and V~ooc 1 the voltage ill 100mM 
KC1. The selectivity of the C1- electrodes to HCO~ and gluco- 
nate were 0.10_+0.01 and 0.03-+0.01, respectively. Because the 
activity of HCO 5 in Necturus Ringer solution is about 7 mM, the 
contribution of HCO~ to V o is <1 mV. As a result, this error 
was neglected in our calculation of a~. 

Net CI- Flux Across the Basolateral Cell Membrane 

A net flux of C1 across the basolateral cell membrane (JCl) was 
estimated from the change in a~ when the basolateral solution 
was switched from control to low C1- solution. Impalements were 
made in the same proximal tubule with a CI- sensitive and a 
conventional microelectrode, and the change in a~l was con- 
tinuously monitored following a reduction only in a~lr JcJ was 
estimated from the initial rate of change of a~ from the following 
equation: 

V dalcl 

Ay dt 

where V is the volume, A the area, and ~ the activity coefficient 
for C1-. The cell volume was assumed to be constant throughout 
the experiment. VIA was estimated to be equal to cell height (h), 
assuming the cell is a cube and taking A as cm 2 of tubule 
epithelium. These dimensions are equivalent to those used to 
determine membrane resistances. 

Statistics 

Results in this study are reported as mean values +_SE. Student t 
tests were sued for comparison of means. It was not possible to 
determine Ro, Rb~ , R,, E,, Ebz and V, on the same tubule. In these 
instances, the values reported were combinations of means from 
several experiments. 
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Table 2. The effects of lowering ac~ on transepithelial and cell 
membrane potentials and electromotive forces 

Apical Control Low C1- Control 
solution 
Basolateral Control Low CI Low C1- 
Solution 

Vbz (mV) -62_+0.06(69) -74-t-1.6(24)" -66+1A(25)  a 
V~ (mY) +58 +61 +81 
Vt~ (mV) - 3_+0.4(28) -12+1.5(18)"  +15_+1.1(23) ~ 
E~ (mV) - 84 - t05 
Eo (mY) - 7 - 32 

Vb~ , Ebz , and V~e were determined with respect to a reference 
ground electrode in the basolateral solution, V~ and E~ with 
respect to a reference inside the cell. 
" P < 0 . 0 1 .  

Results 

The Effect of Low Extracellular CI- 
on Transepithelial and Cell Membrane Potentials 

In order to evaluate the contribution of CI- to the 
transepithelial and cell membrane potentials, both 
Vbt and Vre were monitored during rapid changes in 
extracellular C1- activity. The data are summarized 
in Table 2. 

When the activity of C1- is lowered from 74 to 
6raM in apical and basolateral solutions simul- 
taneously (Table 2) both Vb~ and V~e hyperpolarize 
significantly over control values, while V~ is only 
slightly changed. Similarly, when the activity of C1- 
is lowered asymmetrically, on only the basolateral 
side, Vb~ hyperpolarizes; in contrast, under this con- 
dition Vtr becomes positive. The response of Vb~ and 
Vte to the lowering of basolateral C1- activity is 
relatively rapid, reaching a full response within 
2 rain of the initial change of C1- activity. 

The hyperpolarization of Vbl when the activity of 
C1- is lowered in both the apical and basotateral 
solutions or only on the basolateral side is not what 
would be expected if the basolateral membrane were 
highly conductive to CI-. As described by Hodgkin 
and Horowicz [20] for muscle fibers, a sudden re- 
duction of act at constant aK+ should cause a tran- 
sient depolarization of the membrane potential if the 
basolateral membrane is permeable to C1-. The lack 
of depolarization of VbL in these experiments could 
result from several mechanisms, which are discussed 
in detail below. 

The depolarization of V~ during unilateral lower- 
ing of C1- on the basolateral side is consistent with a 
high transepithelial CI- conductance. Boulpaep [i1] 
has shown that in view of the high resistance of the 
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Conf rol Control Low el- APICAL SOLUTION Controt 
BASOLATERAL SOLUTION Low CI- Low CI- 

CURRENT ~ J j ~ ~ ~  
ELECTRODE 

VOLTAGE 
ELECTRODE-1 

]~ -20mV 

VOLTAGE I 
E LEeT OOE 2 

Fig. 1. The three traces represent the transepithelial voltage re- 
cordings of three electrodes in the lumen of a Necturus proximal 
tubule. The upper trace is a recording from the current electrode 
and the lower two traces those of voltage measuring electrodes. 
The distances between electrodes are 150 and t90~tm, respec- 
tively. The arrows mark the time at which all electrodes are 
recording Vte (-5mV) in control solution prior to current in- 
jection. Current pulses appear as spikes superimposed on V,e. 
Electronic voltage deflections recorded by the current electrode 
are off the scale of the tracing. Perfusing low C1- solution on the 
basolateral side only, depolarizes V,~ recorded by each electrode. 
Perfusing low CI solution on both the apical and basolaterat 
sides hyperpolarizes Vb~ over control values 

cell membranes relative to the shunt resistance, 
changes in Vte resuIting from diffusion potentials 
approximate the changes of the electromotive force 
of the shunt. Therefore the depolarization of Vt~ after 
basolateral CI -  reduction results from the induction 
of a CI -  concentration difference across the highly 
CI -  selective paracellular shunt. It is well known 
that the C1- conductance of the shunt in the Nec- 
turus proximal tubule exceeds the Na  + conductance 
[1, 7, 22]. 

Measurement  of V,r in amphibian proximal tu- 
bules vary over a considerable range [14]. Because 
tubule damage could result in an underestimate of 
Vt~ , in this study microelectrodes used for transep- 
ithelial elements were beveled to minimize damage. 

Effect of Low Cl-  on TransepitheliaI Resistance 

The total transepithelial resistance of the Necturus 
proximal tubule was determined in control con- 
ditions and after the reduction of the CI -  activity in 
both apical and basolateral solutions. A typical ex- 
periment of transepithelial resistance is illustrated in 
Fig. 1. Three electrodes were placed in the lumen of 
a proximal tubule. Because of the difficulty of suc- 
cessfully inserting three microelectrodes in the lu- 
men of a proximal tubule and maintaining them 

Table 3. Luminal cable properties of the proximal tubule 

Control Low C1 

2 z (gm) 729_+67 1377_+148 a 
R,e (f~.cm 2) 261_+58 765_+159" 
a (gm) 574-- 3 57_+ 3 
n 15 15 

P<O.Ol. 

properly localized during solution changes, it was 
necessary to verify the location of the electrodes 
throughout the experiment. This was accomplished 
by monitoring Vte recorded by the three electrodes 
throughout the experiment. As shown in Fig. 1, all 
the electrodes recorded the same control V~e and the 
same changes in Vte during low CI-  perfusion. This 
indicates that all three electrodes remained in the 
lumen throughout the experiment. 

After verifying the luminal position of the elec- 
trodes, current pulses were passed through one elec- 
trode and the current spread along the tubule re- 
corded by the two voltage sensing electrodes. As 
expected, electronic voltage deflections diminish with 
distance from the current electrode. It is to be noted 
that following the replacement of the basolateral 
solution by a low C1- solution the transepithelial 
potential recorded by the electrodes depolarizes. At 
the same time the superposed voltage pulses increase 
significantly in magnitude. Similarly, when both api- 
cal and basolateral solutions are switched to so- 
lutions with a low CI -  activity the transepithelial 
potential hyperpolarizes and again the electrotonic 
deflections increase in magnitude. We concluded 
from the increase in the magnitude of the transep- 
ithelial voltage deflections that the transepithelial 
resistance increases when CI -  is removed from the 
bathing medium. 

In experiments in which apical and basolateral 
membranes were perfused with control solution, the 
average values of 21 and Rte calculated from each 
individual tubule are given in Table 3. Values of Rte 
in the present study are consistent with those re- 
ported previously for the early proximal tubule of 
Necturus from this laboratory, which range from 70 
[10] to 255 f~. cm 2 [14]. However, they are less than 
those of Anagnostopoulos et al. [4] who report val- 
ues of 420 ft .  cm 2 for Rte. The Rte of Anagnos- 
topoulos et al. is in the range of the resistances 
found across the late proximal tubule of Necturus 
which range from 429 [11] to 641 f l-  cm 2 [14]. Both 
2~ and Rte increase significantly above control values 
when C1- activity is reduced in both apical and 
basolateral perfusion solutions (Table 3). 
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CURRENT 
ELECTRODE 

i -20rnV 

ELECTRODE 

1 1 MIN I 

Fig. 2. The upper trace represents an intracellular recording of Vbz 
with a current electrode. The arrow marks the point at which the 
impalement was made across the basolateral cell membrane. 
While the current electrode remained in the same cell, four in- 
tracellular impalements were made with a second electrode at 
decreasing distance (left to right) from the current electrode, lower 
trace. The arrows mark the intracellular impalements. During 
each impalement with the voltage electrode, current pulses were 
passed through the current electrode. The current pulses appear 
as spikes superimposed on Vbt. The current electrode electronic 
voltage deflections are off the scale of the tracing 

Effects of Low Cl-  on Cell Membrane Resistances 
in Parallel (R~) and on the Cell Membrane 
Resistance Ratio (c~) 

In order to determine the relative contribution of 
the cellular resistance to the transepithelial resis- 
tance and to quantify the chloride conductance of 
the cell membranes,  both R= and ~ were determined 
in control and low CI -  solutions. 

A typical experiment in which R~ was deter- 
mined is illustrated in Fig. 2. Four cell impalements 
were made sequentually along the tubule with a 
voltage sensing electrode with the current electrode 
remaining stationary. As expected from Eq. (2), vol- 
tage deflections increased exponentially as the 
measuring electrode was moved closer to the current 
electrode. The observation that electrode impale- 
ments resulted in similar basolateral cell membrane 
potentials is consistent with the view that the Nec- 
tutus proximal tubule cells are coupled. 

The results of 20 experiments are presented in 
Table 4. In control tubules ,~ in the present study is 
similar to the values reported for free-flow con- 
ditions in Necturus by Windhager et al. [29] and by 
Anagnostopoulos and Velu I-5] who both found 2~ 
to be 2001.tm. In addition, Anagnostopoulos and 
Velu [5] reported a parallel cell membrane  resis- 
tance of 1786f l - cm a, a value also close to that 
observed in the present study. 

No significant differences in R~ were found when 
both apical and basolateral sides of the cells were 
exposed to either control or low CI -  solutions. Be- 
cause R~ is comprised solely of cell membrane re- 
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Table 4. Cell cable resistance properties and resistance ratio 

Control Low C1 

).c (gm) 257_+ 25 220_+ 23.5 a 
p (D. cm) 5837_+1139 8480_+1895" 
R= (f~.cm a) 1494_+ 114 1487_+ 114 a 
a (gin) 63_+ 3 56+ 3 
n 10 10 
Ro/Rbz(oO 2.9 +0.3 3.0 +_ 0.4 
n 10 9 

NS. 

sistances and does not contain a paracellular com- 
ponent, the observed increase in R~e (Table 3) in low 
CI -  solution must be limited to a change in R~. 

Recently, Anagnostopoutos et aI. [14] have reeval- 
uated the various techniques for estimating R z by 
cable analysis. They pointed out that measurements 
of R~ could be inaccurate because of "cross talk" 
between luminal and cell cables. This problem arises 
when current, injected into the cell cable, leaks into 
the lumen of the tubule. If enough current leaks into 
the lumen and the 2 c is small, the current in the 
lumen acts as an additional current source in the 
cell cable and interferes with the measurement  of R~. 
However, as pointed out by Anagnostopoulos et al. 
(see Fig. 2 reference 4), the interference of luminal 
current in the measurement of ,~c is significant only 
if the current electrode and the voltage electrodes 
are placed in cells at distances greater than 700 gm, 
whereas at distances less than 700 btm the error due 
to luminal current entering the cell cable is too 
small to be experimentally detectable. It  should be 
noted, however, that at distances exceeding 700 pro, 
where according to Agnostopoulos et al. the current 
entering the cell cable from the lumen may become 
significant, the amplitude of voltage deflections using 
reasonable current strength becomes too small to be 
accurately recorded. In our experiments all 
measurements of cellular electronic voltage deflec- 
tions were made at distance <700 I-tm from the cur- 
rent source. As shown by Anagnostopoulos et al., 
such measurements are not subject to significant 
interference and error from "cross talk" between 
luminal and cellular current flow. 

One way to test directly the reliability of 
measurements of R~ experimentally is to increase the 
resistance of the shunt without affecting the resis- 
tance of the cell membranes.  If there is significant 
current "cross talk" between cell and luminal cable 
then changes in R~ and subsequently )~ should be 
reflected in 2~. If  there is no significant cross talk 
then 2~ should be independent of Z c. In our experi- 
ments ).~ increased almost two times from control to 
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Table 5. Cellular and paracelIular resistances 

Control Low C1 

Rbl (f~- cm 2) 2018 1893 
R~ (f2. cm 2) 5854 5948 
R s (f~- cm 2) 270 765 

low C1- perfusion (Table 3) while 2 c did not change 
significantly. These data suggest that the techniques 
for measuring R z in our study are not significantly 
influenced by cable-to-cable current leaks. We con- 
clude that measurements of R= by cell cable analysis 
in our preparation are valid as long as the distances 
between current and voltage measuring electrodes 
do not exceed 700 ~tm. 

As shown in Table 5, there are no significant 
differences in resistance ratio of apical and basola- 
teral cell membranes when the kidney is perfused 
with control or with low CI- solutions in both api- 
cal and basolateral fluid compartments. The insensi- 
tivity of the cell membrane resistances to reduction 
in a~ b~ is consistent with a low C1- conductance of 
tubular cell membranes. 

Effect of Low C1- on Individual Resistances 
and Electromotive Forces 

The magnitude of R~, Rbz and Rs was determined 
from the values of Rte, R z and RJRbl. The contri- 
bution of C1- to these resistances was assessed by 
lowering CI- in both apical and basolateral so- 
lutions. The data are summarized in Table 5. 

In control perfusions, the shunt resistance of 
270f~. cm z is approximately 30 times less than the 
total transcellular resistances, R~+Rbz which is 
7872 f~. cm 2. This is consistent with the view that the 
Necturus proximal tubule is a leaky epithelium. Sim- 
ilar values for R a+Rb~ were first reported by Wind- 
hager et al. [29]. Their data were the first to sup- 
port the view that a low resistance pathway exists 
between the cell of the Necturus proximal tubule, 
but the cell membranes have a relatively high trans- 
verse resistance. Kimura and Spring [22] have esti- 
mated the total resistance of the shunt from the 
isotopic permeabilities of CI-  and Na + to be 
233 f~- cm 2, a value remarkably similar to ours. 

An important finding of the present experiments 
was that in low CI- perfusion R S increases three 
times while R~ and Rb~ are not significantly changed. 
Assuming a negligible contribution of C1- and/or 
gluconate to the shunt conductance in low C1- so- 
lution, a minimum transference number (t s for CI-) 
of the shunt can be calculated from the increase in 

R, from control to low C1- solutions: 

R~ontrol 
ts, Cl = 1 R~owCl. (15) 

The minimum value observed of 0.65 is reasonably 
close to the estimate of paracellular C1- conduc- 
tance of 0.78 obtained from transepithelial NaC1 
dilution potential measurements [7] and is almost 
identical to the chloride transference number of 0.68 
obtained from tracer experiments [22]. These data, 
in addition to the described changes in Vte and Vb~ 
during lowering of abZc~, further support the notion 
that the shunt is the major conductive pathway for 
C1- movement across the Necturus proximal tubule. 
In sharp contrast, the conductance of the cell mem- 
branes to CI-  is too low to be detected by the 
methods used in the present study. 

In a previous study [9], the transference number 
of C1- of the basolateral cell membrane of the Nec- 
turus proximal tubule was reported to be 0.3, while 
in the present study we have found that the CI-  
conductance of the basolateral membrane is low. 
The difference is that in the earlier study sulfate was 
used as a replacement ion for CI-.  Because of the 
low solubility of C a S O 4 ,  replacement of CI- by 
sulfate places a maximum limit on the Ca ++ ac- 
tivity of the solution. 

Using the values of R~, Rbz , and R s along with 
Vbg and Vte, it is possible to evaluate, from Eqs. (10) 
and (ll), the changes in electromotive forces during 
changes in extracellular chloride. The electromotive 
forces, E a and Eb~ are the potentials that would be 
observed across the apical and basolateral mem- 
branes if there were no current flow through the 
paracellular shunt. For example, under control con- 
ditions (Table 2) the profile of electromotive forces 
differs from that of the measured membrane poten- 
tial. The calculated Eb~ is more negative than l~l and 
Ea is much more negative than 1/. The differences 
between measured membrane potentials and elec- 
tromotive forces result from current flow through 
the low resistance shunt. The current flow through 
the shunt in the basolateral to apical direction 
causes a depolarization of Vb~ compared to the value 
of Eb~ and a reversal in the polarity of E~ compared 
to vo. 

When the activity of C1- is lowered in both 
apical and basolateral solutions both E~ and Ebz 
hyperpolarizes over control electromotive forces. 
The hyperpolarization of Ebz is not what is predicted 
if, as the resistance measurements show, the baso- 
lateral membrane has a low conductance to C1-. Ebl 
should depolarize after a reduction of the activity of 
CI-  in both apical and basolateral solutions if the 
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basolateral cell membrane has an appreciable CI- 
conductance. If the C1- conductance of the baso- 
lateral cell membrane is low then Eb~ should remain 
unchanged during a reduction of C1 activity in both 
the apical and basolateral solutions. 

Effects of SITS and Low HCO~ 
on the Hyperpolarization of Vbt 

If the hyperpolarization of Vb~ during a reduction in 
the CI- activity of the basolateral solution is caused 
by an increase in Eb~ similar to the hyperpolariza- 
tion seen during a reduction of acl in both apical 
and basolateral solutions, several mechanisms could 
be responsible. One explanation is that the baso- 
lateral membrane is permeable to gluconate. Given a 
finite permeability, a gluconate concentration gra- 
dient directed from the basolateral fluid to the cyto- 
plasm would hyperpolarize the cell following re- 
placement of extracellular CI- by gluconate ions. 
An alternate explanation is that the basolateral 
membrane conductance to CI- is normally low and 
that the lowering of a~t~ affects the permselectivity of 
the membrane to other ions. For example, the K § 
permselectivity of the basolateral cell membrane of 
both the Necturus proximal tubule [271 and the 
perfused rabbit proximal tubule [8] is sensitive to 
changes in basolateral pH. The K + permeability is 
reduced in acid solutions and increased in alkaline 
solutions. If CI- ion undergoes exchange for HCO3- 
in the Necturus proximal tubule, then lowering ba- 
solateral CI- activity and steepening the transmem- 
brane concentration gradient would cause an in- 
creased efflux of C1- across the basolateral cell 
membrane (Fig. 5) and a stimulation of HCO 3 up- 
take into the cells. The resulting increase in in- 
tracellular pH would increase PK and hyperpolarize 
Vb~. It should also be noted that reductions in PNa or 

i would also add to the Pl~co~ or increases in a~ or aNa 
hyperpolarization of Vbl. 

In order to test the hypothesis that HCO~ is 
involved in the hyperpolarization of Vbl during low 
C1- perfusion, two types of experiments were per- 
formed. In the first series of experiments, HCO~ was 
removed from both apical and basolateral control 
solutions and replaced with 10mN Hepes, adjusted 
to pH 7.6, and gassed with 100 ~ 0 2. Following the 
substitution, the perfusion solution on the baso- 
lateral side of the proximal tubule cell only was rap- 
idly replaced with low C1- solution while keeping 
the solutions on both sides HCO a free (top line, 
Table 6). In the second series of experiments, the 
stilbene derivative SITS (4-acetamido-4'-isothio- 
cyanostilbene-2,2'-disulfonic acid), a known inhi- 
bitor of anion exchange in red cells, was added 

Table 6. The effects of HCO~ removal and SITS treatment on the 
hyperpolarization of Vbl during basolateral low CI- perfusion 

Apical solution Control Control 
Basolateral solution Control Low Cl- 

V,o~ (mV) HCO~ free 68+2.2(12) 64_2.7a(12) 
Vb~ (mV) SITS 69 +_ 1.0 (16) 64 + 1.3" (16) 

SITS (5 x 10-4M) and HCO3-free solutions were applied to both 
apical and basolateral control and low CI- solutions. 
" P <0.01. 

at a concentration of 5 x 10-4M to the control per- 
fusion solution on both sides of the tubule for 
15 min. Only the solution on the basolateral side 
was then rapidly switched to a low CI- solution, 
containing SITS. 

The results of both types of experiments are sum- 
marized in Table 6. It can be seen that both removal 
of HCO~ and treatment with SITS inhibits the hy- 
perpolarization of Vb~ which otherwise follows low- 
ering CI- on the basolateral side. These data are 
consistent with our proposal that an anion exchange 
process could be present in the basolateral cell 
membrane. The hyperpolarization during low CI- 
perfusion in the basolateral solution would follow 
an increase in intracellular HCO~- through a SITS 
inhibitable ion exchange pathway. 

Table 6 also shows a small but significant de- 
polarization of Vb~ during either low C1- perfusion 
plus SITS or in HCO3-free conditions. In view of 
the low C1- conductance of the basolateral cell 
membrane, the small depolarization can be ex- 
plained by the effect of a lumen-positive paracellular 
E s on Vb~ when C1- is selectively lowered in the 
basolateral perfusion solution (Table 2). 

Effects of Lowering C1- on Intracellular Cl- Activity 

Figure 3 shows typical intracellular impalements in 
the same proximal tubule with both a conventional 
KC1 and Cl-sensitive microelectrode. Impalements 
were considered successful if the change in potential 
was rapid upon entering the cell, the intracellular 
potential remained stable (within 2 mV) for at least 
1 min, and the potential returned to the same base- 
line when the electrode was removed from the cell. 
The intracellular C1- activity was determined ac- 
cording to Eq. (12) by subtracting Vb~ from Vcv This 
procedure assumed that Vb~ recorded by the two 
electrodes is the same. The identity of Vb~ in several 
cells along the same tubule was shown in Fig. 2. In 
those experiments all Vb~ values recorded in the same 
tubule were within 2inV. The average Vbz in 51 
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Fig. 3. A typical recording of Vbz upper trace and Vc~, lower trace. 
The arrow marks the point at which the electrode was placed into 
the cell. Both electrodes were in the same tubule at the same 
time. lnterelectrode distance was a/ways _-<250 ~tm 

experiments is - 66+ 1 mV and the average aG,~ 13.2 
+0.6 mM. 

As has been shown previously [21, 26], C1- is 
above its electrochemical equilibrium in the Nec- 

turus proximal tubule. In the present experiments, 
the measured ceil C1- activity is 13.2mM, the ac- 
tivity predicted from the membrane potential is 
5.4 mM. Figure 4 is a graph of Vbz versus logan1. As 
is evident from the graph, there is a small but signif- 
icant correlation (r=0.57, P<0.001) between Vb~ and 
a o.~ The slope is +31+7mV_ per 10-fold change in 

i 
aci. 

Recently, Shindo and Spring [25] have also re- 
ported that there is some degree of correlation be- 

i and Vbl tween naturally occurring variability of acl 
in the Necturus proximal tubule. This correlation 

i exists even though they can detect no change in a o 
in a single tubule cell when Vbg is varied by transep- 
ithelial current flow from a luminally placed axial 
wire. 

i is low In this study we have shown that when ac~ 
is Vbr is high. This correlation is evident whether acl 

low spontaneously in some tubules perfused with 
is lowered control solutions (Fig. 4) or whether a G 

experimentally by perfusing low C1- in the baso- 
lateral solution (Table 2 and Fig. 5). This apparent cor- 

i relation of Vbz and a G cannot be simply interpreted 
as the result of a CI- conductance of tile basolateral 
cell membrane. First, as shown in the present study 
and by Shindo and Spring [25] there is a small CI- 
conductance which would lead to a slope of less 
than 10 ~ of the ideal slope of 58 mV/10-fold change 
in intracellular CI- activity. Second, the fact that 
each intracellular C1- activity in Fig. 4 is above the 
equilibrium value predicted from Vbz requires ad- 
ditional mechanisms other than a C1 conductance 
to explain the distribution of intracellular C1-. What- 
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Fig. 4. A plot of 51 measurements of Vbz versus loga~l measured 
in 51 Necturus proximal tubules. The slope of the line is 
- 3 1  mV/10-fold changes in a~ with a correlation coefficient (r) of 
0.57 
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i in six tubules fol- Fig. 5. Represents the average decrease in %1 
lowing a switch in the basolateral solution from control to low 
CI- 

ever the mechanisms contributing to a higher than 
equilibrium intracellular CI-, it is presently unclear 
how these mechanisms directly or indirectly affect Vb~ 
and acl.  



194 W.B. Gugg ino  et al.: Electrical Propert ies  of C I -  T ra n s p o r t  

In order to estimate a net flux of CI across the 
basolateral cell membrane, a C1- sensitive and a 
conventional electrode were placed in the same tu- 
bule and the basolateral solution switched from con- 

i trol to a low CI- solution. As illustrated in Fig. 5, act 
falls rapidly from 13.0+1.4mM [6] in control to 8.6 
_+l.2mM [6] in low CI- solution. The average Jc~ 
for 6 tubules is 1.34+0.22.10 -l~ mole .cm-2 .sec  -1. 

It should be noted that the net flux of CI- was 
determined from the initial rate of change in in- 
tracellular chloride vs. time, following a rapid re- 
duction of basolateral CI- only. This approach is 
likely to result in an underestimate of Jcl for three 
reasons. (i) The C1- activity of the apical solution 
was kept at control levels when the CI- activity of 
the basolateral solution was lowered. Consequently, 

i the initial rate of change of ac~ was probably under- 
estimated due to the possible replenishment of in- 

i tracellular C1- across the apical membrane as ac~ 
falls. (ii) The effect of unstirred fluid layers has to be 
considered in the doubly perfused, in vivo kidney 
preparation. The effect of an unstirred fluid layer 
would be to reduce the imposed CI- gradient caus- 
ing an underestimate of the initial rate of change in 

(iii) A major assumption in this analysis is that acl. 
cell volume remains constant despite a reduction of 

i However, if the cell volume is reduced, the J,e~ acl. 
will be underestimated. 

Discussion 

In this study, we have combined measurements of 
cellular and paracellular resistances, potential differ- 
ences, electromotive forces, and intracellular C1- ac- 
tivities in order to describe the movement of CI- 
across the whole epithelium and across the baso- 
lateral membrane of the Necturus proximal tubule. 
The results indicate that the major conductive path- 
way for CI- movement across the Necturus proxi- 
mal tubule is the paracellular shunt and that the 
conductance of the cell membranes is low. 

The fact that the shunt is highly conductive to 
C1- has been well established [1, 7, 22]. In contrast, 
recent evidence supports the view that the conduc- 
tance of the basolateral cell membrane to CI- is 
low. Using two completely different techniques from 
those employed in this study, Shindo and Spring 
[25] have studied the C1- conductance of the baso- 
lateral cell membrane of the Necturus proximal tu- 
bule. In first method, they studied the relative con- 
ductance of CI- and K § by measuring intracellular 

and a~+ as a function of Vb~. In their studies the ac~ 
CI- permeability of the basolateral membrane was 
found to be much smaller than the potassium per- 

meability. In the second experiment, current was 
passed across the epithelium by means of an apical 
wire to change Vb~ 20 mV above and 20 mV below 
the control values, yet no significant change in ac~ 
occurred. Both experiments were interpreted to sup- 
port the same conclusion, that the CI- conductance 
of the basolateral cell membrane was about 10 % of 
the K + conductance of the basolateral membrane 
[25]. In the present study based on the accuracy of 
our measurements of membrane resistances, we also 
conclude that the C1- conductance is a fraction of 
the basolateral cell membrane conductance, which is 
below our level of detection. 

If the basolateral cell membrane has a negligible 
conductance to C1- then lowering CI- in both api- 
cal and basolateral solutions or in only the baso- 
lateral solution should have a very small effect on 
both the electromotive force, Ebb, and the resistance 
of the basolateral cell membrane, Rb~. Reducing C1- 
on the basolateral side only, results in an increase in 
R s and Es produced by a CI- gradient across a 
highly C1- conductive paracellular shunt. Whereas, 
the effects of an increase in R~ would increase Vbz 
and the effects of a positive E~ would tend to depolar- 
ize I/~, considering the small value of R~ compared 
to RA+Rbl, a small depolarization of Vbt would be 
expected from the combined changes in E~ and R~. 
We found, however, that Vb~ actually hyperpolarized 
after basolateral low CI- perfusion. This phenome- 
non was first reported by Anagnostopoulos [2] who 
showed that l~  hyperpolarized by about 4 mV when 
basolateral C1- activity was lowered by replacement 
with several organic anions. 

Anagnostopoulos and Planelles [3] also found 
that the hyperpolarization of Vbz after basolateral 
CI- replacement could be blocked in HCO;--free 
solutions. We confirmed this observation and 
showed in addition that the hyperpolarization dur- 
ing C1- reduction is inhibited both by HCO~- re- 
moval at constant pH and by addition of SITS. 

There is evidence that the removal of extracel- 
lular C1- from sheep heart Purkinje fibers results in 
a hyperpolarization of the membrane potential [28]. 
In this preparation removal of C1- causes an alkalin- 
ization of the cell, a decrease in intracellular C1- 
and a hyperpolarization of the cell membrane poten- 
tial. The process is inhibited by SITS. If a similar 
mechanism operates in the Necturus proximal tubule 
then lowering of extracellular C1- could raise in- 
tracellular HCO~ and pH, and Subsequently change 
K + permeability. Indeed, it has been shown that the 
K + permeability of the basolateral membrane of the 
Necturus proximal tubule is pH sensitive [27], such 
that it increases in alkalosis and decreases in aci- 
dosis. 
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A discussed above, C1- is above equilibrium 
across the basolateral cell membrane. The driving 
force in control conditions across the basolateral 
cell membrane estimated from Vbz-Ec~ is - 2 1  
+3(51)inV. This gradient favors the passive exit of 
CI- from the proximal tubule cell if the C1- con- 
ductance is sufficient. However, we have shown that 
the C1- conductance of the basolateral cell mem- 
brane is low. 

In order to evaluate fully the nature of the move- 
ment of C1- across the basolateral membrane, i.e., 
whether it crosses the membrane through a con- 
ductive or electroneutral pathway, a minimum es- 
timate of Jci across the basolateral cell membrane 
was obtained by monitoring the C1- efflux in a low 
C1- solution. Under conditions of low basolateral 
CI-  activity, the driving force favoring C1 ex- 
trusion across the basolateral cell membrane in- 
creases over control to - 8 6 i n V .  The C1- conduc- 
tance (Gc~) necessary to account for the efflux of C1- 
via a diffusive pathway can be described by the 
following. 

toe0 (F) 
Gc, ~ (Vbt _ E c t  ) , (16) 

Using Jcl of 1.34x10 - l ~  m o l e . c m - 2 . s e c  -1, Vbl , 
--66 mV, and Ec1+20 mV the minimum Gc~ calcu- 
lated by this method is 1.6 x 10 -~ sec .cm -2 or 31 
of the total Gbl (Rvl= 1/Gal ). Since the measured Gc~ 
is much less than 3 1 ~  of the total Gbl , it is clear 
that the conductance of the basolateral membrane is 
too low to account for CI-  movement if it were 
driven solely by the electrochemical gradient. In- 
terestingly, the measured Gc~ is not large enough to 
account for the movement of C1- even though there 
is a large driving force ( - 8 6 m V )  favoring efflux 
after CI-  is lowered in the basolateral solution. 
Therefore we conclude that an electroneutral path- 
way for CI-  exists in the basolateral cell membrane 
of the Necturus proximal tubule. Since the magni- 
tude of the transcellular net CI-  transport in control 
conditions is not known with certainty, the contri- 
bution of electroneutral transport to overall trans- 
cellular C1- transport and volume absorption can- 
not be quantitated. 

It is interesting that an increasing amount of 
data suggests that in leaky epithelia where Na + and 
CI- coupled entry has been identified across the 
apical membrane, the C1- conductance of the baso- 
lateral membrane is also low. For example, NaC1 
entry in the Necturus gallbladder epithelium at the 
apical cell membrane occurs via an electroneutral 
mechanism, driven by the Na* gradient [24]. Reuss 

[23] has shown that Gcl of the basolateral cell mem- 
brane of the Necturus gallbladder is quite low such 
that only a small fraction of the C1- flux across the 
basolateral could occur by electrodiffusion. Dully 
et al. 1-13] also suggested a similar mechanism to be 
operative in the rabbit gallbladder across the serosal 
cell membrane, a preparation in which CI- entry 
into the cell across the apical cell membrane had 
been shown to be coupled to Na +. Apparently, the 
proximal epithelium of Necturus shares with some 
leaky epithelia the ability to regulate intracellular 
CI- above equlibrium via electroneutral pathways 
across both apical and basolateral membranes. 
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