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Summary. We have utilized the vibrating probe technique to ex-
amine transport by individual chloride cells in the short-circuited
fish opercular epithelium. Variability in the steady state and in
response to rapid perturbations, including fast-acting hormones
and ion replacement, was analyzed. Negative short-circuit cur-
rents, corresponding to chloride secretion, were associated with
the apical crypts of all but five of 386 chloride celis sampled.
Average chloride cell short-circuit current and conductance were
2.7+ 0.1 nA and 87.7 = 3.8 nS, respectively, or 19 mA ¢cm ? and
620 mS cm ™’ (resistance = 1.6 () cm?) when normalized to apical
crypt surface area. Exposure to 1 uM epinephrine rapidty inhib-
ited the tissue short-circuit current by inhibiting the current
pumped by all chloride cells, i.e. all chloride cells have adrener-
gic receptors. The time course of inhibition for each cell mirrored
that of the whole tissue. Reversal of epinephrine inhibition of the
tissue short-circuit current by glucagon and phosphodiesterase
inhibition was by reversal of epinephrine’s inhibition of individ-
ual chloride cells, and not by turning on cells which were previ-
ously inactive or uninhibited, or by stimulating nonchloride cells.
A great amount of variability existed among chloride cells in the
ability of these agents to reverse epinephrine-inhibited current.
Likewise, considerable variability in the response of chloride cell
conductance to these perturbations was observed, and in many
instances a clear dissociation between current and conductance
was noted. In the steady state, variability among cells in a single
tissue always defined a linear relationship between chloride cell
current and conductance with zero-current conductance inter-
cept at zero. Equivalent circuit modeling indicates that the leak
conductance of chloride cells within a single tissue always con-
tributes the same proportion to the total individual chloride cell
conductance, such that the ratio between the conductances of
the active and leak pathways of chloride cells is constant. The
leak pathway is almost certainly dominated by a sodium-selec-
tive paracellular pathway. The results suggest that these cells
control the permeability of their paracellular pathway. A possi-
ble mechanism for this control is discussed.
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Introduction

Over the past 20 to 30 years, there has been
interest in partitioning transepithelial electrophysio-
logical parameters and ion and water flow between
the transcellular and paracellular routes. Most epi-
thelia are comprised of a heterogeneous population
of cells, which complicates these efforts. In such
tissues, one or more of the cell types may be in-
volved in transepithelial transport, and each may be
specialized for a specific transport function. As a
result of heterogeneity, it is also desirable to assign
and partition specific transport functions to specific
cell types.

We recently adapted the vibrating probe tech-
nique to localize specific pathways for electrogenic
transport and conductance in a heterogeneous epi-
thelium, the fish opercular membrane (Foskett &
Scheffey, 1982). The vibrating probe is a metal mi-
croelectrode which is rapidly vibrated between two
points in the extracellular medium and allows mea-
surement of the electric field along the line of vibra-
tion. It provides a low noise, low drift method for
determining specific sites of localized current den-
sity immediately over the epithelial surface. We
were able to localize peaks of negative current den-
sity over a single cell type, the chloride cell, which
was consistent with the electrogenic chloride secre-
tion capacity of the opercular membrane (Karnaky
et al., 1977; Marshall & Bern, 1980; Foskett et al.,
1981; 1982a; Foskett & Scheffey, 1982). In a subse-
quent report (Scheffey et al., 1983), refinements in
the vibrating probe technique allowed localization
of all transepithelial current flow and nearly all tis-
sue-specific conductance to the apical crypts of
chloride cells. As a result, it became possible to
sample chloride cells with a spatial resolution of 5
pum and to determine the amount of short-circuit
current and conductance for individual chloride
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Fig. 1. Experimental set-up for vibrating probe (V) measure-
ments of extracellular current density immediately above the
surface of the opercular membrane. The chamber was placed on
the stage of an upright microscope. Transepithelial voltage was
measured with a pair of agar bridges (V,,, V,); current was passed
by Ag-AgCl wires (i). The baths were continuously perfused (ar-
rows). A reference electrode for the vibrating probe was also in
the mucosal bath (not shown)

cells without detection of current flow through
other chloride cells.

Taking advantage of this capability to sample
individual cells, the present study examines the
amount of transport variability among individual,
presumably nonelectrically coupled, chloride cells
within the same tissue and among different tissues.
We have analyzed the responses of individual cells
to rapid perturbations, including ion replacement
and hormonal stimulation, as well as the degree of
steady-state variability in short-circuit current and
conductance. The results reveal a great deal of
transport variability among individual chloride
cells. Analysis of this variability suggests that the
chloride cell exerts control over the conductance of
its paracellular pathways.

Materials and Methods

Tilapia, Sarotherodon mossambicus, were maintained and
adapted to seawater as previously described (Foskett et al.,
1981; 1982bh). Seawater adaptation times ranged from 2 to 6
weeks prior to experiments. Opercular membranes were dis-
sected as previously described (Foskett et al., 1981) and the
connective tissue removed by teasing with fine forceps under
microscopic observation.

ExXPERIMENTAL CHAMBER AND SOLUTIONS

The isolated opercular membrane was mounted in a modified,
Ussing chamber which was placed on the stage of a microscope;

both sides of the tissue were continually perfused with oxygen-
ated Ringer’s solution while it was viewed from above (Fig. 1).
The tissue was mounted horizontally across a circular aperture
(area = 0.516 cm?) with the apical side up. Each membrane was
supported on a nylon mesh (Nytex HC3-209) and stretched be-
tween pins around the aperture. Silicon grease (Dow) was
smeared above and below the tissue around the edge of the aper-
ture as a sealant, and a thin annular Lucite® disk was pressed
down over the tissue around the edge of the aperture. This disk
was made approximately 1 mm thick, to allow the shank of the
vibrating electrode to approach the tissue from as nearly a hori-
zontal direction as possible. The mucosal bath was continuously
perfused with fresh Ringer’s solution by gravity-feed from an
overhead reservoir and drained by continuous aspiration. The
bottom of the chamber was a coverslip: the tissue and coverslip
defined the serosal compartment which also was continuously
perfused with Ringer’s solution from another overhead reser-
voir, We eliminated trans-tissue hydrostatic pressure gradients
by manipulating the serosal bath outflow resistance.

At the base of the serosal compartment, a chlorided silver
wire encircled and cut across the center of the aperture to the
outside of the chamber, and served as a current-passing elec-
trode. A similar wire in the mucosal bath encircled the aperture
at a greater radius. Voltage scanning with the vibrating probe
demonstrated that this geometry insured a uniform current den-
sity at the level of the tissue during transepithelial current pas-
sage. Separate input ports allowed the tips of agar bridges to be
placed within 2 mm of each surface of the tissue. Experiments
were carried out under observation by an upright, fixed-stage
microscope with differential interference contrast optics (Aus
Jena) utilizing 32 x (Leitz) and 10x (Zeiss) objectives with work-
ing distances 6 and 4.8 mm, respectively. A commercial voltage-
clamp circuit was used employing series resistance compensa-
tion (Model 710C, Bioengineering Division, College of Medicine,
University of Jowa). Transepithelial potential was measured by
calomel electrodes connected to the chamber by the agar bridges
that ended near the two sides of the tissue. Current was passed
by the chlorided silver wires on either side of the tissue. The
current-passing electrode on the apical side was held near ground
by a virtual ground circuit contained in the voltage clamp.

VIBRATING PROBE: CONSTRUCTION

The vibrating probe extracellular recording technique was a
modification of that described by Jaffe and Nuccitelli (1974). The
metal probe electrode was constructed as described in a previous
paper (Scheffey et al., 1983). The tip of a metal-filled microelec-
trode was platinized under microscopic observation using a pro-
tocol similar to that of Jaffe and Nuccitelli (1974). Tips of diame-
ter 4 to 6 um with capacitances of 0.3 to 1 nF were used in the
present study. The electrode was vibrated by driving a glass rod
(to which the electrode was attached with dental wax) with a
piezoelectric bimorph (PZT-5SHN, Vernitron Piezoelectric Divi-
sion, Bedford, Ohio) which was powered with a sine wave of up
to 20 V peak-to-peak at a resonant frequency near 1.6 kHz. This
vibration allowed the electrode tip to be vibrated along a line up
to 20 uwm long. In the present study, the height of the probe’s
center of excursion above the tissue was 7 to 15 pwm, and
the vibration excursion was 4 to 7 um, in a direction 20° from
vertical.

The reference electrode for the probe was a chlorided silver
wire nearby in the bath. The voltage signal was measured by a
differential preamplifier with an input capacitance of 20 pF and
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Fig. 2. Light micrograph of opercular membrane mounted in the chamber and voltage-clamped 10 0 mV. The supporting nytex mesh
(opening = 209 um) is aiso shown. Chloride cells (arrow) are large compared with mucous cells and possess “*dimples”” which are the

apical crypts, where contact of these cells with the surface is made

an input noise density was under 6 nV/Hz'? at the frequency of
vibration. The tip could also be connected through a 12 pF ca-
pacitor to a 6 mV amplitude triangle wave, for the purpose of
measuring tip capacitance and convergence resistance to assure
that the tip had not fractured or accumulated excessive debris.

The tip voltage signal from the preamplifier was processed
by a lock-in amplifier. The output of the lock-in amplifier was
one-pole filtered with a time constant of 0.1 to 0.66 sec; re-
sponses to changes in the field were with a time constant equal to
that of the output filter. Current noise was within a factor of 2 or
the theoretical minimum, typically 1 gA/cm? rms.

VIBRATING PROBE: CALIBRATION

Because the vibration of the electrode tip vigorously stirred the
nearby solution (for a detailed description of the flow pattern
produced by the probe, see Jaffe and Nuccitelli, 1974), it was
assumed that the resistivity of the Ringer’s near the vibrating
probe was the same as the bulk Ringer’s resistivity, even when
the probe was located near the membrane surface, where ion or
water transport might alter the local resistivity in the absence of
stirring!. With that assumption, lock-in output is proportional to
the current density in the line of vibration. The constant of pro-

' The geometry of the apical crypt of a chloride cell pre-
cludes stirring the solution immediately adjacent to the chloride
cell apical membrane. Since the crypt often contains within it a
high concentration of glycoproteinaceous material, it is possible
that the resistivity within the crypt is different from that of the
solution immediately outside the crypt opening. In the steady
state, the amount of chloride current which flows out of the
chloride cell is the same as flows through the glycoprotein and
into the bulk medium. Thus, as long as the measurement by the
probe is made in a medium of known resistivity (i.e. above the
chloride cell), the steady-state current can be accurately mea-
sured.

portionality between the lock-in output and the electric field in
the direction of vibration was determined empirically, as de-
scribed previously (Scheffey et al., 1983).

By using the same geometry for both probe calibration and
for measuring the current pumped by individual chloride cells,
the estimate of current pumped by the cell was insensitive to
error in estimating the direction of probe vibration, which could
not be directly observed during the nearly vertical vibration. For
measurements conducted in chloride-free Ringer’s, the conver-
sion factor from probe signal to current density was obtained by
multiplying the conversion factor for normal Ringer’s by 0.6, the
empirically determined ratio between the conductivities of the
two Ringers’.

SCcANNING ELECTRON MICROSCOPY

Freshly dissected opercular membranes and membranes which
had been mounted in the chamber described above and explored
with the probe were fixed for 12 hr at room temperature in
Karnovsky’s fixative containing 1% paraformaldehyde, 2% glu-
taraldehyde in 0.1 M sodium cacodylate, pH 7.4, supplemented
with 4 mm CaCl,. The tissues were washed in 0.1 M sodium
cacodylate buffer and postfixed in 1% OsO, in cacodylate buffer
for 1 hr at room temperature, dehydrated in ethanol and CO--
critical point dried. Dried samples were sputter-coated with 200
A of Au-Pd, and viewed with a Coates and Welter SEM.

SoLUTIONS

The Ringer’s solution had the following composition (in mm): 160
Na, 151 Cl, 15 HCO;, 3 K, 2 Ca, 1 Mg. 1 SO, 5 tris(hydroxy-
methyl)-aminomethane (Tris), 10 glucose. The pH was adjusted
to 7.9 by H,SO, titration when gassed with a 99% 0,/1% CO,
mixture at 24 to 26°C. Chloride-free Ringer’s was obtained by
substitution of all chloride with 147 mw isethionate and 4 mm
gluconate. Hormone additions were from stock solutions added
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Fig. 3. Scanning electron micrograph of apical surface of oper-
cular membrane. The opening of what is probably the apical
crypt of a chloride cell at the junction of three surface pavement
cells is shown. Bar is 5 um

to the reservoir feeding the serosal compartment. Addition of
the phosphodiesterase inhibitor, 3-isobutyl-1-methyl-xanthine
(IBMX, Sigma, St. Louis, Mo.) was to both perfusion reservoirs
to maximize intracellular penetration (final bath concentration =
100 uM). L-epinephrine and glucagon (both from Sigma) were
used at a final concentration of 1 uM.

Results

Figure 2 is a light micrograph of an opercular mem-
brane taken while the tissue was mounted in the
chamber described above and perfused on both
sides while simultaneously voltage-clamped to 0
mV. Underlying the tissue is a nylon-mesh support.
The chloride cells are easily observed against a
rather uniform background and can be identified by
their large sizes (20 to 40 um diameter, compared to
smaller mucus cells, 5 to 10 um diameter) and by
the small dimples associated with each of them. Al-
though the width of chloride cells when viewed
from above is large, each cell makes only a limited
contact with the apical solution via a 1 to 3 um
diameter apical crypt (Foskett et al., 1981). This
point is emphasized in Fig. 3 which shows a scan-
ning electron micrograph of the apical surface of an
opercular membrane. Whereas the surface is largely
covered by so-called pavement cells, characterized
by fingerprint patterns of microridges, occasional

chloride cells make contact with the surface via
openings at the junctions of two or three pavement
cells.

The small dimples associated with chloride cells
observed with the light microscope (Fig. 2) are al-
most certainly apical crypts since vibrating probe
measurements have demonstrated that current flow
through these cells is maximum when the probe is
positioned over the dimples (Scheffey et al., 1983:
this study). The optical quality demonstrated in Fig.
2 was typical for all experiments and permitted ac-
curate positioning of the probe over the cell as well
as measurement of the height of the tip of the probe
above the tissue. The accuracy of the latter mea-
surement was critical to be able to convert the
probe-measured current densities into absolute sur-
face-sources of current, since the conversion is an
exponential function of the height (Scheffey et al.,
1983; see also Eq. (1) below)?. It has been demon-
strated that the current density measured by the
probe is not significantly different from zero within
20 wm from the apical crypt (Scheffey et al., 1983).
The combination of high probe spatial resolution
and improved optics described here permits electro-
physiological studies of individual chloride cells.
Thus, transport variability among individual, pre-
sumably nonelectrically coupled, chloride cells
within the same tissue, as well as among different
tissues, could be assessed.

To study steady-state variability and variations
in the response to hormonal and ionic perturbations
among individual cells, several *‘cell-sampling’’ ex-
periments were conducted in which the transport
activities of a number of randomly selected chloride
cells in each of several tissues were measured with
the probe. Figure 4 shows the typical protocol used
to measure the individual chloride cell short-circuit
current and conductance. The probe output corre-
sponding to zero current density was determined by
initially positioning the probe approximately 250
wm above the tissue while the tissue was at open-
circuit conditions (Foskett & Scheffey, 1982; Schef-
fey et al., 1983). The chloride cell current under

* The height of the tip of the probe above the tissue surface
was determined by the difference in the microscope focus mi-
crometer reading when the focus was on the center of the tip of
the probe versus when the focus was on the surface of the tissue.
Although most of the work presented here was with a 10X objec-
tive with a 0.22 numerical aperture, two sets of preliminary ex-
periments demonstrated that the error in this determination was
usually within 15%. The first method compared the distance be-
tween the probe and a fixed microelectrode optically and electri-
cally. The second method compared the distance measured opti-
cally with that determined by manually lowering the probe and
recording its displacement until it touched the epithelial surface
(detected as noise on the probe output).
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Fig. 4. Typical protocol used to measure short-circuit current
and conductance of an individual chloride cell. Upper trace: vi-
brating probe output (converted to a current density—1.00 pA/
c¢m?® corresponds to a probe output of 100 mV); lower trace:
tissue short-circuit current. The signal when the probe is posi-
tioned 250 wm above the tissue under open-circuit conditions
(oc) defines the zero-current probe output. At the second arrow
the tissue is voltage-clamped to 0 mV (TEP = 0 mV). At the third
arrow the probe is lowered to a position 11 um above a surface
pavement cell (PC). The probe output is close to that for zero
current density. The transepithelial voltage was transiently
stepped to 60 mV. The simultaneously measured probe output
indicates that these cells have extremely low conductance. At
the fourth arrow, the probe was positioned [5 um above the
apical crypt of a chloride cell (CC). The transepithelial potential
was transiently stepped to 20 mV. The response of the probe
output demonstrates that chloride cells are sites of high conduc-
tance. The probe vibration was subsequently halted and the
height of the probe above the tissue was measured

short-circuit conditions [, was determined accord-
ing to:

()

e (e
Vs '

e =55

where V, is the probe signal measured at height 4
over the cell, V, is the probe signal measured during
calibration in response to passing current C from a
microelectrode at height H (typically 100 um) and F
is a correction factor of 0.9 to 1.0 which corrects for
the experiments’ departures from an idealized ge-
ometry (see Scheffey et al., 1983). Following stabili-
zation of the probe output over the chloride cell, the
transepithelial voltage was rapidly clamped to 20
mV (serosa positive), and the deflection of the
probe output was recorded. The current-voltage re-
lation for chloride cells is linear over this range of
transepithelial voltages (Foskett & Scheffey, 1982;
Scheffey et al., 1983). Thus, the conductance of the
chloride cell G, (which includes both the paracellu-
lar and cellular pathways) was calculated according
to:

G = (L. — I’%20 mV (2)
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Fig. 5. Continuous record of vibrating probe output for over
seven minutes while the probe was positioned over the apical
crypt of a chloride cell. The cell conductance was determined at
the beginning of the record (arrow) by transiently stepping the
transepithelial voltage to 20 mV (serosa positive). 1.13 pA um~
corresponds to a probe output of 100 mV

1.13

where I.. is the chloride cell short-circuit current
and 72 is the chloride cell current at a transepithe-
lial voltage of 20 mV. Following measurement of
the chloride cell conductance, the vibration of the
probe was halted, and the height of the center of the
tip of the probe above the surface was measured
optically, correcting for the refractive index of the
medium. Figure 5 shows a continuous measurement
for seven minutes of the short-circuit current
through an individual chloride cell. The steady-state
short-circuit current generated by the whole tissue
is the result of continuous, steady chloride extru-
sion by each cell, as opposed to discrete on and off
episodes. The figure shows that the presence of the
probe does not affect the ability of the cell to pump
current. As a result, measurements of an individual
cell’s current and conductance could be made re-
petitively over time to examine the effects of vari-
ous perturbations.

EFFECTS OF CHLORIDE REMOVAL
ON I AND G oF INDIVIDUAL CELLS

The effects of chloride removal from the bathing
media on /.. and G,. of six individual chloride cells
is shown in Fig. 6. As expected, since the current
traversing these cells is carried by chloride (Foskett
et al., 1981, 19825), removal of chloride resulted in
a reduction of the probe-measured current to near
zero over all six cells. The conductance for five of
the six cells was also diminished. The response to
re-introduction of chloride was less uniform. Al-
though all cells responded with increased current,
the degree of recovery was variable. Half of the
cells recovered fully, but the other half recovered to
less than 50% of the pre-inhibition levels. It is inter-
esting that those cells whose currents were restored
to pre-inhibition levels also demonstrated a com-
pletely restored conductance. Likewise, cells with
unrestored currents had unrestored conductances.
This apparent coupling between cell current and
conductance was not strict, however, since partial
restoration of current can be associated with no
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Fig. 6. Effects of chloride removal on short-circuit currents and
conductances of six individual chloride cells

change or a decrease in conductance, as seen in
Fig. 6.

EFFECTS OF EPINEPHRINE
ON .. AND G, OF INDIVIDUAL Cl CELLS

Chloride secretion by the opercular membrane can
be rapidly modulated by a variety of hormones (re-
viewed by Foskett et al., 1983). Epinephrine, via o-
receptors, blocks chloride efflux and is a fast-acting
inhibitor of the short-circuit current in this tissue
(Foskett et al., 1982a). The typical time course of
inhibition (see Fig. 1 Foskett et al., 1982a) could
reflect the time course of inhibition of each cell, or
might instead represent the integrated result of cells
shutting off instantly, upon epinephrine binding, at
different times. To test which possibility was cor-
rect, simultaneous measurements of the tissue
short-circuit current and individual chloride cell
short-circuit currents were made during inhibition
by epinephrine. As seen in Fig. 7, the time-course
of inhibition observed for the whole tissue is closely
paralleled by that for an individual chloride cell.
Similar continuous measurements over three chlo-
ride cells in as many tissues yielded the same
results.

Average inhibition of tissue short-circuit cur-
rent by 1 pum epinephrine is 60% (Foskett et al.,
1982a). Even with very high concentrations (10
uM), nearly 20% of the short-circuit current re-
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Fig. 7. Time courses of epinephrine inhibition of tissue short-
circuit current (lower trace) and individual chloride cell current
(probe output: upper trace). Epinephrine (epi. I uM) was added
at first arrow; the probe was placed above a chloride cell (CC) at
second arrow. Deflections are the result of momentary steps of
transepithelial potential from 0 to 20 mV. The tip of the probe
was repositioned laterally at the third arrow to maximize the
signal, demonstrating that the decline in probe output was not
due to probe or cell movement

mains, possibly because a subset of the chloride cell
population is insensitive to epinephrine. Variability
among chloride cells in their responsiveness to epi-
nephrine was examined in several cell-sampling ex-
periments similar in design to that employed in the
chloride-free experiments. Figure 8 is a summary of
one such experiment. Eight nearby chloride cells
were selected, and their currents and conductances
measured during control conditions. The tissue was
then inhibited with 1 um epinephrine, and the cur-
rents and conductances of the same eight cells were
subsequently determined when the tissue short-cir-
cuit current was again stable. In the experiment de-
picted in Fig. 8, epinephrine inhibited the current in
all eight chloride cells. Its effect on chloride cell
conductance was more variable. In some cells (cells
1, 4, 5), conductance was increased while in others
(cells 2, 3, 6, 7}, epinephrine decreased it. Phospho-
diesterase inhibition by IBMX, and/or exposure to
glucagon stimulates short-circuit current in opercu-
lar membranes previously inhibited with epineph-
rine (Foskett et al., 1982a). As shown in Fig. 8,
IBMX/glucagon restores the current completely in
some cells (cells 1, 4, 5, 7), restores it partially in
others (cells 3, 6, 7) or has no effect (cell 2). IBMX-
glucagon treatment may enhance (cells 1, 3, 6, 7) or
decrease (cells 2, 4, 5) cell conductance. The net
effect of all these changes is to mimic fairly closely
the tissue response (Fig. 8).

The degree of variability among chloride cells in
their responsiveness to hormones was similar to
that observed in the chloride-free experiments. Un-
clear, however, was the actual source of this vari-
ability. It did not appear to correlate with any mor-
phological parameters (cell size, shape or location,
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CONDUCTANCE (nS)
~

SHORT-CIRCUIT CURRENT (nA)

_—‘7‘__‘?:‘}‘-—’]__ ——glucagon
+ IBMX

Fig. 8. Effects of epinephrine and subsequent exposure to gluca-
gon and IBMX on short-circuit currents and conductances of
seven individual chloride cells in a single tissue. Insert compares
responses of the tissue (open circles) with those of the cells
(closed circles)

or size or location of the apical crypt) although this
was not systematically analyzed. The time between
sampling periods was usually 15 to 20 min. It was
possible that there might have been temporal
changes in the current and conductance over this
time period, independent of the hormonal treat-
ment. In addition, since the calculation of the
amount of current pumped by a cell is critically de-
pendent upon the determination of the height of the
probe above the tissue (Eq. 1), it was possible that
differences in individual cell electrophysiological
parameters between measurements were the result
of an inability to accurately measure the height of
the probe above the tissue. We therefore undertook
another series of cell sampling experiments in
which the hormonal perturbations were after two
control measurements separated by 15 to 20 min.
Figure 9 summarizes such an experiment. In most
instances, these are very small differences between
the two control measurements. For 43 cells in six
tissues, the current and conductance during the sec-
ond control measurement were 116.1 = 7.7 and
110.8 += 7.4%, respectively, of the first measure-
ment values. These data suggest that it is possible to
measure accurately and repeatedly the height of the
probe above the cell. Sometimes the values in the
second control period were clearly different com-
pared to the first period, as for cells 5 and 7 in Fig.
9; however, it is impossible to decide whether the

CONDUCTANCE (nS}

SHORT-CIRCUIT CURRENT (nA)

glucagon
+ IBMX

Fig. 9. Effects of epinephrine and subsequent exposure to gluca-
gon and IBMX on short-circuit currents and conductances of
seven individual chloride cells in a single tissue. First two mea-
surements over each cell were during control periods separated
by 15 to 20 min. Insert compares responses of the tissue (open
circles) with those of the cells (closed circles)

differences between the two periods are due to ex-
perimental error or to real changes in the cells.

Clearly, however, epinephrine inhibits the cur-
rent in all cells examined (Figs. 8 and 9). Of 45 cells
examined using this protocol in six tissues, all were
markedly inhibited by epinephrine (by 85.7 = 2.0%:;
ranging from 31 to 100%). The most striking vari-
ability among individual cells is in the response of
cell conductance. In the particular experiment
shown in Fig. 9, epinephrine ultimately resulted in
large decreases in conductance in all seven cells. It
is noteworthy that for some cells (cells 2, 4) the
effect of epinephrine to inhibit the current preceded
any significant effect on the conductance. Gluca-
gon-IBMX were largely without effect on this group
of cells, in contrast to their effect on the whole tis-
sue.

STEADY-STATE TRANSPORT VARIABILITY
AMONG CELLS

During the course of our studies, we made steady-
state measurements of short-circuit current and
conductance for 386 chloride cells. Of these, only
five failed to generate a measurable short-circuit
current. A great amount of variability exists among
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Fig. 10. Histograms showing distributions of steady-state chlo-
ride cell short-circuit currents (/) and conductances (G,.)

chloride cells in their transport parameters: cell cur-
rents ranged from 0 to 14 nA and individual cell
conductances from 0 to 697 nS. This variability was
not normally distributed for either current or con-
ductance (Fig. 10). The average chloride cell cur-
rent was 2.7 = 0.1 nA; the average individual cell
conductance was 87.7 £ 3.8 nS.

As well as variability among chloride cells
among different tissues, there usually existed a
rather wide range of chloride cell currents and con-
ductances within the same tissue. We examined this
in some detail in series of experiments in which in
each of 10 tissues between 21 and 44 cells were
randomly selected and their currents and conduc-
tances measured. Figure 11 shows steady-state
variability among chloride cells in one of these tis-
sues. The variability among cells within the tissue
describes a linear relationship between current and
conductance with intercept at zero. Similar rela-
tionships were observed in all ten tissues (Table).
The possible significance of these relationships will
be discussed below.

Discussion

UTILITY OF THE VIBRATING PROBE TECHNIQUE
FOR MEASURING CURRENTS AND CONDUCTANCES
OF CHLORIDE CELLS

IN THE OPERCULAR MEMBRANE

The present results further demonstrate the utility
of the vibrating probe technique in the analysis of
the transport pathways in heterogeneous epithelia.
In our previous studies, we refined this technique to
localize a specific cell type as the site of electro-
genic chloride secretion in a complex epithelium
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Short-Circuit Current {nA/ceil)

Conductance (nSicell)

Fig. 11. Relationship between short-circuit current and conduc-
tance of individual chioride cells in a single opercular membrane.
Line is the best-fit correlation line. Each point represents steady-
state values for a single chloride cell

(Foskett & Scheffey, 1982; Scheffey et al., 1983).
We here provide evidence for the chloride cell as a
hormone-responsive cell, and demonstrate the de-
gree of variability among individual chloride cells in
their responsiveness to rapid perturbations and in
their steady-state transport parameters.

The results of the present study suggest that all
chloride cells possess functional a-adrenergic re-
ceptors. In nearly 50 cells examined, the short-cir-
cuit currents in all were substantially reduced by
epinephrine. In three tissues the time-course of in-
hibition of the tissue short-circuit current was found
to be a reflection of those of the individual chloride
cells. The results also demonstrate that in epineph-
rine-treated tissues (in which currents are low), glu-
cagon and phosphodiesterase inhibition stimulate
the tissue’s short-circuit current by reversing the
current of most (but not all) of epinephrine-inhibited
chloride cells. There were no effects of any hormo-
nal treatment on current and conductance of non-
chloride cells (not shown).

In the steady state, when short-circuit current
and conductance were measured over the same
cells at two times, values were within 15% of the
first measurements when measured again 15 to 20
min later. This suggests that it is possible to come
back to previously examined cells and accurately
reposition the tip of the vibrating probe and mea-
sure its height above the surface of the epithelium to
within 10 to 15%. The ability to make this height
measurement accurately is critical since in the
present experiments an error of only 1 um in this
determination would lead to a 15% error in the cal-
culation of current and conductance. Accurate re-
positioning of the probe was possible due largely to
the excellent visualization of the chloride cells and
their apical crypts with differential interference
contrast optics. Whether the optical characteristics
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of other tissues also permit such visualization will
determine whether repetitive measurements over
the same site can be made.

The short-circuit current and conductance of
nearly 400 chloride cells were determined, during
the course of these studies, and a great deal of vari-
ability among chloride cells was observed. Using
the average chloride cell current (2.7 = 0.1 nA) and
conductance (87.7 = 3.8 nS) and assuming a hemi-
spherical apical membrane with a diameter of 3 um
(Foskett et al., 1981), area-specific surface current
and conductance for chloride cells are 19 mA cm™
and 620 mS cm~? (resistance = 1.6 {) cm?), respec-
tively. Chloride cells thus rank as one of the most
actively transporting and conductance cells known.
Since the chloride cell paracellular pathway rami-
fies throughout the apical membrane (Foskett et al.,
1983), this area-specific conductance is partitioned
between the cellular and associated paracellular
pathways. However, the conductance of the chlo-
ride cell apical membrane per se must be extremely
large since the chloride current must traverse it. A
minimum estimate can in fact be calculated. If we
assume that chloride current through the apical
membrane is the only conductance (a conservative
assumption) and that there is no backflux of chlo-
ride through this pathway (another conservative as-
sumption), then an average chlonde flux ratio of 5.8
(Foskett et al., 1982) implies that the measured cur-
rent is 83% of the current which crosses the apical
membrane. If the voltage across the apical mem-
brane is assumed to be —70 mV (inside negative: a
typical-to-somewhat-high value for most epithelial
cells—a high value will tend to overestimate the
resistance), then from Ohm’s Law, the resistance of
the apical membrane can be estimated as 3 Q cm”. If
the single-channel chloride conductance is 360 pS,
as recently found in a chloride-secreting cultured
epithelial cell ine (H. Murer, personal communica-
tior), then the chloride channel density is approxi-
mately 10 - um™2.

Is THERE A RELATIONSHIP BETWEEN CELLULAR
TRANSPORT AND PARACELLULAR CONDUCTANCE
OF CHLORIDE CELLS?

The vibrating probe technique cannot directly allow
partitioning of the chloride cell’s total conductance
into its cellular and paracellular components. When
the variability among chloride cells within ten sepa-
rate tissues was analyzed, we discovered that a lin-
ear relationship between short-circuit current and
conductance with intercept at zero was described in
each tissue. In an attempt to understand the signifi-
cance of such a linear relationship, we have ana-
lyzed this variability by use of simple electrical

Table. Variability among chloride cells in individual tissues“

Expt. Range Slope Intercept r n
No. - (mV) (nA)

1. G

(nA) (nS)
I 0 4.1 0-115  31.1 -0.08 0.880 21
2 0.9-5.1 32-364 15.6 =011 0.732 23
3 1.0-6.8 9-162  26.7 -0.16 0.652 39
4 0 4.4 0-91 48.3 —0.004 0.769 37
5 0.7-4.5 34-248  20.5 —0.06 0.8336 44
6 0.2-6.5 8-135 46.2 -0.37 0.762 31
7 1.4-7.3 38-117  66.0 —0.68 0.734 21
8 0.1-5.8 2-168  36.7 —0.04 0.832 35
9 0 -8.9 3-95 77.3 —0.46 0.839 26
10 0.3-14.0 15-697  20.5 +0.39 0.894 37

“ Slope and intercepl define the line generate by variability
among chloride cells in I, and G,.; all lines are linear at P <
0.001; r1s the correlation coefficient; # is the number of chloride
cells sampled in each tissue.

equivalent circuit (Fig. 12) in which each chloride
cell is modeled as a black box consisting of an active
transport cellular pathway, which consists of an
electromotive force EX in series with a conductive
pathway G, (which is determined by the conductive
properties of the apical and basal cell membranes),
and, in addition, a variable leak conductance G;
(which may involve ionic flow through parallel, cel-
lular conductances and also through tight junc-
tions)’. The leak conductance has been described as
a variable resistor to account for the following ob-
servations. First, in a circuit analysis of the opercu-
lar membrane, it was concluded that there exists a
link between the magnitudes of the chloride cell cel-
lular and leak pathway conductances such that the
ratio between them is constant (Foskett et al.,
1982b). Second, isotopic flux analyses suggest that
sodium (a) traverses the opercular membrane
through the chloride cell leak pathway and (b) al-
ways contributes 40 to 50% of the tissue conduc-
tance over the entire wide range of observed con-
ductances (reviewed by Foskett et al., 1983).4
These data suggest that the leak pathway conduc-
tance G, is somehow linked to the active pathway
conductance G, in such a manner that the ratio be-
tween them is fixed, i.e.

% Specific information concerning the individual mem-
branes, paracellular pathways or cell interior cannot be derived
from such an analysis (Schultz, 1979).

* The difference between the total (cellular + paracellular)
conductance associated with the typical chloride cell (620 mS
cm™) and the apical membrane conductance calculated in the
previous paragraph (330 mS c¢cm™?) indicates that the leak con-
ductance represents approximately 50% of the total cellular con-
ductance, n good agreement with the sodium flux data.
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Fig. 12. Simple equivalent circuit for chloride (Cl) transport
across chloride cell. Leak conductance (G;) is linked to the con-
ductance of the active pathway (G,) such that the ratio between
them is constant among cells in each tissue; E¢{, chloride driving
force (EMF) for chloride cell

G./G, = k. 3

In the simple model in Fig. 12, the short-circuit cur-
rent which flows through such a network due to
chloride secretion is

I. = G,EG. 4)

Since the total conductance associated with a single
chloride cell is given by

Gcc = Ga + GL (5)
it follows that
Gee = Go(1 + k). (6)

Therefore, combining Eqs. (4) and (6) and rearrang-
ing

L = G [E& + b)7']. ™)

According to this formulation, if varability in
chloride secretion rates among individual chloride
cells within a single tissue is caused by cell-to-cell
variability in the active pathway conductance G,, a
linear relationship defined by variabilities of G, and
I.. is expected, as observed (Fig. 11; Table). The
slope of this relationship is Ed ‘‘shorted out’’ to the

extent that the parallel, variable leak conductance
G, contributes to the total cell conductance. To the
extent that there also exists another leak conduc-
tance which 1s independent of the active transport
pathway conductance, the zero-current G,. inter-
cept will be greater than zero. In all ten experiments
presented in the Table, the zero-current intercept
was not significantly different from zero, suggesting
that all leak conductance associated with a chioride
cell is contained within G;. The most likely inter-
pretation of the linear /.. vs. G, relationship is that
a leak pathway is associated with chloride cells, and
its magnitude varies in parallel with that of the ac-
tive transport rate. Chloride cell tight junctions are
single- or double-stranded, and sodium fluxes are
large (Pn, = 5.2 X 107* ¢m sec™!) and appear to be
passive and rate-limited by a single barrier (Degnan
& Zadunaisky, 1980; reviewed by Foskett et al.,
1983). These anatomical and sodium isotopic-flux
data are most consistent with the chloride cell tight
junctional pathway as the leak pathway.

Thus, the results of the present analysis suggest
that in the steady state the chloride cell paracellular
pathway ‘“‘knows’™ or ‘‘senses’” the state of the
transport activity in the cellular pathway and is
modified or adjusted to provide the same relative
contribution to the total conductance of each cell
within a given tissue. The nature of this control is
unknown, but it probably reflects the state of differ-
entiation of the chloride cells in a given tissue, since
this relationship is only valid during the long-term
steady state, and not after rapid perturbations of
transport (Figs. 8 and 9). Chloride cell differentia-
tion is associated with a greatly amplified length per
apical membrane area of shallow, single- or double-
stranded tight junctions (reviewed by Foskett et al.,
1983), and a strong correlation between the size of a
chloride cell (another measure of differentiation)
and its secretory rate has been noted (Foskett et al.,
1981). Thus, increased differentiation of individual
chloride cells results in the parallel development of
chloride secretory ability and the paracellular path-
way, and may constitute the link between the two
pathways observed in this study.
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