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Abstract. The ionic currents spontaneously present in
T84 intestinal epithelial cells, a line of colonic carci-
noma origin, have been studied using the whole-cell
recording mode of the patch-clamp technique and the
single-electrode voltage-clamp method. Patch-clamp
experiments showed that nonstimulated T84 cells al-
ready possess large currents but that these tend to dis-
appear during the course of the experiments, presumably
through the dialysis of some essential cytoplasmic com-
ponent against the micropipette solution. The main
charge carrier in these experiments appears to be Cl~ as
judged from ion replacement. Microelectrode impale-
ment of T84 cells gave a membrane potential of around
-30 mV, similar to the equilibrium potential for C1~ es-
timated from previously published values for intracel-
lular C1™ concentration. Voltage-clamp experiments
with a single microelectrode revealed three kinetically
distinguishable current patterns; currents decaying dur-
ing hyperpolarizing voltage pulses, currents slowly ac-
tivating during hyperpolarizing pulses and time-inde-
pendent currents. The appearance of these distinct ki-
netic patterns was not predictable from cell to cell, and
was not dependent on extracellular Ca?*. Ionic re-
placement experiments suggest that the charge carrier
was always Cl™, regardless of the kinetic pattern ob-
served. No K™ currents appear to be present in the non-
stimulated T84 cells. Exposure of T84 cells to the mus-
carinic agonist carbachol induced a shift in the mem-
brane potential towards more negative values, consistent
with an activation of a K™ conductance. Thus, we sug-
gest that the resting membrane potential in T84 cells is
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determined by the distribution of C1~. This might im-
ply that activation of K™ conductance could by itself
support secretion by T84 monolayers through tonically
active C1~ channels.
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Introduction

Colonic carcinoma T84 cells are a very useful model of
Cl™ secretory epithelium. They respond to secreta-
gogues, such as carbachol, prostaglandin E, and va-
soactive intestinal peptide (VIP) with Cl~ secretion.
This secretion is thought to be mediated by an apical
Cl™ conductance through which Cl~ ions exit to the api-
cal bathing solution. Extensive ion transport work
(Dharmsathaphorn & Pandol, 1986; Mandel, Dharm-
sathaphorn & McRoberts, 1986) on T84 cells grown to
form confluent monolayers has shown that essentially
no transepithelial net transfer of jons occurs unless cells
are stimulated. Stimulation of receptors that activate
cAMP production, such as VIP receptors, appears to in-
crease the apical C1~ conductance and a basolateral K™*
conductance which, by causing hyperpolarization, con-
tributes to maintaining an electrochemical potential gra-
dient favorable to Cl~ exit. Muscarinic receptor acti-
vation, on the other hand, increases secretion only tran-
siently. This has been shown to occur through transient
activation of K* channels that would generate the
driving force for Cl1~ exit via a tonically active Cl~
conductance. These results, which were obtained by
measuring transepithelial or cellular radioisotopic flux-
es, would suggest that sustained secretion depends on
the activation of both C1~ and K™ channels. K*-chan-
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nel activation by itself, however, seems to be able to in-
duce some C1~ secretion through what would appear to
be C1~ channels active in the resting state. This sug-
gests that Ci™ channels have some activity at rest and
that CI~ is at or near equilibrium when no stimulation
is present. Studies using the whole-cell recording mode
of the patch-clamp technique have shown that T84 cells
have negligibly low currents of any kind, CI~ and K*
currents appearing only after stimulation (ClLiff &
Frizzell, 1990; Devor, Simasko & Duffey, 1990). How-
ever, evidence for a basal ClI~ conductance in unstim-
ulated T84 cells has been reported (Devor et al., 1990).
This apparent discrepancy prompted us to investigate
further the membrane current systems present in un-
stimulated T84 cells.

In the present series of experiments, we use the
whole-cell recording patch-clamp approach to show
that CI~ currents are indeed present and that they dom-
inate the membrane conductance of unstimulated T84
cells. They are, however, rapidly attenuated, presum-
ably through dialysis of some essential cytoplasmic
component. Experiments using the single intracellular
microelectrode voltage-clamp technique (SEVC), which
allows measurements without intracellular dialysis,
show these currents to remain stable even for prolonged
periods. It is then possible to demonstrate that the se-
lectivity of the membrane of unstimulated T84 cells is
dominated by C1~ conductance. Marked differences in
kinetics are found between cells, which suggest that
three different types of channels selective to C1~ might
be present in T84 cells. A preliminary communication
of these data has been presented to the Physiological So-
ciety (Valverde et al., 1991a).

Materials and Methods

CELL CULTURE

T84 cells were grown in 1:1 mixture of Dulbecco’s modified Eagle’s
medium (DMEM) and Ham’s F-12 supplemented with 2 mm HEPES,
10% fetal calf serum, 80 TU/ml penicillin, 8 mg/ml streptomycin.
Cells were incubated ai 37°C in a humidified atmosphere of 5% CO,
in air. For electrophysiological experiments, cells were seeded onto
glass coverslips or 35 mm diameter cell culture plastic petri dishes,
and used 1-3 days after subculturing by which time they had not
reached confluence.

ELECTROPHYSIOLOGICAL RECORDINGS

Standard whole-cell patch-clamp or single microelectrode voltage-
clamp recordings were used (Sheppard et al., 1991; Valverde et al,,
1991b). Coverslips containing the cells were put into a Plexiglass
chamber mounted on the stage of an inverted microscope. Alterna-
tively, petri dishes were directly mounted on the microscope stage.
Hanks solution (see Table 1 for composition) was used to superfuse
continuously the cells by gravity and a peristaltic pump was used to
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remove fluid so that volume was kept constant. Changes in solution
were achieved by directing a small jet of the desired solution to the
cell under study by means of a device similar to that described by
Suzuki, Tachibana and Kaneko (1990). All measurements were car-
ried out at room temperature.

Patch-clamp pipettes were made from thin borosilicate (hard)
glass capillary tubing with outside diameter 1.5 mm (Clark Elec-
tromedical, Reading, UK), using a two-stage vertical pipette puller
(PP-83 Narishige, Japan). Fire-polished pipettes had a resistance of
2-5 MQ when filled with any of the pipette solutions given in Table
1. Standard patch-clamp whole-cell recordings were made using a List
EPC-7 amplifier (List Medical, Germany).

For single electrode voltage-clamp experiments, microelectrodes
were made with similar glass as for patch pipettes, but with internal
filament (Clark Electromedical), using a two-stage horizontal puller
(Narishige PN-3). To decrease capacitance fluctuations due to pos-
sible changes in solution level, electrodes were coated externally
with a silicone resin (Dow Corning 1-2577 conformal coating}. Mi-
croelectrodes filled with 150 mM KCl had a tip resistance of 40~70
MQ when measured in Hanks solution. The microelectrode was con-
nected to the headstage of a high impedance amplifier (Axoclamp 2A,
Axon Instruments, Foster City, CA) through an Ag/AgCl wire. A sec-
ond headstage was used to record bath potential, which was auto-
matically subiracted from the intracellular measurements. Cells were
studied using the discontinuous voltage-clamp approach (Wilson &
Goldner, 1975; Finkel & Redman, 1984). Sampling frequency was
usually 5-15 kHz and the duty cycle was 30% of the period. Other
details of the operation were as described elsewhere (Valverde et al.,
1991b).

DATA ACQUISITION AND ANALYSIS

Voltage and current signals from the amplifier, together with syn-
chronizing pulses, were recorded on videotape using a modified dig-
ital audio processor (Sony PCM-701ES), or on digital audiotape us-
ing a modified DAT recorder (Sony). The signals were digitized us-
ing an IBM PC-AT or a Beltron Turbo-AT computer equipped with
Cambridge Electronic Design 1401 Laboratory interfaces. Sampling
rate was 700 Hz unless otherwise stated. The voltage pulse genera-
tor and voltage-clamp analysis programs were written by J. Dempster
(University of Strathclyde, Glasgow, Scotland).

Results

MEMBRANE CURRENTS OF T84 CELLS MEASURED BY
THE PATCH-CLAMP APPROACH

Whole-cell current recordings of unstimulated T84 cells
performed with pipette solutions rich in KCl (pipette A)
and extracellular solution of normal composition
(Hanks) gave zero-current voltages between —30 and
—17 mV immediately after breaking into the whole-cell
configuration and generally decayed to between —10
and 0 mV within 2-4 min. The initial figares provide
an upper limit for E_, as we cannot be certain of whether
any equilibration of pipette solution and cytoplasm had
taken place before the current-clamp measurements
were taken. Voltage-clamp experiments were per-
formed holding the cell at —40 mV and stepping the
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Table 1. Composition of bathing solutions

Hanks 0Cl(gluconate) 8Cl(glutamate) 8Cl(gluconate) 0CI/K Pipette A Pipette B
KC1 5 5 5 140
NaCl 140
NaHCO, 4.2 4.2 4.2 4.2 4.2
CaCl, 1.3 1.3 0.97 0.1
Mg(Cl, 0.5 0.5 1 1.2
Glucose 5.5 5.5 5.5 5.5 5.5
HEPES 10 10 10 10 10 10 10
CaGluconate 10 10 10
KGluconate 5 5 45
NaGluconate 140 140 100
MgGluconate 0.5 0.5 0.5
NaGlutamate 140
NMDG-CI1 140
EGTA 1 1

All solutions titrated to pH 7.2 with Tris. Concentrations in mmM. Pipette solutions always contain 2 mM Na,ATP and 0.5 mM Na,GTP. The cal-
culated Ca®" free concentration in pipette solution A was 130 nM and in B < 5 nm. EGTA: ethylglycol-bis (8-aminoethylether) acid.

4 min
v, —40 mv \:}:
P SRR |
15 min 30 min
200 ms
800 T 1 (pA) 250 i (pA)
* 4 min
o 4 min peak o 148 CI”
v 15 min _
v 30 min . ¢ 8 Cl
v/
—-100 —-100

100
100

E., (mv) Em (mv)

-400 —-100

Fig. 1. Attenuation of currents during patch-clamp whole-cell record-
ing in a T84 cell. (A) Currents elicited by the voltage protocol shown
were recorded 4, 15 and 30 min after breaking into the whole-cell con-
figuration. The composition of the pipette solution is given in Table
1 (pipette A) and the bath solution was Hanks. The holding potential
(V,) is given. (B) Current-voltage relation for the traces shown in A.
For the traces at 4 min, measurements were taken both at the initial
peak and at the steady-state. (C) Effect of extracellular CI™ replace-
ment on the currents of T84 cells. The values shown are steady-state
measurements taken from a cell bathed in standard extracellular
medium (148 C17) and after replacement of all but 8 mm C1™ by glu-
tamate; experiments done 15 min after breaking into the whole-cell
configuration.

voltage from — 100 to 100 mV. Figure 1A shows fam-
ilies of currents elicited in a cell by the voltage proto-
col shown, 4, 15 or 30 min after starting the whole-cell
recording. Pulses between —100 and 60 mV produced
currents that were largely time independent. At 4 min,
currents evoked by the more depolarized potentials de-
cayed during the 600 msec pulse. As shown in the cur-
rent-voltage relation in Fig. 1B, peak currents showed
slight outward rectification while steady-state currents
tended to level off at the most depolarized pulses. A de-
cline in the currents was apparent with decreases of
about 60% at 15 min and 95% at 30 min after the start
of the recording. The corresponding current-voltage re-
lations are shown in Fig. 1B. The decrease in currents
was not due to nonspecific damage as cells showing
negligible currents could be stimulated with 100 um
carbachol to produce large K* currents 20-30 min af-
ter breaking into the whole-cell mode (results not
shown). A similar result has been reported before by
Devor et al. (1990).

The ionic species involved in the currents of T84
cells was investigated in ion replacement experiments.
Figure 1B shows a current-voltage relation obtained
with a KCl-rich pipette and normal, NaCl-rich bathing
solution. Under these conditions, the total cell current
rectified outwardly and reversed at —10 mV. This sug-
gests a dominant role for C1~ conductance in deter-
mining E,, as in our experimental conditions E; was
—2 mV, while Ey and Ey, were —87 and 97 mV, re-
spectively. As shown in Fig. 1C, replacing all but 8 mMm
of the extracellular C1~ with glutamate strongly re-
duced outward currents and displaced the reversal po-
tential by 27 mV in the positive direction. Assuming
that anions are the only charge carriers, a permeability
ratio P /P¢, of 0.3 can be calculated from the

glutamate
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shift in reversal potential. Replacement of Na™ by K™
in a bathing medium containing 8 mm CI~ had little ef-
fect.! When all but 4 mm C1™ in the pipette-filling so-
lution was replaced by gluconate, only very small in-
ward currents were observed, the current-voltage rela-
tion outwardly rectified very markedly and the reversal
potential was —30 mV; in these conditions, replacing all
but 4 mm extracellular CI~ by gluconate moved the re-
versal potential to 0 mV and strongly reduced outward
currents (results not shown).

A different type of chloride current was also ob-
served using the whole-cell voltage-clamp technique
(Fig. 2). This current, elicited by the voltage protocol
shown, presented outward rectification with an increase
in the current during the most depolarized potentials
(family of currents obtained 2 min 30 sec after break-
ing into the whole-cell mode). Chloride currents with
similar characteristics have been identified as Ca?™ de-
pendent, both in these cells and in airway epithelial
cells (Cliff & Frizzell, 1990; Anderson & Welsh, 1991).
The Ca®* concentration of the pipette solution used for
the experiment shown in Fig. 2 was <5 nM (pipette B
in Table 1). A decline in the currents with time was ob-
served when using such low Ca?" concentration (see
families taken at 3 min 30 sec and at 4 min 30 sec; sim-
ilar results were obtained in three other cells). Using
pipette solution with a Ca>* concentration >150 nM pre-
vented the disappearance of these currents (n = 4).

The transient nature of the currents recorded made
difficult their study by the whole-cell recording mode
of the patch-clamp technique. To avoid dialysis of
intracellular components, voltage-clamp experiments
with intracellular microelectrodes were therefore con-
ducted.

MEMBRANE CURRENTS OF T84 CELLS MEASURED BY
THE SINGLE ELECTRODE VOLTAGE-CLAMP APPROACH

Current-Clamp Observations

Several properties recorded in current-clamp from cells
bathed in Hanks solution are listed in Table 2. The rest-
ing potential of the cells, about —30 mV, was consis-
tent with initial current-clamp measurements described
in the previous section and also with calculation of E
from published intracellular C1~ concentrations in T84
cells (Mandel et al., 1986). This value was —35 mV,

! Once the anionic currents had declined by about 70%, replacing Na*
by N-methyl-pD-glutamine in the same low CI™ medium shifted the re-
versal potential towards —40 mV (results not shown). This would sug-
gest a small contribution from a cationic conductance selective for K+
and Nat but rejecting the organic cation, which is most evident in
the absence of C1~ currents. Cationic conductances have also been re-
ported in these cells by others (Devor & Duffey, 1992).
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Fig. 2. Time-dependent changes in C1~ current amplitude after es-
tablishing the whole-cell recording mode in a T84 cell. Pipette solu-
tion was pipette B and bath solution Hanks (Table 1). Initial currents
(2 min 30 sec after breaking into the whole-cell mode), and currents
obtained at 3 min 30 sec and 4 min 30 sec elicited by the voltage pro-
tocol shown.
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Table 2. Properties of T84 celis recorded in extracellular Hanks so-
lution

Resting potential (mV) -31 = 2 (54)
Input resistance MQ) 8 =13 (37)
Tau,, (msec) 45+ 04 (11)
Membrane capacitance (pF) 106 =+ 15 (11)

Values are mean * SE of the number of experiments given in paren-
theses.

and suggests that the membrane potential of T84 cells
is dominated by C1~ conductance.

The input resistance (R;) and time constant (1,) of
change in membrane potential were estimated by pass-
ing a 50 msec square current pulse of 0.5 nA amplitude.
These values are also listed in Table 2. The membrane
capacitance was calculated from R; and t,, values which
gave a value of 106 pF. This value of membrane ca-
pacitance can be used to estimate the membrane surface
area making the assumption that the specific capacitance
is 1 wFem 2. The calculated surface area in this case
is calculated to equal 106 X 107%cm?. This corre-
sponds to a diameter of 100 pm assuming the cell to be
a perfect sphere. This calculated diameter is consistent
with the size of the cells observed under the micro-
scope, which were chosen by their large size to facili-
tate impalements.

Voltage-Clamp Measurements

Voltage-clamp experiments were carried out in normal
Hanks solution to identify the basal currents present in
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nonstimulated T84 cells. Cells were clamped at a hold-
ing potential of —40 mV and their membrane currents
recorded at potentials of between —100 and 100 mV.
The kinetic appearance of the currents recorded with this
type of approach was variable from cell to cell. Three
main apparent kinetics could be distinguished: currents
that decayed during the voltage pulse at the most de-
polarized potentials, currents showing activation in de-
polarized pulses and apparent decay at hyperpolariza-
tion and currents that appeared to be time independent.
Combinations of these apparent kinetic patterns could
also be seen in many cases. The characteristics of these
currents as well as their selectivity are discussed below.
Regardless of the kinetics of the currents observed, they
remained stable even during long recording times (up to
45 min).

CURRENTS SHOWING DECAY AT
DEPOLARIZING VOLTAGES

Figure 3A shows a family of currents (NaCl family)
elicited by 600 msec voltage pulses from a holding po-
tential of —40 mV. Large, outwardly rectifying currents
were observed which, at the most depolarizing poten-
tials, showed a decline during the course of the voltage
pulse. The current-voltage relation for this experiment
is shown in Fig. 3B (measurements were taken 6 msec
after the onset of the pulse). The zero-current voltage
was around —25 mV. Jon replacement experiments
were conducted to ascertain the identity of the charge
carrier involved in the decaying currents. When the ex-
tracellular C1~ was replaced by gluconate, a strong in-
hibition of outward currents took place (Na-gluconate
family). Figure 3B shows the corresponding current-
voltage relation for the traces in A. CI™ replacement in-
stantaneously decreased outward currents, displaced the
reversal potential toward 0 mV and increased inward
currents. Assuming an intracellular C1~ concentration
of 30 mM, a permeability ratio P ucon ate! Py OF 0.28 was
obtained. The shape of the current-voltage relation
changed from outwardly rectifying to slight inward rec-
tification. Increasing extracellular K* to 50 mM (sub-
stituting Na*) had no marked effect on the currents.
This experiment suggests that the main charge carrier in
the cell is C1™ with little contribution from K*. As the
time after solution change was short (<1 min), it would
be reasonable to assume that the cell had not yet been
depleted of C1~. Hence, the increased inward current
could be the result of C1™ efflux under an increased
driving force due to extracellular C1~ removal. Exper-
iments exploring the effect of prolonged superfusion
with a low CI™ solution on the decaying currents
showed that after 10 min superfusion with gluconate-
rich solution, a marked reduction in the size of both in-
ward and outward currents occurred and the reversal po-
tential shifted to around 0 mV (result not shown). This
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Fig. 3. Effect of CI™ replacement on the decaying current of a T84
cell recorded with SEVC. (A) Families of currents elicited by volt-
age steps from a holding potential of —40 mV in a cell bathed in
Hanks solution and 1 min after replacement of C1~ by gluconate. (B)
Corresponding current-voltage relations measured 6 msec after the on-
set of the pulse. A third set of data (circles) was obtained from the
same cell after replacement of 40 mM Na™ for 40 mm K™ (total K+
= 45 mm).

would suggest that after a longer period in a low CI™ so-
lution the cell had become depleted of C1™, and for this
reason inward current was also greatly reduced.

As to the kinetics of the decaying currents, it is no-
ticeable that during depolarizing pulses a decay in cur-
rents took place during the voltage pulse. As discussed
above for the patch-clamp whole-cell recordings, the ki-
netics of the current could be explained by a transient
activation of previously silent channels or by closure of
channels already active at the holding potential. The
time to reach the peak should be discernible if this pe-
culiar kinetics were the consequence of depolarization-
dependent activation of channels silent at the holding
potential. Figure 4A shows a family of currents acquired
at high time resolution which shows that peak current
was reached without any appreciable delay once the
new potential was established. In Fig. 4C this point is
made clearer by plotting the ratio of the steady-state to
the maximum steady-state chord conductance against
the membrane potential (inverted triangles), which in-
dicates that depolarization produced a decrease in con-
ductance. Examination of the effect of the holding po-
tential on the current elicited by a depolarized voltage
also indicated that closure of channels must occur dur-
ing depolarization. Figure 4B shows the current elicit-
ed by a pulse to 100 mV after holding the membrane for
400 msec at voltages from —60 to 80 mV. The steady-
state current was independent of the holding potential,
but the instantaneous current declined as the prepulse
was made more positive. In Fig. 4C this is quantified
by plotting peak over the maximum peak current against
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Fig. 4. Effect of holding potential on the decaying current. (A) Fam-
ily of currents in response to voltage steps from a holding potential
of —40 mV. The traces were acquired at 2,400 samples per second.
(B) Family of currents elicited by a 100-mV voltage step after pre-
pulses of between —60 and 80 mV. (C) Values of steady-state chord
conductance (from A), relative to that measured at —60 mV, are
plotted as a function of the voltage of the step (inverted triangles). A
similar plot for the peak current from B for a given voltage, relative
to that measured after a —60 mV prepulse, is also shown.

prepulse potential. The decrease in this ratio also indi-
cates that active channels must close at depolarized po-
tentials. It is also interesting that cells showing the de-
polarization-induced decay in current often showed a
slow activation when pulsing to hyperpolarized poten-
tials. This was most clear in experiments (rnot shown)
where a variable prepulse was given before a pulse to
a negative potential, during which activation was only
discernible after depolarizing prepulses had been im-
posed.

DEPOLARIZATION-ACTIVATED CURRENTS

A kinetically distinct current recorded in an unstimu-
lated T84 cell is seen in Fig. 5SA when pulsing the volt-
age between —100 and 80 mV. Here, a clear increase
in current during depolarizing voltage pulses is evi-
dent, accompanied by a decrease in current at hyper-
polarizing potentials. The corresponding current-volt-
age relations for instantaneous or steady-state currents
are shown in Fig. 5B. Instantaneous currents were larg-
er than those at steady-state for negative potentials
while the contrary was true for positive potentials. The
reversal potential was about —35 mV for both current-
voltage relations. Figure 5C shows the steady-state
conductance as a function of the membrane potential. A
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Fig. 5. Current recording showing depolarization-activated currents
measured by the SEVC approach in a T84 cell. (A) Family of currents
elicited by voltage steps from a holding potential of ~40 mV. (B) Cur-
rent-voltage relation measured 6 msec after the onset of the pulse
(open squares) or at the steady-state (filled squares). (C) Values of
steady-state chord conductance vs. membrane potential.

clear increase in conductance occurred at depolarizing
potentials.

The nature of the ion(s) acting as charge carriers for
the depolarization-activated currents was explored in ion
replacement experiments. Figure 64 shows that rapid
extracellular C1~ removal (gluconate substitution)
markedly reduced outward currents, slightly increased
inward currents and displaced the reversal potential to-
wards positive values. Also, the outward rectification
disappeared. This is consistent with C1~ selectivity in
a situation where the cell is not depleted of C1™ (as-
suming an intracellular C1™ concentration of 30 mm, the
calculated Py opoo/Pe; Was 0.23). With a longer ex-
posure (10 min, as opposed to 45 sec) to low extracel-
lular C1~, a much larger inhibition of the depolarization-
activated current took place, consistent with intracellu-
lar C1™ depletion. The kinetics of the currents illustrated
in Figs. 5 and 6 is consistent with channels which open
with depolarization and close at negative potentials.
This idea was confirmed by the tail current protocol ex-
periment illustrated in Fig. 7. Main voltage pulses giv-
en after a 100-mV prepulse produced inward relaxation
or outward relaxations depending on the voltage of the
main pulse. Figure 7B shows the zero-time extrapolat-
ed tail currents, which reversed at around —20 mV and
leveled off at positive voltages. The rate of relaxation
was also strongly voltage dependent; Figure 7C shows
the time constants, derived from exponential fits of the
tail currents, as a function of the potential. The rate of
inactivation was markedly increased at hyperpolarized
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Fig. 6. Effect of C1~ replacement on the depolarization-activated cur-
rent recorded in a T84 cell. (A) Families of currents elicited by volt-
age steps from —40 mV in a cell bathed in Hanks and then 45 sec af-
ter removal of all but 8 mmM CI™ from the bathing solution. (B) Cor-
responding current-voltage relations.
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Fig. 7. Tail currents of the depolarization-activated currents. (A)
Examples of tail currents obtained by stepping from a holding po-
tential of —40 to 100 mV and then to potentials between —120 and
40 mV. Tail currents were fitted single exponential functions. The ze-
ro-time amplitudes of the tail currents are plotted as a function of the
membrane potential in B. (C) Rate constants for deactivation are
shown as a function of the membrane potential.

potentials, suggesting that the channels underlying these
Cl™ currents are voltage activated.

TIME-INDEPENDENT CURRENTS

A third type of current, rarely seen in isolation from the
other kinetically distinguishable currents and charac-
terized by its time independence, is shown in Fig. 84
(family 148 C17). Voltage-clamp recordings are shown
in A for a cell bathed in Hanks and pulsed between
—80 and 80 mV. The voltage-clamp protocol produced
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Fig. 8. Effect of C1~ removal on the time-independent current of T84
cells. (A) Currents recorded in Hanks and 1 min after replacement of
all but 5 mMm extracellular C1™ by gluconate. (B) Corresponding cur-
rent-voltage relations.

time independent currents showing very slight outward
rectification, if anything. This outward rectification
could be due to the differences in the chloride concen-
tration between the cell interior and the bathing solution.
Cl~ appeared to be the charge carrier for the time-in-
dependent currents as replacement of most of the ex-
tracellular C1~ by gluconate (family 5 Cl™) reduced
time-independent outward currents and shifted the re-
versal potential towards positive potentials (Fig. 8B, the
calculated P /P, was 0.13).

gluconate’

CELL VARIABILITY IN CURRENT KINETICS

The reason for the cell-to-cell variability in current pat-
terns observed during voltage-clamp experiments in
T84 cells is not clear. A possible explanation is that an
artifact caused by microelectrode impalement could be
the source of this variability. One possible consequence
of artifactual impalement would be leakage of Ca?* in-
to the cell. To test this possibility, experiments were
conducted by removing Ca?>" from the extracellular
medium. Examination of a large number of experi-
ments carried out in Ca?*-containing medium revealed
that 30% (12/40) of the voltage-clamped cells exhibit-
ed the decaying current, 52% (21/40) showed the slow-
activating current and 18% (7/40) were of mixed ki-
netics or time independent. Of eight cells bathed in a
Ca?*-free solution from before the impalement, four
showed the decaying current and four the slowly acti-
vating current. Consequently, it is unlikely that differ-
ential Ca?" leakage into the cells might be the cause of
the heterogeneity in current kinetic pattern.
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MUSCARINIC ACTIVATION OF A K™ CONDUCTANCE

To study this receptor-mediated response, the cells un-
der study were challenged with a bathing solution con-
taining 100 uM carbachol (Fig. 9). Figure 94 shows a
family of membrane currents elicited in a cell bathed in
Hanks solution, and 10 sec after the addition of 100 um
carbachol (CCh) to the bathing solution (B). The addi-
tion of CCh determined an increase of the outward cur-
rents (mainly the steady-state currents). This increase
of the outward currents was associated with a hyperpo-
larization of about 20 mV (from —31 to —50 mV, Fig.
9D). The I-V relationship presented in D also shows the
current measurements obtained 20 sec after the addition
of CCh (open triangles), which were not different to the
values measured before the agonist addition (squares),
reflecting the transient nature of the CCh effect, al-
ready reported by others (Devor et al., 1990; Duffey &
Devor, 1990). Figure 9C shows the current traces ob-
tained by subtracting the control currents (Hanks) from
currents seen in the presence of CCh. This yielded cur-
rents which had a zero-current potential of —82 mV.
This potential is close to Ey, calculated from published
intracellular K* concentrations (Mandel et al., 1986),
suggesting that this cutrent could be the consequence of
K™ channels activated by CCh.

Discussion

Our present experiments using the patch-clamp tech-
nique and the single-electrode voltage-clamp technique
to measure whole-cell currents in T84 cells show that
Cl™ channels are active at rest and dominate the mem-
brane potential. That most of the current observed in
dialyzed cells is carried by C1~ was confirmed by ex-
tracellular C1™ removal, which markedly reduced out-
ward currents, and by intracellular C1~ removal, that
greatly reduced inward currents. Although currents
were initially large, they gradually decreased in mag-
nitude during an experiment until they became negligi-
ble. In amphibian enterocytes, C1~ and K™ currents nor-
mally seen in nondialyzed cells are absent when stud-
ied by the patch-clamp whole-cell method (Sheppard et
al., 1991; Valverde et al., 19915). This has been inter-
preted to be due to the so-called washout of currents,
which is assumed to occur through loss of some cyto-
plasmic component essential for the activity of the chan-
nels. We presume that this effect accounts for the grad-
ual loss of currents seen here and for their virtual ab-
sence in unstimulated T84 cells reported before (CLiff
& Frizzell, 1990; Devor et al., 1990). That this is a like-
ly explanation has also been pointed out by Chan, Gold-
stein and Nelson (1992). These authors, using the per-
forated patch-clamp method (Horn & Marty, 1991),
showed that airway epithelial cells presented a basal C1~

M.A. Valverde et al.: Chloride Currents in T84 Cells

A B
Vp=40 mv V=40 mv
Hanks 10 sec 1004 CCh
L"MW
200 ms rwq
¢ D 05na —i(nA)
v
B Hanks -~
CCh activated (B—A) v 10 s CCh
v 20 s CCh

traces from —80 to +40 mv

pA -100 100
100
ol

E,,(mv)

-0.25 nA

Fig. 9. Effect of CCh (100 uM) upon ion currents in a T84 cell mea-
sured by the SEVC approach. (A) Voltage-clamp records taken in con-
trol Hanks and (B) after bathing the cell for 10 sec in 100 um CCh.
(C) Traces obtained by subtracting currents in normal Hanks from
those obtained in CCh. (D) Current-voltage relations for traces in
Hanks (H), 10 sec in CCh (¥) and 20 sec in CCh (V).

conductance that disappeared after prolonged dialysis.
The use of an intracellular microelectrode voltage-clamp
technique, that avoids intracellular dialysis, has con-
firmed this hypothesis.

Single-electrode voltage-clamp experiments re-
vealed three types of current patterns. They were char-
acterized by their voltage and time dependence: a cur-
rent active at the onset of depolarizing pulses but de-
caying markedly during the course of the voltage pulse;
a current showing slow activation during depolarizing
pulses and inactivation at hyperpolarizing pulses; and a
current that was time independent. All these currents
appeared to be carried by C17, as revealed by ionic re-
placement experiments, and we shall refer to them as
ICl(dec)’ ICl(slow) and ICl(z-i)’ respectively, for the sake of
brevity. Prolonged washing of cells in Cl™-free medi-
um invariably reduced the currents to linear currents
with' a reversal point around 0 mV. This suggests that
the electrochemical gradient for Cl~ is largely respon-
sible for setting E, in nonstimulated T84 cells, a con-
tention that is supported by the closeness of the E, val-
ue measured here with microelectrodes and the equi-
librium potential for C1~ deduced from published values
for intracellular C1~ concentration.

It is interesting to consider the transepithelial Ci~
transport data available for T84 cells in light of our ob-
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servations. Under resting conditions, T84 monolayers
do not effect net transepithelial transport of C1~. When
stimulated with vasoactive intestinal peptide (VIP) or
carbachol, net basal to apical C1™ flux can be observed
(Dharmsathaphorn & Pandol, 1986; Mandel et al.,
1986). VIP stimulation, which raises the cellular lev-
els of cCAMP, appears to stimulate a sustained C1~ se-
cretion by activating apical Cl1~ channels and basolat-
eral K* channels. Carbachol, which raises intracellu-
lar Ca?*, stimulates Cl~ secretion transiently by
stimulating K™ channels without a discernible effect
on C1™ conductance (Dharmsathaphorn & Pandol,
1986), although more recent work has shown that CCh
also induces a CI~ conductance in partially dialyzed T84
cells (Devor & Duffey, 1992). The conclusion gained
from the transport studies was that there must be C1~
channels in T84 cells that are active at rest, stimulation
of K* conductance by carbachol would simply allow for
cell hyperpolarization and efflux of Cl~ through toni-
cally active channels. A similar conclusion was reached
by Anderson and Welsh (1991) to explain the Ca?"-de-
pendent C1™ secretion in T84 cells, pointing to the pos-
sibility of apical CI~ channels open in the basal state.
This view is upheld by our findings of large Cl~ con-
ductance active at rest and a coincidence between E
and E. In addition, the lack of dependence of the cur-
rents on K* concentration also argues for a low con-
ductance to this cation which might then be rate-limit-
ing to C1™ efflux.

Muscarinic activation of Cl™ secretion has also
been reported in the small intestinal crypts of the guinea-
pig (Walters et al., 1992) and the mouse (Valverde et al.,
1993b). The CCh effect on the guinea-pig crypt mem-
brane potential is consistent with the activation of a
K* conductance, as the agonist induced a hyperpolar-
ization of about 15 mV (Walters & Sepulveda, 1991;
Walters et al., 1992). A similar effect was observed for
the isolated colonic crypts of the rat (Bohme, Diener &
Rummel, 1991). These authors, using the perforated
patch-clamp technique, showed that the addition of CCh
is associated with an increase in the outward currents
and a shift of the zero-current level towards more neg-
ative values. This is similar to the results we have ob-
tained with T84 cells in the present work (Fig. 9) and
to previously published results obtained using the per-
forated-patch recording technique (Devor & Duffey,
1992). It is then possible that, as proposed for T84 cells,
in colonic epithelium Ca?*-dependent CI~ secretion
might occur through basally active C1~ channels by ac-
tivation of K™ conductance.

The kinetically distinguishable currents observed in
T84 cells using the SEVC approach are similar to C1~
currents seen before in other epithelial cells but also in
T84 cells after stimulation (for review, see Anderson et
al., 1992). Our own results obtained using the whole-
cell recording mode of the patch-clamp technique have
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shown that the different kinetic current patterns can be
obtained depending on the nature of the stimulus in in-
dividual T84 cells and have suggested that they are the
consequence of the activity of separate channels
(Valverde et al., 1993a). Similarities between present
results and those previously published are discussed
below.

ICl(dec)

This current is similar to that observed first in respira-
tory epithelial cells by McCann, Li and Welsh (1989)
and by Schoppa et al. (1989). According to these work-
ers, the currents can be activated via a cAMP-mediat-
ed mechanism and also by exposing cells to hypotonic
medium. McCann et al. (1989) maintain that the sin-
gle channel mediating this type of current corresponds
to an outwardly rectifying C1~ channel that was origi-
nally associated with C1~ secretion. This association
has not been confirmed by later work. More recently,
the type of kinetic behavior described here for Loygeo
was found to be associated with C1~ currents stimulat-
ed by hypotonicity in airway epithelial and T84 cells
(Worrell et al., 1989; Solc & Wine, 1991; Wagner et al.,
1991), in HeLa cells (Diaz et al., 1993) and in cells
transfected with the human MDR1 gene (Gill et al.,
1992; Valverde et al., 1992). This kinetic behavior was
very different from CI™ currents activated in the same
cells by cAMP or Ca®" pathways.

ICl(act)

This current shares the kinetic appearance of that stim-
ulated by an increase of intracellular Ca®" in rat ex-
ocrine pancreas (Randriamampita, Chanson & Traut-
mann, 1988). It is also very similar to that stimulated
by addition of Ca*" ionophore in whole-cell patch-
clamp recordings of airway epithelial and T84 cells
(Cliff & Frizzell, 1990; Anderson & Welsh, 1991; Wag-
ner et al., 1991). In addition to the general kinetic ap-
pearance of these currents, their conductance properties,
which show inward rectification in tail current protocols
(see Fig. 7), is also reminiscent of the Ca?*-activated
current described by Randriamampita et al. (1988) and
by Anderson and Welsh (1991).

Top

This type of current was not seen often in isolation. It
is nevertheless clearly present in some SEVC experi-
ments and also features in some whole-cell patch-clamp
recordings (see Fig. 1). The time independence of
Iy Would suggest an equivalence with cAMP-stim-
ulated C1~ currents observed in airway epithelium
(Wagner et al., 1991), T84 cells (Cliff & Frizzell, 1990;



246

Anderson & Welsh, 1991), Caco-2 cells (Bear & Reyes,
1992) and in different cells transfected with the CFTR
gene (for review, see Welsh et al., 1992).

It is not known why these currents that can be ac-
tivated by different maneuvers in T84 cells are present
without requirement for any stimulation when the cells
are not dialyzed intracellularly. This finding, howev-
er, has two important implications: it provides an ex-
planation for the findings of Dharmsathaphorn and Pan-
do! (1986) that stimulation of a basolateral K™ con-
ductance alone can produce Cl~ secretion; and it
suggests that the resting E,, value is determined by E,
in the nonstimulated T84 cells, making activation of the
K™ channel a prerequisite for secretion.

Finally, the question of whether the kinetically dis-
tinct currents described here represent the activity of dif-
ferent channels or the expression of the same channels
after different modes of activation cannot be answered
with the results available. It is interesting though to note
that at least two types of single Cl™-selective channels
having marked differences in conductance and kinetics
have already been described in detail in T84 cells
(Tabcharani et al., 1990). It is therefore not surprising
to encounter a heterogeneity in macroscopic Cl~ cur-
rents in these epithelial cells.
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