J. Membrane Biol. 82, 281-295 (1984)

The Journal of

Membrane Biology
¢ Springer-Verlag 1984

Electrophysiological Properties of Cellular and Paracellular Conductive Pathways

of the Rabbit Cortical Collecting Duct

Roger G. O’Neil and Steven C. Sansom

University of Texas Medical School, Department of Physiology and Cell Biology. Houston. Texas 77225

Summary. Microelectrode techniques were applied to the rabbit
isolated perfused cortical collecting duct to provide an initial
quantitation and characterization of the cell membrane and tight
junction conductances. Initial studies demonstrated that the frac-
tional resistance (ratio of the resistance of the apical cell mem-
brane to the sum of the resistances of the apical and basolateral
membranes) was usually independent of the point along the tu-
bule of microelectrode impalement—implicating little cell-to-cell
coupling—supporting the application of quantitative techniques
to the cortical collecting duct. It was demonstrated that in the
presence of amiloride, either reduction in the luminal pH or the
addition of barium to the perfusate selectively reduced the apical
membrane potassium conductance. From the changes in G* and
fractional resistance upon reducing the luminal pH or addition of
barium to the perfusate, the transepithelial, apical membrane,
basolateral membrane and tight junction conductances were esti-
mated to be 9.3, 6.7, 8.1 and 6.0 mS cm~2, respectively. Ninety
to ninety-five percent of the apical membrane conductance re-
flected the barium-sensitive potassium conductance in the pres-
ence of amiloride with an estimated potassium permeability of
1.1 X 10~*cm sec™!. Reduction in the perfusate pH to 4.0 caused
a 70% decrease in the apical membrane potassium conductance,
implying a blocking site with an acidic group having a pK, near
4.4. It is concluded that both the transcellular and paraceliular
pathways of the cortical collecting tubule have high ionic con-
ductances, and that the apical membrane conductance primarily
reflects a high potassium conductance. Furthermore, both reduc-
tion in the perfusate pH and addition of barium to the perfusate
selectively block the apical potassium channels, although the site
of inhibition likely differs since the two ions display markedly
different voltage-dependent blocks of the channel,
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Introduction

The rabbit cortical collecting duct (tubule) is known
to play an important role in regulating the electro-
Iyte composition of the body fluids. The tissue has
been shown to both absorb and secrete a variety of
ions, including sodium, potassium, hydrogen and
chloride, yet the underlying mechanisms of trans-

port are only partially understood. Much of our
present understanding of these mechanisms has
been deduced from an analysis of transepithelial ion
fluxes, voltages and conductances (e.g. Grantham,
Burg & Orloff, 1970; Helman, Grantham & Burg,
1971; Frindt & Burg, 1972; Stoner, Burg & Orloff.
1974; Hanley & Kokko, 1978; Stokes, 1981; O’Neil,
1983) where the tissue has been viewed as a “*black
box.”" As a result only limited information has been
obtained as to the extent to which ions transverse
the epithelium via transcellular or paracellular
routes, the importance and magnitude of electro-
genic (conductive) and electroneutral transport
mechanisms, and the dependency of transport on
electrochemical gradients.

Recently, it has been demonstrated that micro-
electrode techniques can be successfully applied to
the cortical collecting duct to directly probe the cel-
lular interior (O’Neil, 1982; Koeppen, Biagi &
Giebisch, 1983; Koeppen & Giebisch, in press;
O’Neil & Sansom, 1984b). With these techniques it
is now possible to characterize directly the electro-
genic transport properties of the cell membranes
and of the paracellular pathway (tight junction). The
purpose of this study was to use these techniques to
characterize the transcellular and paracellular path-
ways of this tissue and to quantitate the magnitude
of the cell membrane and tight junction conduc-
tances. Parts of this study have been published in
abstract form (O’Neil, 1982; O’Neil & Sansom,
1984a).

Materials and Methods

ISOLATION AND PERFUSION
OF THE CoRTicAL COLLECTING Duct

New Zealand white female rabbits were maintained on standard
Purina rabbit chow and tap water ad libirum. The animals were
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sacrificed by cervical dislocation, the left kidney was removed,
and segments of cortical collecting duct (tubule) were isolated by
free-hand dissection under stereoscopic observation as previ-
ously described (Burg et al., 1966; O’Neil & Boulpaep, 1982). A
tubule segment was transferred to a Lucite® chamber mounted
on the stage of an inverted microscope (Nikon Diaphot or AO
Biostar) and was perfused by insertion of a glass pipet into one
end of the tubule lumen. The opposite end of the tubule was held
in a glass pipet with a small amount of a liquid dielectric, Sylgard
184 (Dow Corning), that served to electrically insulate the end of
the tubule from the outer bathing medium.

The tubules were continuously bathed in 2 medium contain-
ing (in mMm): 45 NaCl, 40 Na gluconate, 1.2 NaH,PO,, 55 choline
Cl, 5 KClI, 1.0 CaCl,, 1.0 MgCl,, 10 PIPES, and 1 g/liter glucose
at pH 7.4, and were perfused with an identical solution (control
perfusate) but without glucose. These solutions have been modi-
fied from the usual solutions (see Burg et al., 1966) to provide a
“standard’’ simplified solution in which ion substitution (cations
for choline, anions for gluconate on CI-) can readily be made (see
O’Neil & Sansom, 19845; Sansom, Weinman & O’Neil, 1984).
In studies using a low pH perfusate to block the apical cell mem-
brane potassium channels, the control solution was exchanged
via a manifold arrangement with a solution of the same composi-
tion except that 10 mm glycylglycine was substituted for the
PIPES buffer, and the pH adjusted to 4.0. The effects of luminal
addition of barium were likewise evaluated by substituting 5 mm
BaCl, for 10 mM choline chloride in the control perfusion solu-
tion. The perfusion flow rate was controlled via hydrostatic pres-
sure by adjusting the height of a perfusate reservoir. With this
arrangement, exchange of the control perfusate with a test solu-
tion was rapid, requiring 10 to 20 sec for a complete exchange.
The bathing chamber and bathing medium exchange lines were
water-jacketted for temperature control at 37°C.

MEASUREMENT OF TRANSEPITHELIAL VOLTAGE
AND CONDUCTANCE

The transepithelial voltage V' was measured via an agar bridge
(154 mMm NaCl in 3% agar) placed in direct contact with the
perfusion solution (O'Neil & Boulpaep, 1982). The agar bridge
was connected with a Ag-AgCl wire to a high input impedance
dual electrometer (W-P Instruments, model KS-700) whose out-
put was recorded on one channel of a four-channel strip-chart
recorder (MFE, model 1400). All voltages were referenced to the
bathing medium which was grounded via a second agar bridge
and Ag-AgCl wire.

The transepithelial conductance G* was measured using ca-
ble analysis as previously described (Helman et al., 1971; O’Neil
& Boulpaep, 1982). In brief, constant current pulses of 20 to 200
nA (500-msec duration) were injected into the tubule lumen via
the perfusion pipet and the resulting voltage deflections at both
ends of the tubule monitored. The voltage deflection at the *‘per-
fusion end”’ of the tubule AV, was measured with the KS-700
electrometer via the agar bridge in contact with the perfusate as
noted above. An electrical bridge arrangement was employed
whereby the resistance of the perfusion pipet could be nulled
before the tubule was connected to the pipet, so that only the
voltage deflection due to the input resistance of the tubule was
measured. The voltage deflection at the opposite end of the tu-
bule AV, was measured via a second agar bridge inserted down
the glass pipet holding the distal end of the tubule. The bridge

was connected with a Ag-AgCl wire to a second high-input elec-
trometer (W-P Instruments, model VF-2) whose output was re-
corded on a second channel of the strip chart recorder. The
voltage deflections were recorded within the first 100 msec of the
current pulse. Whereupon, the transepithelial conductance G*
could be calculated using one-dimensional cable analysis for a
tubule of length L (Weidman, 1952; Helman et al., 1971):

L/x = cosh™! (AV, /AV)), 4

G**(mS - cm~?) = A, th (L/\ 2
mS - cm2) = TmaAVA coth (L/X), 2)

and

Ree(Q) - cm?) = 1/G" G)

where R is the transepithelial resistance, A is the space constant
of the tubule and a is the radius of the tubule lumen measured
optically with an eyepiece reticle fitted to the inverted micro-
scope.

It has been shown previously that a major resistance to
radial flow of current from the tubule lumen to the bath appears
to be located at the level of the luminal border of the tissue
(Helman et al., 1971). Consequently, the resistance of the lumi-
nal fluid core can be related to the geometric properties of the
tissue, so that an “‘apparent’’ radius of the luminal fluid core can
be defined from electrical considerations alone, a,., and com-
pared with that measured optically, a. From the cable equations,
the core resistance R, of the tubule lumen can be estimated
(Helman et al., 1971; O’Neil & Boulplaep, 1979):

A
RQ-cm™) = AIV)O\ tanh (L/N). (4)

Combining this with the measured volume resistivity p of the
perfusate (YSI, model 32 conductivity meter) the apparent ra-
dius of the tubule lumen a, can be estimated:

aJdcm) = Vp/(wR,). (3)

If the assumptions of the cable analysis are correct, then the
value of a, should be similar to the optically measured radius a.
Hence only tubules were used in which the two estimates of the
radii were within 2 um.

It was assumed in the present analysis that the measured
transepithelial conductance was independent of the magnitude of
the current injected into the tubule lumen, i.e., the conductance
was not voltage-dependent. We have shown in a previous study
(O’Neil, 1983) that upon addition of 5 mM barium to the perfus-
ate, the change in G* is voltage-dependent for negative current
pulses (lumen-negative voltage deflection) but not for positive
current pulses. Hence, in all cases, G was estimated using posi-
tive current pulses.

To evaluate possible voltage-dependent effects of luminal
pH on tissue conductance, the “‘input’’ current-voltage relation
I, — V, was determined in some tubules. The relation was gener-
ated by injecting pulses of current /, of varying magnitude (dura-
tion 500 msec) into the tubule lumen through the perfusion pipet
and monitoring the resulting voltage deflections at the point of
current injection V, via the perfusion pipet (O’Neil, 1983).
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MICROELECTRODE TECHNIQUES

Microelectrodes used for impaling the epithelial cells were pulled
on a Narishige PD-5 microelectrode puller from 1.2 mm OD
capillary glass (W-P Instruments). The microelectrodes had
pulled tip lengths of 1 to 1.5 cm and electrical resistances of 60 to
200 MQ when filled with 0.5 M KCl. The filled microelectrodes
were inserted into a microelectrode holder (W-P Instruments)
fitted with a Ag-AgCl pellet, which in turn was connected to the
second channel of the KS-700 electrometer. The microelectrode
tip was positioned over the basolateral membrane of a cell using
a 3-dimensional hydraulic micromanipulator (Narishige, Model
MO-102). The cell was impaled by advancing the microelectrode
tip to the cell membrane, followed by gentle “‘tapping’” of the
micromanipulator or vibration of the tip by brief application of a
positive feedback current (negative capacitance compensation)
to the electrode. As discussed in detail previously (O’Neil &
Sansom, 19845b), most cellular impalements were characterized
by an initial negative voltage ‘‘spike’’ which decayed monotoni-
cally towards zero. Recordings of this type were discarded. An
impalement was accepted if the recorded cell voltage V* was
characterized by an initial negative deflection which was either
subsequently maintained at or more negative than the initial de-
flection, or which was followed by a brief relaxation, but subse-
quently recovered to a value equal to or more negative than the
initial deflection. Since the fractional resistance fR* was mea-
sured in all experiments (see below), an additional criterion for
acceptance of an impalement was that upon injection of a current
pulse 7, into the lumen via the perfusion pipet, a significant
change in the basolateral membrane voltage had to be detected
so that fR® could be reliably estimated. This criterion assured
that the microelectrode tip crossed a significant resistance bar-
rier, supposedly the basolateral cell membrane. Occasionally it
has been observed that upon attempting to impale a cell, a stable
negative voltage of 30 to 40 mV was recorded. However, the
measured fR? was 1, i.e., the recorded basolateral membrane
voltage was insensitive to injection of I,, We do not know
whether this reflected impalement damage around the microelec-
trode tip, an artifact, or perhaps impalement of a second cell type
which was characterized by a low membrane voltage and a high
resistance of the apical cell border relative to the basolateral cell
border (see O’Neil & Sansom, 1984b). Consequently, this type of
recording was discarded.

The voltage recorded between the microelectrode and the
grounded bath was the electrical potential difference of the baso-
lateral cell membrane V?. Under zero current or “‘open circuit”
conditions, the electrical potential difference across the apical
membrane was given by:

Ve = e — Vb, 6)

However, because of the cable properties of the tubule, upon
injection of current into the lumen, both axial current flow down
the lumen and radial flow across the epithelium to the bath would
decay with distance from the point of current injection as a con-
sequence of the radial flow. Consequently, the transepithelial
voltage deflections would also decay with distance from the point
of current injection. Hence, the transepithelial voltage deflection
at the point of the microelectrode impalement at a known dis-
tance x from the point of current injection AV* must be calcu-
lated using cable analysis (Weidmann, 1952). Thus,

AV, cosh(x/x — L/A)

AvY = cosh(L/\) : 0

If the voltage change across the basolateral cell border at point x
was simultaneously measured with the microelectrode, the volt-
age change across the apical border AV* could be calculated:

AVE = AVE - AVS, 8)

EsTIMATION OF BARRIER CONDUCTANCES

From the above values of AVY and AV the fraction of AV that
was dissipated across the apical cell membrane, i.e. the apical
membrane fractional resistance fR“, could be obtained from

fR" — R“/(R“ + Rh) — GI’/(G" + Gh) — AVZ’/AV"‘ (9)
or
I = fR* = GG + G*) = AVIAV™ (10)

where R and R* are the apical and basolateral cell membrane
resistances, respectively, and G* and G” are the corresponding
membrane conductances, respectively. The analysis is based
upon the assumption that upon injection of a current pulse into
the tubule lumen, the resulting current flow across the apical
border of a single cell is equal to that across the basolateral
border (see Discussion). Further, by assuming a simple electrical
equivalent circuit model in which the transcellular conductive
pathway is paralleled by a paracellular conductance consisting
primarily of the tight junction G¥ then the total transepithelial
conductance G* is given by

Gle = GuGh/(Gu + Gh) + Glj. (l])
Whereupon Eq. (10) can be substituted into Eq. (11) to get
G = (I — fROG* + GV, (12)

It is apparent from this equation that under conditions where G”
and GY are constant and G is allowed to vary, a plot of G vs. |
— fR¢ should yield a straight line with a slope of G” and an
intercept of G¥ (Lewis et al., 1977). Thus by using microelec-
trode techniques in combination with a procedure that selec-
tively alters G¢ and leaves G* and G¥ unaffected, it is possible to
quantitate these three barriers to transepithelial ion transport in
the cortical collecting duct. In the present study it was found that
this analysis could best be accomplished by inhibition of the
apical membrane potassium channel by reduction of the luminal
pH.

STATISTICAL ANALYSIS

The data are summarized as mean values = standard error of the
mean (SEM). Differences between two groups were evaluated
using the paired or unpaired #-test as appropriate. Relations be-
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Table 1. Comparison of the effects of distance to impalement (proximal vs. distal) on the estimated

fractional resistance fR?

Tubule Distance to Ve |4 fRe
length impalement (mV) (mV)
(m) (um)
A. Proximal impalement 595 35 —1.6 -59.3 0.49
+58 *11 +1.4 +5.2 +0.09
B. Distal impalement 595 476 -0.8 —55.5 0.45
+58 +63 +0.7 +3.5 +0.08
C. Difference (B — A) — 441° -0.8 3.8 —0.04
+69 +1.4 +49 +0.05

2 Paired studies, n = 6.
b P < 0.01.

tween various parameters were evaluated using linear regression
analysis.

Results

DEPENDENCE OF FRACTIONAL RESISTANCE
ON DISTANCE TO IMPALEMENT

The apicatl cell border of the cortical collecting tu-
bule contains both sodium and potassium conduc-
tances (Koeppen et al., 1983; O’Neil & Sansom,
1984p), with the potassium conductance being the
dominant of the two. In preliminary studies it was
determined that the membrane barrier conduc-
tances could best be quantitated by selective reduc-
tion of the apical cell membrane potassium conduc-
tance. Hence, to avoid possible interactions with
the sodium conductance, it was blocked in all stud-
ies, unless otherwise noted, by the addition of ami-
loride (50 uMm) to the luminal perfusate (Stoner et
al., 1974; O’Neil & Helman, 1977; O’Neil & Boul-
paep, 1979).

As shown in previous studies, cortical collect-
ing duct cells can be impaled with microelectrodes
across the basolateral border to obtain measure-
ments of V? and fR“ (O’Neil & Sansom, 1984b).
Since fR is needed in the present study to quanti-
tate the barrier conductances, it was necessary to
determine whether its value was dependent upon
the position along the tubule that the cell was im-
paled to obtain the measurement. This was evalu-
ated by impaling cells either near the perfusion pi-
pet (proximal end), or at the opposite end (distal
end) of the tubule. While obtaining a stable cell im-
palement at the proximal end was relatively easy,
obtaining a stable impalement at the distal end was
found to be more difficult. A summary of the results
for six tubules in which a stable impalement was
obtained at both ends is given in Table 1. In these

tubules, the V¥ averaged —59.3 mV at the proximal
end and did not differ from that observed at the
distal end. The fR? averaged 0.49 at the proximal
end and 0.45 at the distal end, values not signifi-
cantly different from each other (mean difference =
0.04 = 0.05). Thisis diagrammatically depicted in Fig.
1 where fR? is plotted as a function of the distance
to the cell impaled given as a fraction of the length
constant A. A significant correlation was not evi-
dent. Hence, the value of fR* would appear to be
relatively independent of the distance to the point of
cell impalement indicating little cell-to-cell coupling
(see Discussion). It should be noted, however, that
in one tubule the fR? measured at the distal end was
clearly less than that observed at the proximal end
(0.47 vs. 0.67) which is indicative of apparent cell-
to-cell coupling. Hence, while on the average fR®
would appear to be independent of the point of mea-
surement, on an individual tubule basis this may not
always be the case.

INTERACTION OF HYDROGEN AND BARIUM IONS
WITH THE PoTASSIUM CHANNEL

It has been shown that the potassium conductance
of the apical cell membrane is reduced by the lumi-
nal addition of barium (Koeppen et al., 1983;
O’Neil, 1983; O’Neil & Sansom, 1984b), and by low-
ering the perfusate pH (O’Neil, 1982; O’Neil & San-
som, 1984p). The effects of barium on the potas-
sium conductance were demonstrated to be highly
voltage-dependent, particularly for the submillimolar
concentration range (O’Neil, 1983). This makes it
difficult to quantitate the effects of barium on this
conductance other than for a maximum inhibitory
concentration of 5 mM which has relatively voitage-
independent effects upon passage of lumen-positive
current pulses (lumen-positive voltage deflections)
(O’Neil, 1983). To evaluate whether the nature of
the interaction of H* with the potassium channel
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Fig. 1. Relation between fR? and the distance to the point of
impalement of a cell (L,) given as a fraction of the length constant
ML,/N). For each tubule, fR* was measured near the perfusion
pipet and near the opposite end of the tubule (solid circles).
Measurements from the same tubule are connected with a solid
line. The mean value at both ends of the tubule is indicated by the
open circles connected with the dashed lined. » = 6

was similar, the effect of reducing the perfusate pH
on the tubule input current-voltage (I, — V,) rela-
tion was studied (see Materials and Methods). As
shown in Fig. 2, when tubules were perfused with
the control perfusate, pH 7.4, the I, — V, relation
was relatively linear over the voltage range of —100
to +100 mV, similar to that observed previously
(Helman & O’Neil, 1977; O’Neil, 1983). When the
same tubule was perfused with the low pH perfus-
ate, pH 4.0, the relation still remained voltage-inde-
pendent but the slope of the I, — V, relation was
decreased, consistent with a reduction in the transe-
pithelial conductance.

To assess in greater detail the voltage-depen-
dent effects of luminal pH on the tissue conduc-
tance, the input conductance of the tubule G, was
estimated from the slope of the I, — V,, relation and
plotted as a function of V,. As shown for the sum-
mary data in Fig. 3, lowering the luminal pH to 4.0
caused a reduction in G, by approximately 35% but
was apparently voltage-independent—in some tu-
bules, a very slight voltage-dependence was ob-
served. This result is in marked contrast with that
observed previously for barium, where the addition
of 0.1 mm barium to the perfusate—which is the
same concentration of hydrogen ion in the low pH
perfusate—has been shown to have little influence
on G, for lumen-negative values of V, (—30 to —75
mV), but causes a maximum reduction in G, of near
50% for lumen-positive values of V, (50 to 100 mV)
(O’Neil, 1983).

QUANTITATION OF BARRIER CONDUCTANCES

As discussed in Materials and Methods, quantita-
tion of the barrier conductances can be achieved by

[, NA
1501
] Control, pH 7.4
100 0
/D/ \
50 7o pH 40
/}J
2 V,, mV
-150 -100 -50 50 100 150
e
750
o’/
¢ -100
_150..

Fig. 2. Representative example of the influence of perfusate pH
on the input current voltage (I, — V,) relation. The I, — V,
relation was generated in the presence of the control perfusate
(pH 7.4, solid line) and the low pH perfusate (pH 4.0, dashed
line). The value of V, is the luminal voltage relative to the
grounded bath

Relative G,

T1.2

control, pH 7.4

}___i——-%‘_'— i

40.8

R

pH 4.0
t0.4
—100 50 0 50 100

Vo, mV

Fig. 3. Summary of the influence of input voltage V, and perfus-
ate pH on the input conductance G,. The values of G, were
estimated from the slope of the I, — V, relations as given in Fig. 2
(G, = AI/AV,) and normalized to G, at V,, = 0 for the control
perfusate (pH 7.4). The influence of V, on G, was evaluated for
tubules perfused with the control perfusate (pH 7.4, solid line)
and the low pH perfusate (pH 4.0, dashed line). n = 5

a step-wise reduction in G* and plotting the result-
ing relation between G and 1 — fR“. Since the ef-
fects of luminal pH on the tissue conductance are
relatively voltage-independent and require 1 to 2
min for a maximum effect on G* and fR“ (O’ Neil &
Sansom, 1984b), this relation can readily be estab-
lished simply by monitoring G’¢ and fR¢ at 15- to 20-
sec intervals upon reduction of the luminal pH. Two
typical examples employing this method are shown
in Fig. 4. As can be seen from the data, upon reduc-
tion of the luminal pH to 4.0 (solid circles), the rela-
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Fig. 4. Two typical examples of the relation between G* and
fractional resistance (given as 1 — fR¢) generated by reducing the
apical membrane potassium conductance by lowering the perfus-
ate pH from 7.4 to 4.0 (solid circles). The individual points of the
relation were obtained by measuring G’ and fR¢ at 20-sec inter-
vals during the transient period following reduction of the perfus-
ate pH. Since the relations are highly linear (r > 0.99), the slope
of the best-fit straight line provides a measure of G* while the
intercept provides a measure of G*. The single open circle in
each panel reflects the effect of addition of 5 mM barium to the
perfusate, pH 7.4. A. Tubule with an initially low fR¢. B. Tubule
with an initially high fR¢

tion between the changes in G* and fR* (plotted as 1
— fR%) are highly linear, supportive of the view that
reduction of the luminal pH selectively reduces the
conductance of the apical membrane without influ-
encing the other barrier conductances (see Discus-
sion). Consequently, it appears that the slope of the
relation provides a measure of G?, and the inter-
cept, a measure of GY.

The above analysis was extended to use barium
as a probe to estimate the barrier conductances,
again assuming that barium selectively reduces the
apical cell membrane conductance. The effects of
addition of 5 mM barium to the perfusate on G and
fR“ are shown in Fig. 4 (open circles) for the same
tubules in which low pH was used as a probe. As
can be seen after barium, the G* and fR“ were close
to the extrapolated line obtained for the low pH
perfusate. Taken together, it seems reasonable to
conclude that luminal barium and hydrogen selec-
tively reduce the apical membrane conductance
(potassium conductance) without significant effects
on the basolateral membrane or tight junction con-
ductances. The estimates of the barrier conduc-

150

100} X

E
E J
3
5
B2
=7 50}
1
Ll
L . I e 2
Control lowpH 5 mM Ba™
(pH 7.4)  (pH 40)  (pH 7.4)

Fig. 5. Influence of perfusate pH and luminal barium on the
apical cell membrane conductance G¢

tances based upon the use of either barium or hy-
drogen as a probe are summarized for a small group
of paired studies (n = 5) in Table 2. The estimates of
G, G*, G*!" and GY were the same regardless of
whether low pH or barium was used as a probe to
reduce the apical membrane conductance.

The effects of the low pH perfusate and addi-
tion of barium on the apical membrane conductance
are compared in Fig. 5. The pH 4.0 perfusate de-
creased G* by 67% while the addition of 5 mM bar-
ium to the perfusate caused nearly a 95% reduction
in G%, If the barium-sensitive conductance reflects
the potassium conductance of the apical border as
previous evidence indicates (Koeppen et al., 1983;
O’Neil & Sansom, 1984b), then the reduction in
the perfusate pH to 4.0 resulted in a decrease in the
apical membrane potassium conductance by ap-
proximately 70%.

The effects of 5 mm barium on the transepithe-
lial and cell membrane voltages and conductance
are summarized in Table 3 for 21 tubules. The ef-
fects of Ba*™" are similar to those reported previ-
ously (Koeppen et al., 1983; O’Neil & Sansom,
1984b). Using the data from Table 3, the barrier
conductances were estimated to be 6.7, 8.1 and 6.0
mS cm™2 for G¢, G? and GY, respectively (Table 4).
The transcellular conductance G estimated as

Gl = G'GH(G* + GY) (13)

averaged 3.3 mS cm 2.

QUANTITATION OF APICAL MEMBRANE
PotAssiuM AND LEAK CONDUCTANCES

The apical membrane of the cortical collecting duct
has both an amiloride-sensitive sodium conduc-
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Table 2. Comparison of barrier conductances based upon estimates of the effects of either Bat*

addition or low luminal pH?

Gte Gu Gh Gcel] Glj
(all mS cm™2)

A. Conductance esti- 11.9 10.1 24.1 5.9 6.0
mates using low pH *1.7 +2.6 +8.5 *1.4 +0.8
as probe

B. Conductance esti- 14.0 12.3 20.6 7.1 6.9
mates using Ba** as | +4.4 +6.9 +26 +0.4
probe

C. Difference (B — A) 2.1 2.2 -3.5 1.2 0.9

+1.1 +3.4 +1.9 *1.4 +(0.8

2 Paired studies, n = 5.

Table 3. Influence of addition of barium to the perfusate on barrier voltages and conductances?

v Y Ve fRe G R
(mV) (mV) (mV) (mS cm™) (Q cm?)
A. Control -1.0 68.5 -69.5 0.48 9.3 157
+0.4 +2.3 +2.3 +0.04 +1.0 +36
B. + SmMm Ba*" -1.6 334 -35.0 0.89 6.6 205
+0.4 +3.3 +3.2 +0.02 +0.6 +41
C. Difference (B — A) —-0.6° —35.2¢ 34.5¢ 0.41¢ —2.8" 48¢
+0.2 +2.6 +2.6 +0.03 +0.8 *11
2 n = 21. In all experiments the perfusate contained 50 um amiloride.
b P < 0.01.
¢ P < 0.001.

tance and barium-sensitive potassium conductance
(Koeppen et al., 1983; O’Neil, 1983; O’Neil & San-
som, 1984b). Since conductive pathways at the
apical border to other major electrolytes such as
chloride and bicarbonate have not been observed
(O’Neil & Boulpaep, 1982; Sansom et al., 1984),
it is likely that the effects of barium at the apical
membrane are on the potassium channels only, par-
ticularly in the presence of amiloride. Furthermore,
since the addition of 5 mm barium to the luminal
perfusate has a maximal effect on the tissue conduc-
tance (O’Neil, 1983), the barium-sensitive conduc-
tance of the apical border likely reflects the magni-
tude of a barium-sensitive potassium conductance
Gk. However, in some tubules, a small but signifi-
cant apical membrane conductance likely remained
even in the presence of 5 mMm barium, and is defined
here as ‘‘leak’ conductance G%. Defined in this
manner, Gk averaged 6.1 mS cm~? and Gf averaged
0.6 mS c¢cm~2 (Table 5).

In the presence of amiloride, the V¥ was essen-
tially zero so that the potassium distribution across

Table 4. Summary of estiamted barrier conductances?®

Gn» Gu le Gccll Gij
(all mS c¢m ")

9.3 6.7 8.1 3.3 6.0
+1.0 *+1.6 *2.3 +0.9 +0.6
ip=21.

Table 5. Summary of the estimated *‘feak’” conductance, potas-
sium conductance and potassium permeability of the apical cell
membrane?

G Gy Gk Py

(mS cm™) (mS cm~?) (mS cm™) (cm sec™', X109
6.7 0.6 6.1 I.]

+1.6 +0.2 +1.5 +0.3

ap=21.
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Fig. 6. Relation between barrier conductances and G* for all
tubules. A. Relation between G and G*. The solid line is a plot
of the least-squares linear regression equation,! G = (1.15 =
0.20)G* — (4.7 £2.2). n=21,r = 0.785, P < 0.001. B. Relation
between Gf and G*. The parameters are not significantly correl-
ated. n = 21, r = 0.352. C. Relation between G* and G". The
solid line is a plot of the least-squares linear regression equation,
GP =(1.78 £ 0.33)G** ~ (8.5 =3.4). n=21,r =0.776, P < 0.001.
D. Relation between G* and G™. The solid line is a plot of the
least-squares linear regression equation, G = (0.29 + 0.10)G* +
33x1.1).n=21r=0.53,P<0.05

the cell membranes was likely near equilibrium un-
der these conditions. Whereupon, knowing the
value of G§%, the potassium permeability of the api-
cal membrane in the absence of barium, P%, could
be calculated with a modified form of the Goldman-
Hodgkin-Katz equation (Hodgkin & Horowicz,
1959):

_ —Pk - VKT - 2F)

¢ = 14
K (RT)2 . (eszV”/RT _ 1) ( )
and
—G4% - (RT 2. ~zFV4/RT _ 1
Py = k - (RT)" - (e ) (15)

ve - [K* - (zF?)

where [K*]; is the potassium concentration of the
perfusate and z, F, R and T have their usual mean-
ings. Using this approach, the P§ was estimated to
average 1.1 X 107* ¢m sec™! (Table 5).

VARIABILITY OF BARRIER CONDUCTANCES

A continual problem in studying the transport prop-
erties of the cortical collecting duct has been the
extreme variability in the electrophysiological pa-
rameters among tubules even when tissues were
studied under ‘‘similar’’ conditions (see O’Neil &
Boulpaep, 1982). This is particularly true of the val-

ues for G’ which, in the present study alone, varied
from near 1.5 to 23 mS c¢cm~2. It has been deduced in
previous studies from measurements of G*, that the
ionic origin of this variability appeared to be a vari-
able potassium conductance of the apical membrane,
and a variable chloride conductance of the basola-
teral membrane and/or tight junction (O’Neil &
Helman, 1977; O’Neil & Boulpaep, 1982; O’Neil,
1983). To directly evaluate this notion in the present
study, the magnitudes of the barrier conductances
were correlated with the magnitude of G’ in each of
21 tubules (Fig. 6). As shown in Fig. 6A, the Gk was
highly variable but directly correlated with G*(r =
0.785, P < 0.001).! The apical membrane ‘‘leak’
conductance G7, on the other hand, was relatively
insignificant in most cases, and was not correlated
with G’ (Fig. 6B) and hence, was not likely an im-
portant factor relating to the variability of G*.
The basolateral membrane conductance was
also found to be highly variable and, like G¢, dis-
played a strong positive correlation with G* (Fig.
6C, r = 0.776, P < 0.001).! The parallel tight junc-
tion conductance was less variable than the cell
membrane conductances, but still displayed a sig-
nificant, but weak, correlation with G’ (Fig. 6D, r =
0.536, P < 0.05). Since it has been shown in other
studies that G* and G are dominated by chloride
conductances at these barriers (Sansom et al.,
1984), it would appear that the major factors re-
sponsible for the notable variations in G’ are a vari-
able potassium conductance of the apical mem-
brane, a variable chloride conductance of the
basolateral membrane, and to a lesser extent, a vari-
able chloride conductance of the tight junction.

Discussion

LOCALIZATION AND QUANTITATION
OF BARRIER CONDUCTANCES

It has been shown recently that microelectrode
techniques can be successfully applied to the iso-
lated perfused cortical collecting duct of the rabbit
to provide a direct assessment of the electrophysio-
logical properties of the cell membranes (Koeppen
et al., 1983; Koeppen & Giebisch, in press; O’Neil

! The relation between G’ and the individual barrier con-
ductances is likely highly complex since all barrier conductances
vary simultaneously. The exact relation among parameters is not
known, Consequently, linear regression analysis has been used
to describe the various relations to determine, as a minimal anal-
ysis, whether a correlation exists among the parameters of
interest.



R.G. O’Neil and S.C. Sansom: Cellular and Paracellular Conductive Pathways 289

& Sansom, 1984b). The present study has extended
these techniques to provide a means of localizing
and quantitating the barrier conductances of this
tissue. It was shown that either reduction of the
perfusate pH, or addition of barium to the perfus-
ate, could be used as a probe to selectively reduce
the potassium conductance of the apical cell mem-
brane (see below, Assessment of Methodology).
Whereupon, from the induced changes in the trans-
epithelial conductance and fractional resistance
upon reduction of the potassium conductance, esti-
mates could be obtained for the initial conductances
of the apical membrane, basolateral membrane and
tight junction (also see below, Correlations with
Cell Type).

The barrier conductances of the cortical collect-
ing duct were found to be high. On the average, the
apical membrane, basolateral membrane and tight
junction conductances were 6.7, 8.1 and 6.0 mS
cm 2%, respectively. Koeppen and Giebisch (in
press) have recently estimated the barrier conduc-
tances of this tissue, using 2 mm barium as a probe,
with similar results. While it is usually considered
that a high transepithelial conductance of an epithe-
lium arises as a result of a high paracellular conduc-
tance (see Boulpaep & Sackin, 1980), the present
study demonstrates that for the cortical collecting
duct, which is a ‘‘moderately tight’* epithelium, the
high transepithelial conductance arises as a com-
bined result of high paracellular and transcellular
conductances in parallel. This does not appear to be
exceptional as other studies have recently reported
results consistent with high membrane conduc-
tances for several tissues (Augustus et al., 1977;
Guggino et al., 1982a; Greger & Schlatter, 1983;
Hebert, Friedman & Andreoli, in press). It is inter-
esting that these high membrane conductances may
not simply reflect the extent of membrane infolding
or the presence of microvilli, but may reflect a high
conductance per absolute membrane area. If the
present results are corrected for absolute membrane
surface area using previous morphometric data
(Wade et al., 1979; Welling, Evan & Welling, 1981),
the apical membrane conductance would remain
near 6.7 mS cm™? since there is little apical mem-
brane infolding. The basolateral membrane conduc-
tance would be approximately one-cighth (ratio of
apical-to-basolateral membrane area), averaging
near 1 mS cm 2. The existence of these high cell
membrane conductances was suspected in previous
studies, utilizing transepithelial electrophysiologi-
cal measurements, in which it was demonstrated
that the tissue appeared to be characterized by a
high potassium conductance of the luminal border
and a high chloride conductance of the basolateral
border (O’Neil & Boulpaep, 1982; O’Neil, 1983).

THE ApricAL MEMBRANE CONDUCTANCE

The apical membrane was found to have a high,
barium- and hydrogen-sensitive potassium conduc-
tance, as discussed previously (Koeppen et al.,
1983; Koeppen & Giebisch, in press; O'Neil, 1983;
O’Neil & Sansom, 1984b). Since in the presence of
amiloride significant apical membrane conduc-
tances to other major electrolytes such as sodium
(O’Neil & Boulpaep, 1979; 1982), chloride (Sansom
et al., 1984) and bicarbonate (O’Neil & Boul-
paep, 1982; Sansom et al., 1984) have not been
found, the effects of barium and hydrogen must re-
flect inhibition of potassium channels alone. This
large, barium-sensitive conductance of the apical
cell membrane is not unique to the cortical collect-
ing tubule as a similar conductance has been de-
scribed recently for the apical cell border of several
other epithelial tissues (Reuss, Cheung & Grady,
1981; Guggino et al., 1982b; Greger & Schlatter,
1983; Hebert et al., in press). From a historical per-
spective, however, it should be noted that an impor-
tant apical membrane K* conductance of the rat
distal tubule was described nearly two decades ago
by Giebisch and coworkers (see Giebisch, Klose &
Malnic, 1967). We are just now beginning to demon-
strate the presence of, and hence understand the
importance of, an apical membrane K* pathway in
other tissues.

The potassium conductance of the apical cell
membrane was found to be highly variable among
tubules. It was shown to be directly correlated with
the magnitude of G*, and therefore is likely a major
determinant of the electrophysiological variability
among tubules (see O’Neil & Boulpaep, 1982). On
the average the apical membrane potassium con-
ductance was 6.1 mS cm™?, corresponding to a po-
tassium permeability of 1.1 X 1074 ¢cm sec™!, and
likely provides the dominant pathway for potassium
secretion from the cell into the tubular lumen. Po-
tassium taken up into the cell via the sodium/potas-
sium exchange pump at the basolateral membrane,
could therefore exit the cell either by diffusing
across the apical border, giving rise to potassium
secretion, or alternatively, recycling across the ba-
solateral membrane via diffusion across that barrier
(Grantham et al., 1970; O’Neil, 1981: Stokes, 1982:
Koeppen et al., 1983; O’Neil & Sansom, 19845b).
With this series arrangement of permeability barri-
ers, potassium secretion could readily be regulated
by controlling the potassium permeability at either
or both cell borders. Regulation of these potassium
permeabilities may, in part, underliec some of the
electrophysiological variability among tubules here-
tofore mentioned.

The tubular fluid pH may play an important role
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in regulating potassium secretion. Reduction of the
luminal perfusate pH to 4.0 caused approximately a
70% reduction of the apical membrane potassium
conductance (Fig. 4). Since the cortical collecting
duct can acidify the tubular fluid to the pH 4 range
(Koeppen & Helman, 1982), this could result in a
decrease in the potassium conductance which
would cause a decrease in potassium secretion.
This effect could in part account for the well-known
inverse relation in the whole animal between potas-
sium excretion and urinary pH (Toussaint & Ve-
reestraeten, 1962; Malnic et al., 1971; 1972). In-
deed, Boudry, Stoner and Burg (1976) have
reported a reduction in potassium secretion in the
cortical collecting duct upon lowering of the perfus-
ate pH (see O’Neil & Sansom, 19845b).

The site of inhibition of the potassium channel
by luminal hydrogen ion remains speculative. Since
the effect of hydrogen ions appears to be voltage-
independent, it is unlikely that the active site for
hydrogen binding is located deep within the mem-
brane channel, but rather at a site which is near the
surface, at the outer or inner boundry of the mem-
brane voltage field. It is interesting that blockage of
K* channels by H™ in excitable tissues displays
only a weak voltage dependence (Drouin & The,
1969; Hille, 1973; Shrager, 1974; Carbone et al.,
1978). This is in marked contrast to that observed
for the effects of barium on the potassium channel
which have been shown to be highly voltage-depen-
dent in the cortical collecting duct, similar to that
observed for excitable tissues (see Latorre &
Miller, 1983; O’Neil, 1983), implicating a binding
site for barium deep within the membrane channel
(O’Neil, 1983). If it is assumed that the binding of
hydrogen ion to an acidic group causes a propor-
tional decrease in the potassium conductance, it can
be shown that given a 70% reduction in the potas-
sium conductance upon reduction of the perfusate
pH to 4.0, the pK,, for the acidic group must be near
4.4. This is similar to the pK, of near 4.6 estimated
for several potassium channels of excitable tissues
(Drouin & The, 1969; Hille, 1973; Carbone et al.,
1978)—this differs from a K* channel in crayfish
axon which has a pK, of near 6.3. (Shrager, 1974).
These results again demonstrate the similarity of
properties among potassium channels from a vari-
ety of tissues (see O’Neil, 1983; O’Neil & Sansom,
1984b).

A small barjum- and amiloride-insensitive api-
cal membrane conductance was apparent in the
present study. This ‘‘leak’ conductance was not
evident in all tubules, but on the average, accounted
for 5 to 10% of the apical membrane conductance.
This conductance is not likely anion selective since
the luminal addition or removal of either bicarbon-

ate or chloride had no effect on the apical mem-
brane conductance (Sansom et al., 1984). It may,
however, reflect an amiloride-insensitive sodium
channel or a barium-insensitive potassium channel
similar to that described by Lewis and Wills (1981)
for the rabbit urinary bladder. This remains to be
evaluated in separate studies.

An important apical membrane conductive
pathway not evaluated in the present study is the
amiloride-sensitive sodium channel. It has been de-
duced from a qualitative assessment that this con-
ductance is much smalier than the parallel potas-
sium conductance since the effects of luminal
addition of amiloride on G* and fractional resis-
tance were much smaller than that observed for bar-
ium (Koeppen et al., 1983; O’Neil & Sansom,
198454). In the present study the effects of amiloride
on G* and fractional resistance were too small and
variable from tubule to tubule to be used to provide
a reliable measure of membrane conductances.
Nonetheless, considering that the fractional resis-
tance in the absence of amiloride was normally near
0.4 t0 0.5, and that the decrease in G upon addition
of amiloride averages near I mS ¢m™2 (O’Neil,
1983; O’Neil & Sansom, 1984), as it did in the
present studies, the amiloride-sensitive apical mem-
brane conductance would be anticipated to average
near 2 mS ¢m~2, considerably smaller than the api-
cal membrane potassium conductance. This re-
mains to be verified in separate studies.

THE BASOLATERAL MEMBRANE CONDUCTANCE

The permeability properties of the cortical collect-
ing duct basolateral membrane have been partially
elucidated. Sansom et al. (1984) have demon-
strated that this border has a dominant chloride
conductance of approximately 4 to 5 mS cm~2. This
is consistent with the results of earlier studies in
which it was demonstrated that the G’¢ was highly
dependent upon the chloride concentration of the
bathing medium (O’Neil & Helman, 1977; O’Neil
& Boulpaep, 1982). In addition to the chloride con-
ductance, a significant, but apparently smaller, po-
tassium conductance has also been shown to reside
at that border (Koeppen et al., 1983; O’Neil, 1983;
Sansom et al., 1984), although its absolute mag-
nitude has not been determined. Evidence of impor-
tant conductive pathways to other ions such as so-
dium and bicarbonate could not be demonstrated
(O’Neil & Boulpaep, 1982; Sansom et al., 1984),
consistent with the view that the basolateral border
is characterized by chloride and potassium conduc-
tive pathways alone.

The basolateral membrane conductance dis-
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plays a high degree of variability which appears to
be directly correlated with the variability in G* (Fig.
6). Using microelectrode techniques, the variations
in the basolateral membrane conductance have
been shown to be directly related to variations in a
chloride conductance at that border (Sansom et al.,
1984), implicating a chloride conductance as be-
ing responsible, in part, for the variability. This
view is consistent with the results of earlier studies
in which it was deduced from the chloride depen-
dency of G*, that the chloride permeability was
higher at the basolateral border of the tubule than at
the apical border (O’Neil & Boulpaep, 1982).
Since the potassium permeability appears to be
lower than the chloride permeability, the potassium
permeability is likely to have only a small influ-
ence on the variability of the tissue conductance
(O’Neil & Boulpaep, 1982; O’Neil, 1983; Sansom
et al., 1984).

THE TiIGHT JUNCTION CONDUCTANCE

The magnitude of the tight junction conductance
was found to be similar to that of the cell mem-
branes. As such, it represents an important path-
way for ion movement. It has been shown that the
magnitude of the tight junction conductance among
tubules was directly correlated with the chloride-
dependent conductance of this pathway and was
symmetrically dependent upon the chloride activity
in either the bath or perfusate (Sansom et al.,
1984). These effects are consistent with a symmet-
rical single-barrier chloride-conductive pathway.
The permeability of the tight junction to ions
other than chloride is likely low under normal phys-
iological conditions. The bicarbonate permeability
must be insignificant since, based on the results of
bicarbonate substitution experiments, a significant
bicarbonate conductance was not evident at either
border of the epithelium (O’Neil & Boulpaep, 1982;
Sansom et al., 1984). The results of isotopic flux
studies of sodium and potassium are likewise con-
sistent with a low paracellular flux of these ions,
particularly for sodium (Frindt & Burg, 1972;
Stoner et al., 1974; Schwartz & Burg, 1978; Stokes,
1981). This view is supported by the observation
that removal of sodium from the bathing medium of
perfused tubules has little influence on V¢ and G*
(O’Neil & Helman, 1977; O’Neil & Boulpaep,
1982), and by the ability of this tubule to generate
and maintain large electrochemical gradients for
both sodium and potassium well above their respec-
tive predicted equilibrium values (Grantham et al.,
1970). It seems reasonable to conclude that the tight

junction of the cortical collecting duct is chloride
permselective.

ASSESSMENT OF METHODOLOGY

The analysis of barrier conductances depends upon
several assumptions that have been only partially
assessed. First, the measurement of fR“ was based
on the assumption that upon injection of current
into the tubule lumen via the perfusion pipet, the
resulting changes in the apical and basolateral mem-
brane voltages were directly proportional to the re-
spective cell membrane resistances (see Materials
and Methods). This requires that the fraction of in-
jected current entering the impaled cell across the
apical cell border was equal to that leaving the cell
across the basolateral cell border. Whereupon, the
voltage changes—the IR drops—at the two borders
would be directly proportional to their respective
resistances so that fR“ could be equated to the frac-
tion of the transcellular voltage change dissipated at
the apical border (see Eq. 9). On the other hand, if
the cells were coupled electrically, either via low-
resistance intercellular channels or as a result of a
low lateral membrane resistance (Clausen, Lewis &
Diamond, 1979; Boulpaep & Sackin, 1980) then cur-
rent entering a cell across the apical border would
exit the cell both by spreading to an adjoining coup-
led cell (or cells) and by directly exiting across the
basolateral border to the grounded bath. In terms of
equivalent circuits, this implies that the tubule can
not be modelled as a simple one-dimensional cable
with axial current flow along the tubular luminal
core (luminal cable) alone, but must be modelled as
a ‘‘double’’ cable with axial current flow both along
the luminal core and along the epithelial layer from
cell to cell (cell cable). This has been discussed in
detail by others (Fromter, Muller & Wick, 1971;
Anagnostopoulos, Teulon & Edelman, 1980; Hoshi
et al., 1981; Guggino et al., 1982a; Greger & Schlat-
ter, 1983). As a consequence, near the point of cur-
rent injection, the estimated value of fR* would be
greater than the ‘‘true’’ fractional resistance since
the current exiting the cell via the basolateral mem-
brane would be less than that entering across the
apical border. It also follows that the estimated
value of fR* would decrease from cell to cell with
increasing distances along the tubule away from the
point of current injection as shown for the rabbit
cortical thick ascending limb (Greger & Schiatter,
1983) and the Triturus proximal tubule (Hoshi et al.,
1981)—this was not observed for the proximal tu-
bule of Necturus (Anagnostopoulos et al., 1980;
Guggino et al., 1982a) and rat (Fromter et al., 1971).
Since on the average, the estimated value of fR* did
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not vary between the two ends of the cortical col-
lecting duct in the present study (see Fig. 1), cell-to-
cell coupling was minimal in most tubules and not
likely to influence the measured value of fR“.

Other indirect evidence is also not supportive of
significant cell-to-cell coupling. Kaissling and Kriz
(1979) have not been able to demonstrate the pres-
ence of gap junctions in this tissue, a finding which
is indicative of, but does not prove, the absence of
direct cell-to-cell coupling. This view is consistent
with recent measurements of single cell input resis-
tances (Sansom & O°’Neil, unpublished observa-
tion). It was observed that upon injection of a cur-
rent pulse into a cell via the microelectrode, the
recorded input resistance of the cell was high, gen-
erally over 100 M), This is in the range anticipated
for the cell membranes alone in the absence of any
low-resistance cell-to-cell pathway.

A second potential problem in estimating fR*
can arise if the resistance of the paracellular path-
way cannot be attributed to the tight junction alone,
but also includes a significant resistance of the inter-
cellular lateral space. If the lateral space resistance
is significant, the paracellular pathway will behave
as a distributed resistance including resistance ele-
ments of the lateral cell walls and of the lateral
space (Clausen et al., 1979; Boulpaep & Sackin,
1980; Nagel, Garcia-Diaz & Essig, 1983). As a con-
sequence, upon injection of a current pulse into the
tubule lumen, a fraction of the current flowing
through the paracellular pathway will flow into the
cell across the lateral membrane, thereby directly
influencing the measured change in the basolateral
membrane voltage and, hence, the estimated value
of fR*. While this problem has not been directly
addressed, it has been demonstrated that treatment
of the cortical collecting duct with vasopressin,
which induces osmotic water flow and causes a dila-
tation of the lateral space (Ganote et al., 1968), does
not influence the transepithelial resistance (Helman
et al., 1971). Since widening of the lateral space
would cause a decrease in the lateral space resis-
tance, which should be reflected as a decrease in the
transepithelial resistance, it is most likely that this
resistance is normally insignificant and hence not a
major problem in the present analysis. Some cau-
tion must be exercised, however, as this is a rather
indirect assessment of the problem which could
overlook a small, but important, lateral space resis-
tance.

In view of the heretofore mentioned data, nei-
ther cell-to-cell coupling nor a distributed lateral re-
sistance would appear to have a major influence on
the estimated value of fR? in the present study.
Hence it would seem reasonable to conclude that
the estimated value of fR? likely provides a good

approximation of the “‘true’’ fractional resistance of
the cortical coliecting duct cells.

A particularly important assumption in the
present study was that fow-luminal pH and the lu-
minal addition of Ba** caused a selective reduction
in the apical cell membrane conductance without
significant effects on G? and G%. As can be seen
from Eq. (12), under these conditions a decrease in
G* would result in a linear relation between G* and
1 — fR4, with a slope equal to G” and intercept equal
to G%. Indeed, the time course of the effects of re-
ducing the luminal pH on G* and 1 — fR%—shown
to be voltage independent—were highly linear (r >
0.99) as shown in Fig. 4, thereby supporting this
view. It is possible, however, that G? and GY were
not constant. If this were the case, then the changes
in G* and G would had to have been both tempo-
rally and quantitatively matched so that the relation
between G* and 1 — fR“ still remained linear—a
highly unlikely possibility. This same relation be-
tween G and | — fR* was maintained upon addition
of 5 mMm Ba™t to the perfusate, indicating that re-
duction in the luminal pH and addition of Ba**
were having qualitatively similar effects, suppos-
edly limited to the apical border since Ba*™ is not
likely to enter the cell. Furthermore, the effects of
Bat™ have been shown to be extremely rapid
(O’Neil, 1983). This is particularly demonstrable
from the voltage-dependent effects of Ba** at low
concentration (0.1 mm). It was shown that upon
injection of lumen-negative current pulses (lumen-
negative voltage changes) the blocking action of
Bat* was completely abolished whereas lumen-
positive current pulses caused a maximum blockage
similar to that observed with 5 mm Ba**. These
effects were rapid, occurring within the 100-msec
response time of the electrical system and, there-
fore, not likely to cause significant secondary
changes in G? and GY. In view of these consider-
ations, it would appear that the effects of Juminal
barium and reduction in luminal pH were on the
apical cell membrane conductance alone, and there-
fore should provide appropriate probes for quantita-
tion of barrier conductances as done in the present
study.

CorreLATIONS WITH CELL TYPE

The cortical collecting duct is a simple epithelium
consisting of two well-defined cell types—the prin-
cipal cell and the intercalated cell. The principal cell
accounts for approximately two-thirds of all cells
and appears to be the cell responsible for sodium
and potassium transport in this tissue (Wade et al.,
1979; Kaissling & Le Hir, 1982; Le Hir et al., 1982;
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O’Neil & Boulpaep, 1982; O’Neil & Hayhurst,
1984). The intercalated cell contains high levels of
carbonic anhydrase (Rosen, 1972; Dobyan et al.,
1982) and is thought to be involved primarily in acid
secretion (Kaissling & Kriz, 1979; Steinmetz & An-
derson, 1982; Koeppen & Steinmetz, in press). The
cortical collecting duct cells impaled with micro-
electrodes in this and previous studies (Koeppen et
al., 1983; O’Neil & Sansom, 1984b) have properties
expected for the principal cell. The apical border of
the cells was characterized by an amiloride-sensi-
tive sodium conductance and a barium-sensitive po-
tassium conductance, while the basolateral border
was characterized by a ouabain-inhibitable sodium
pump. In a recent series of studies, interference
contrast and fluorescence microscopy techniques
were combined to positively identify the intercala-
ted and principal cells in the perfused tubule
(O’Neil & Hayhurst, 1984). It was demonstrated
that upon passage of current pulses (150 nA for 10
to 20 sec) from lumen to bath via the perfusion pi-
pet, principal cells were observed to swell, but not
intercalated cells. The current-induced swelling
could be blocked by the luminal addition of ami-
loride and barium. This provides strong support of
the view that the two cell types are functionally
distinct, and that the principal cell is indeed the cell
responsible for sodium and potassium transport in
this tissue.

It has been observed in this study, as reported
previously (O’Neil & Sansom, 19844), that occa-
sionally upon impalement of a cell, the recorded V?
was low, near —30 to —40 mV, and the fR* essen-
tially equal to 1. Koeppen has likewise noted this
phenomenon {(personal communication). With the
fR? equal to 1, the cell was discarded since it was
not possible to ascertain whether the basolateral
membrane had been damaged upon impalement or if
a cell membrane resistance barrier had not been
crossed with the microelectrode tip, i.e., the re-
cording was an artifact (see Materials and Meth-
ods). It could be, however, that the recorded volt-
age was real, reflecting properties of a second cell
type such as the intercalated cell, where the resis-
tance of the apical cell membrane was exceedingly
high relative to the basolateral cell membrane. It is
interesting in this regard, to compare these results
with those of recent microelectrode studies of the
outer medullary (inner stripe) collecting duct of the
rabbit (Koeppen, 1983). The cells of this segment
are carbonic anydrase-rich and hence considered to
primarily reflect acid-secreting cells (Rosen, 1972;
Dobyan et al., 1982) such as the intercalated cells of
the cortical collecting duct. These cells were char-
acterized by alow V? of near —39 mV and a high fR®
of 0.99. By analogy, it may be that the cells charac-

terized by a low V* in the cortical collecting duct do
indeed reflect properties of acid-secreting cells,
supposedly the intercalated cell. Since, as noted
above, techniques are presently being developed to
distinguish between the two cell types of the corti-
cal collecting duct (O’Neil & Hayhurst, 1984), fu-
ture studies will focus on combining optical and mi-
croelectrode techniques to differentiate between
cell types.

If it is assumed that the cells which were ac-
cepted as being ‘‘successfully”” impaled in the
present study were the principal cells, then the esti-
mated tight junction conductance should reflect the
sum of all pathways in parallel with the principal
cells. This would include the ‘‘true’” paracellular
conductance (tight junction) and the transcellular
conductance of the intercalated cell. While the ex-
act relation between the paracellular conductance
and the intercalated cell conductance has not been
directly evaluated, as noted above, there is increas-
ing evidence that the intercalated cell apical mem-
brane conductance may be small relative to the
paraceliular conductance. If so, the intercalated cell
conductance may not significantly contribute to the
estimated tight junction conductance. First, as
noted above, if this cell type is indeed characterized
by a value of fR% near 1, the resistance of the apical
cell membrane is likely high, so that the transcellu-
lar conductance would be negligible. Secondly, as
discussed in a previous study (Sansom et al.,
1984), there is little evidence of significant Na™,
K~*, ClI~ or HCO35 conductance of the apical cell
membrane other than for the principal cell, at least
for Nat and K*. Finally, the only ion that has not
been dismissed is H*. However, in the present stud-
ies its activity was low and the experiments were
performed in the absence of bicarbonate and CO» in
the solutions, thereby abolishing active acid secre-
tion (Stoner et al., 1974; Koeppen & Helman, 1982).
Hence, any hydrogen conductance would necessar-
ily be miniscule. In view of these considerations, it
would seem most probable that the intercalated cell
transcellular conductance was low relative to the
“‘true’’ tight junction conductance. The estimates of
the tight junction conductance in the present stud-
ies, should therefore provide a good first approxi-
mation of the “‘true’’ tight junction conductance of
the rabbit cortical collecting duct. Studies are pres-
ently being conducted to directly evaluate this no-
tion.
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