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ABSTRACT Voltage-dependent membrane currents were studied in disso-
ciated hepatocytes from chick, using the patch-clamp technique. All cells had
voltage-dependent outward K* currents; in 10% of the cells, a fast, transient,
tetrodotoxin-sensitive Na* current was identified. None of the cells had voltage-
dependent inward Ca** currents. The K* current activated at a membrane
potential of about —10 mV, had a sigmoidal time course, and did not inactivate
in 500 ms. The maximum outward conductance was 6.6 + 2.4 nS in 18 cells.
The reversal potential, estimated from tail current measurements, shifted by
50 mV per 10-fold increase in the external K concentration. The current
traces were fitted by n* kinetics with voltage-dependent time constants. Omit-
ting Ca** from the external bath or buffering the internal Ca** with EGTA did
not alter the outward current, which shows that Ca**-activated K* currents
were not present. ]-5 mM 4-aminopyridine, 0.5-2 mM BaCl,, and 0.1-1 mM
CdCl; reversibly inhibited the current. The block caused by Ba was voltage
dependent. Single-channel currents were recorded in cell-attached and outside-
out patches. The mean unitary conductance was 7 pS, and the channels
displayed bursting kinetics. Thus, avian hepatocytes have a single type of K™
channel belonging to the delayed rectifier class of K* channels.

INTRODUCTION

Membrane potential is important in regulating metabolic processes in the liver,
including gluconeogenesis (Friedmann et al., 1971; Friedmann and Dambach,
1980), amino acid transport (Wondergem and Harper, 1980), and the rate of
uptake of bile salts (Edmondson et al., 1985). Changes in K* permeability can
affect the transmembrane potential, independently of Na*,K*-ATPase activity
(Haber and Loeb, 1986). A number of agents, including a-adrenoreceptor
agonists (Burgess et al., 1981; DeWitt and Putney, 1984), insulin, and glucagon
(Williams et al., 1971; Somlyo et al., 1971), have been shown to act on liver cell
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membranes by altering K* fluxes. The introduction of the patch-clamp method
has made the electrophysiology of many tissues more accessible to experimental
study. One result is an awakened interest in the function of voltage-dependent
ionic channels in nonexcitable cells. In particular, voltage-dependent K* channels
have been described in lymphocytes (Cahalan et al., 1985), macrophages (Ypey
and Clapham, 1984), natural killer cells (Schlichter et al., 1986), and a variety
of epithelial cells (reviewed in Van Driessche and Zeiske, 1985). The K*-selective
channels described in these preparations vary greatly in their voltage dependence,
conductance, and Ca®* requirements. Evidence has accumulated for a Ca®*-
sensitive K* conductance in the guinea pig liver that would mediate the action
of Ca**-mobilizing chemical transmitters such as a-adrenergic agonists and va-
sopressin (Burgess et al., 1981; DeWitt and Putney, 1984; Cook and Haylett,
1985). This mechanism is, however, absent in the rat liver (Burgess et al., 1981;
Berthon et al., 1985). Although inferences can be drawn from these reports, the
ionic channels of liver cell membranes have never been investigated directly.
Parenchymal cells (hepatocytes) dispersed with collagenase from chick livers
survive well in culture for 4-5 d and retain the morphological and lipogenic
properties of the in vivo liver (Tarlow et al., 1977). We took advantage of this
to investigate the ionic channels present in these cells. We have identified a K*-
permeable, voltage-dependent, 4-aminopyridine~sensitive channel of the delayed
rectifier type. The outward K* current was independent of the external Ca**
concentration, which correlates with the fact that no voltage-dependent Ca**-
selective channels were identified. The K* conductance is active near the resting
membrane potential and might be implicated in the control of resting potential.

MATERIALS AND METHODS

Cell Isolation and Culture

Hepatocytes were prepared by collagenase digestion, using a procedure similar to those
described by Tarlow et al. (1977) and by Watkins et al. (1977). Collagenase (type CLS
II1, Cooper Biomedical, Inc., Malvern, PA) was dissolved in phosphate-buffered saline
(PBS) to a concentration of 50 U/ml, with 10 ug/ml soybean trypsin inhibitor (Sigma
Chemical Co., St. Louis, MO) and 50 mM glucose; DNasel (Sigma Chemical Co.) was
dissolved in 1 mM HCI (2.5 mg/ml). Erythrocyte lysis buffer contained 140 mM NH,CI
and 17 mM Tris HCL. The pH was 7.2. Basal Fagle’s medium (BME) and phosphate-
buffered Eagle’s medium (EPB) were as given by Watkins et al. (1977).

Livers were dissected from 12-14-d-old female white leghorn chicks, rinsed in sterile
PBS at room temperature, and finely minced with scissors. The mince was incubated in
30 ml collagenase and 1 ml DNase solution for 20 min at 37°C on a rotary shaker (250
cycles/min). The supernatant was spun for 3 min at 1,000 g, and the cell pellets were
resuspended in 20 ml EPB. The 20-min incubation was repeated with the remaining liver
mince. At the end of the second incubation, the collagenase-digested tissue was filtered
through a 100-mesh silk screen (0.006 in.) to remove undigested tissue, and the filtrate
was spun down as before and resuspended in 20 ml EPB. The first and second cell
suspensions were pooled, spun down, and resuspended in 20 ml erythrocyte lysis buffer
for 5 min. The cells were washed twice in 20 ml EPB and filtered again through a silk
screen. The cells in the final suspension were counted with a hemocytometer and
immediately adjusted to 2 X 10° cells/ml in warm BME supplemented with 5% chicken
serum and 5 pg/ml insulin. The viability, tested by trypan blue exclusion, was 85-90%.
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For electrophysiological experiments, the cells were diluted to a density of 5 X 10°/ml in
the same BME medium with serum and insulin and plated on polylysine-coated glass
coverslips in 35-mm Falcon culture dishes. Cells were stored in a water-jacketed incubator
in 10% CO, atmosphere at 37°C for at least 24 h before use. Media were changed 18 h
after the initial plating and every 24 h thereafter.

Previous studies using primary cultures of chick hepatocytes have noted the retention
of several characteristics of differentiated hepatocyte function, including hormonally
regulated lipogenesis (Tarlow et al., 1977; Watkins et al., 1977) and ligand-dependent
down-regulation of insulin receptors (Krupp and Lane, 1981). Further studies on the
regulation of the glucagon receptor, in the same preparations used for the electrophysi-
ological studies, have demonstrated a retention of in vivo levels and activities of the
component of the glucagon-stimulated adenyl cyclase system for the 5-d culture period
(Premont, R., and R. lyengard, unpublished results).

Photographs of the cell monolayer 48 and 84 h after dissociation are shown in Fig. 1.
Cells began to form clusters between 24 and 48 h after plating, and the cells in those
clusters were electrically coupled, as judged by the long time constant of the passive
electrical response. Isolated cells had to be used for electrical recording because electrical
coupling did not allow satisfactory voltage control. At the low density used for our studies,
the monolayer did not reach confluency, and isolated cells suitable for recording could
be found even after 4 d in culture. However, the best time for recording was between 36
and 72 h after dissociation. After this time, most of the cells were flat and coupled, and
the remaining round, uncoupled cells were found to have resting potentials near 0 mV.

Electrophysiology

Membrane ionic currents were measured in the standard whole-cell patch-clamp config-
uration as described by Hamill et al. (1981). Patch electrodes, pulled from glass capillaries
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(TW150, World Precision Instruments, Inc., Hamden, CT), had resistances of 2-4 MQ
when filled with the standard 140 mM KCl internal solution (see Table 1) and 3-6 MQ
when aspartate was the main anion. The voltage-clamp amplifier was an EPC-7 (List-
Medical Systems, Darmstadt, Federal Republic of Germany). Capacitance artifacts were
compensated by an analog circuit, and the value of the compensated capacitance was
taken as an estimate of the cell capacitance. The series resistance increased at least three
times when the whole-cell recording was established, but it was compensated up to 80%.
Data were filtered by a four-pole Bessel filter with a cutoff of 5 kHz, and digitized on-line
by a computer (LSI 11/73, Digital Equipment Corp., Marlboro, MA) at a frequency of
50-100 us/point. Because compensation of the series resistance introduces additional
noise in the range 2-5 kHz, the current records were subsequently filtered at 2 kHz,
using a zero-phase digital filter (Brown et al., 1984; Lux and Brown, 1984). The frequency
of stimulation was one pulse every 5 s, unless otherwise stated. Leak current was estimated
by extrapolating a line through current recorded at subthreshold potentials and was
assumed to be linear through the entire voltage range. The maximum conductance was

TABLE I
Solutions*
External
solutions NaCl KCl CaCly MgCl, Glucose HEPES EGTA
Standard external 135 5.4 1.8 2 10 5 —
(Tyrode)
Ca?*-free Tyrode 135 5.4 — 2 10 5 1
Ca**-free high- 130 5.4 — 8 10 5 1
M g2+
Internal
solutions KCl MgCl, EGTA HEPES CsCl CsAsp
Standard internal 140 1 — 5 —_ —
Internal 2 EGTA 140 1 2 5 — —
Cs internal — 1 5 5 20 110

* All values are in millimolar units.

calculated from the corrected current amplitude at the most depolarized potential,
assuming an average reversal potential of —70 mV, in the standard conditions (see
discussion in Results). Leak current and the residual capacitive artifact were digitally
subtracted from each record, using the response to either subthreshold or
hyperpolarizing voltage pulses, appropriately scaled. Corrected traces were fitted to
models, and the fits were optimized using the nonlinear least-squares of Marquandt, as
described in Bevington (1969).

Single-channel recording was performed in the cell-attached and outside-out configu-
rations under the same conditions as the whole-cell clamp, except that the gain was 200
pA-1 nA/V for whole-cell currents and 10 pA/V for single-channel currents. Data were
digitized at a frequency of 100 us/point. The capacitive current artifact was corrected
using the means of current traces that did not contain any activity. Idealized traces were
calculated from the corrected traces using an interactive routine. Histograms of amplitude,
open time, and closed time were constructed from the idealized traces and fitted with
Gaussian curves or single or double exponentials, respectively.

Solutions and Drugs

The solutions used are listed in Table I. The pH was adjusted to 7.4 with Tris base, and
the osmolarity was 290 + 10. The majority of the experiments were performed in a
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standard (Tyrode) external bath and with a 140 mM KCI solution, containing neither
EGTA nor Ca** in the pipette. To study the reversal potential shift with increasing
concentrations of K* in the external medium, the Na* concentration was reduced
appropriately to preserve osmolarity.

All of the drugs used in this study, 4-aminopyridine (4-AP), apamin, and tetrodotoxin
(TTX), as well as the hormones insulin, glucagon, and phenylephrine, were purchased
from Sigma Chemical Co. They were made up at the desired concentration in the control
bath solution, applied by continuous perfusion, and washed out in the same way.

RESULTS

Passive Properties

High-resistance (=10 GQ) seals were formed on nearly all of the cells with
application of gentle suction to the interior of the pipette. In a significant number
of cases (10-15%), gigaseals formed spontaneously upon apposition of the glass
tip to the membrane. When suction was increased, the membrane ruptured, with
an immediate increase of the capacitance transient amplitude and time constant.
Typical values of the input resistance immediately after the cell was broken into
were 0.2-1.5 G2, corresponding to a resting input conductance of 0.6-5 nS.
The leak current was linear in the range —100 to —20 mV and, when isolated
by blocking the voltage-dependent current with internal Cs* (see below), proved
to be linear up to 30 mV. We considered this current to be “nonspecific” and it
was not investigated further.

The membrane capacitance was 14.4 £ 3.6 pF in 24 cells. Because of the
irregular shape of the cells (see Fig. 1), it was impossible to estimate the geometric
area of the cell that contributed to the capacitance.

The resting potential of the hepatocytes was measured in the current-clamp
mode, with zero current applied, or in the voltage-clamp mode, taking it as the
potential at which the leak current was zero. The resting potential ranged
between —25 and —15 mV, values that are in good agreement with those found
by other authors (Wondergem and Harper, 1980; Wondergem, 1983) in isolated
hepatocytes. An important exception was found in cultures grown in the presence
of glucagon (5 nM). Under these conditions, a membrane potential of —50 + 5
mV was measured in seven cells. The observation that glucagon caused a stable
hyperpolarization of liver cells has been reported previously by other authors
(Petersen, 1974; Friedmann and Dambach, 1980; Edmondson et al., 1985).

Membrane Currents

Fig. 2A shows a set of current records obtained from a cell held at =50 mV.
Depolarizing voltage increments evoked a voltage-dependent outward current
that activated with a sigmoidal time course at a membrane potential of =10 mV.
This current was found in all of the cells tested (n = 85), regardless of their age
in culture. The leak current was digitally subtracted from these records, using
the responses to hyperpolarizing voltage pulses. The effect of the subtraction is
illustrated in Fig. 2B, where two I-V curves, before and after the correction, are
shown. In the uncorrected plot (A, right-hand panel), a line can be extrapolated
through the current values more negative than —20 mV.
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The reversal potential of the outward current was estimated by measuring tail
currents. Fig. 3 A shows the tail current for repolarization in the range of —20
to —80 mV. The quasi-instantaneous I-V relation was linear in this range. The
reversal potential was —80 mV, which is close to the theoretical Nernst potential
for a K*-selective channel.
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FIGURE 2. (A) Outward currents from an isolated hepatocyte bathed in standard exter-
nal (Tyrode) solution. The internal (pipette) solution contained 140 mM KCI, with no
EGTA added (see Table I). Depolarizing voltage pulses were applied every 5 s for 200
ms from a holding potential of =50 mV, in 10-mV increments. The maximum current
shown corresponds to a voltage pulse to 90 mV. The leak current has been digitally
subtracted from each record. (Inset) The I-V relation before leak subtraction shows how
a line can be extrapolated through the current values at subthreshold potentials. (B) I-V
relation from the same cell.

Fig. 3B shows the effect of substituting a 140 mM KClI solution, which is
identical to that used to fill the pipette, in the external bath. The reversal
potential was 0 = 5 mV in these conditions (four cells). External solutions that
contained different concentrations of K* were used to determine the relation
between In[K*], and Ex. Fig. 3D shows the results obtained in four different
cells. The points are fitted well by a straight line, and the reversal potential
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FIGURE 3. (A) Top: tail currents at different repolarization potentials. The cell was
maintained at —50 mV, and a depolarizing pulse to +90 mV was applied for 200 ms,
followed by a second pulse that varied in amplitude. The traces shown are relative to
repolarization to —80, =75, =70, —60, —50, —40, and —30 mV. Internal and external
solutions as in Fig. 1. Bottom: quasi-instantaneous I-V relation for the outward current,
constructed from the tail currents in A. The relationship is linear, with a slope of 7.5 nS.
The reversal potential is ~80 mV. (B) Currents from an isolated hepatocyte in symmetrical
140 mM KCI solutions. The holding potential was —80 mV. (C) I-V relation for the
current in standard conditions (open circles) and in symmetrical KCI (filled circles). In the
latter condition, the current reversed at 0 mV. (D) Semilogarithmic plot of the reversal
potential vs. the external K* concentration. Points represent averages and bars represent
standard deviations in four cells. The linear regression through the experimental points
gives a change of 50 mV in reversal potential for a 10-fold increase in the external K*
concentration,

shifted by 50 mV per 10-fold increase in the external K concentration. This
observation justifies the assumption that the outward current was carried mainly
by K*.

From the linear fit of Fig. 3D, it was assumed that the reversal potential of the
outward current was —70 mV in standard conditions (140 mM K* internal, 135
mM Na™*, 5.4 mM K™ external), and this value was used to calculate the maximum
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conductance. After the leak current was subtracted, the maximum conductance
in 18 cells at command potentials greater than or equal to +50 mV was 6.6 +
2.4 nS. When normalized to the membrane capacitance, this value gives a
conductance of 436 + 101 pS/pF or 436 + 101 uS/cm®, assuming a specific
capacitance of 1 pF/cm?.

Kinetics

The outward current was fully activated at 200 ms, and inactivation was negli-
gible in 500 ms (not shown). We chose to fit the time course of activation of the
current with Hodgkin-Huxley-type kinetics and found that an exponent n = 2
gave an adequate fit. Fig. 4 shows the best fit of currents from membrane
potentials of ~10 to +50 mV with the equation:

I=1,-[1 — exp(—t/1.)]".

The voltage dependence of 7, in different cells is shown in Fig. 5. Tail currents
were fitted best by a single-exponential decay. In four cells, the time constant
for repolarization to —50 mV was r = 22.03 % 3.12 ms.

Ca®* Dependence of the Outward Current

The influence of Ca®" on the outward current was investigated with three
different experiments. When the external bath was changed from a 2 mM Ca**
solution to a Ca?*-free solution containing 1 mM EGTA, the outward current
recorded during the first few minutes of perfusion did not differ significantly
from control, but the perfusion caused a sudden and irreversible increase of leak
(not shown). The same experiment was performed using an external Ca**-free
bath that contained 8 mM MgCl.. The leak current was not affected in this case.
Fig. 6 A shows that this substitution caused a hyperpolarizing shift of ~10 mV in
the activation of the outward current. If the correction for this shift is applied,
the two I-V curves almost overlap (broken line). Fig. 6 B shows the effect of
internal EGTA (2 mM). In these conditions, the free Ca®* concentration is <10™°
M, assuming a dissociation constant of the Ca?*-EGTA complex of 1077 M and
a concentration of Ca** in the absence of EGTA of 107 M. I-V relations from
two different cells are compared, with and without EGTA in the pipette solution.
Since there were no major differences between these two conditions, there were
no indications that the outward current depended on intracellular Ca®*.

Dependence on the Holding Potential

If the current was measured immediately after the cell was broken into, the
outward current seemed to be independent of the holding potential and the
currents recorded from a holding potential of —20 mV were indistinguishable
from those from —50 mV. However, when the —20-mV holding potential was
maintained, a slow inactivation of the outward current always occurred in the
first 5-10 min, independently of the pulse frequency. Fig. 7 A shows the decrease
of the outward current as a function of time, for a cell held at =20 mV. The
current recovered completely when the holding potential was set to a more
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FIGURE 4. Fits of the outward current records with n* kinetics. Currents were recorded
using the same solution conditions as in Fig. 2; the holding potential was ~50 mV. The
solid line is the fit. See text for explanation.
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negative value, =50 mV (indicated by the arrow). Another, faster, voltage-
dependent inactivation was also observed several minutes after the cell was
broken into. Fig. 7B shows the amplitude of outward current recorded at 40
mV following a 500-ms prepulse to different holding potentials. The current was
not completely inactivated at —20 mV and the difference between the current
from each more negative holding potential and the residual current from —20
mV was fitted with a sigmoidal curve, with the midpoint at —44 mV. When the
holding potential was set to —50 mV, the outward current persisted for up to 80

FIGURE 6. Effects of external and
internal Ca** concentrations on the

A I(nA) outward current. In A, the external
/x bath was changed from a standard

’ Tyrode (open circles) to a Ca**-free

/4 solution that contained 8 mM

0.3+ /e MgCl, (filled circles), and the I-V

relation in these two conditions is
shown. The pipette solution was
standard internal, with no EGTA.
The leak current was stable and was

g digitally subtracted from the rec-
;‘, ords before the plot was calculated.
L If a 10-mV shift in activation is

-30 0 30 V(mv) taken into account, the two curves
overlap (broken line and X’s). In B,
the I-V relations from two different

B inA) cells are shown. The open circles
are from a cell perfused internally
with a 140 mM KCI solution that
did not contain EGTA; the filled
circles are from a different cell, and
0.5 the internal solution contained 2
mM EGTA (no Ca®" added). The
two cells were chosen because the

1.0

-60 -30 30 amplitudes of their outward cur-
e
v(mVv) rents were comparable (data not

normalized). The bath solution was
standard Tyrode. The leak current
was not subtracted.

min, but its amplitude was always smaller than that of the current from a holding
potential of —80 mV. Because prolonged hyperpolarization could not be main-
tained easily, the holding potential was maintained at =50 mV in most of the
experiments.

Effect of Blockers

Fig. 8, A and B, shows that the K* current was inhibited by 4-AP, an agent that
is known to block voltage-dependent delayed rectifier K* channels (Yeh et al.,
1976). The inhibition was reversible in the example shown, but irreversible in
three other cells tested with higher doses (2-5 mM). This frequent lack of
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reversibility may be related to the location of the 4-AP-binding site inside the
channel, as postulated for the squid axon K* channel.

Fig. 9, A and B, shows the inhibition of the outward current caused by external
BaCl; (2 mM). From a holding potential of —80 mV, the inhibition was voltage
dependent and decreased exponentially with increasing depolarization (Fig. 9C).
The outward current at 10 mV was reduced to 7% of the control value. From a
holding potential of =50 mV, the current at 10 mV was reduced to 22% of
control, and the voltage dependence of the block was negligible. These results
agree with observations of other authors who used different preparations (Arm-

A
InA)
. ‘ FIGURE 7. Effects of holding po-
* tential on outward current. (A)
* Time course of the slow inactivation
process. The holding potential was
=20 mV, the test potential was 40
L mV, and the cell was stimulated
0.2 ‘e every 5 s. At the arrow, the holding
potential was set to —50 mV; the
current recovered completely. (B)
t (s) Amplitude of current at +40 mV
10 20 30 40 50f 60 70 following a 500-ms prepulse to dif-
ferent potentials. Records were
taken 10 min after the whole-cell
B clamp was established. The cell was
maintained at a holding potential of
—80 mV. With a prepulse of 60 mV,
0.25 corresponding to a starting poten-
KnA) tial of —20 mV, the amplitude of
the outward current during the test
pulse was ~50% of that from —80
L0.20 mV. This value was subtracted from
each current value to fit the points
with the function: I = I,../{1 +
exp[(V = Viar)/K]}. The best fit gave
lo.15 Vias = —44.4 mV and K = 5.6 mV.
-80 -60 -40 -20 The solutions were as in Fig. 2.

0.4

holding potential (mV)

strong and Taylor, 1980). The effect of Ba®* was reversible in all of the cells
tested (three).

The outward current was also partially blocked by CdCl; (0.1-1 mM). Fig. 9C
shows the inhibition of the outward current caused by different doses of BaCl,
and CdCl; in representative cells held at =50 mV and depolarized to +10 mV
for 50 ms. Cd** may block Ca®*-dependent K* channels by inhibiting the Ca**
influx through voltage-dependent Ca®* channels. As described below, these cells
do not seem to possess voltage-dependent Ca?* channels, so CdCl. may act
directly on the K* channel. Apamin (100 nM) also was tested, but it had no effect
on the outward current or on the leak current.



266 THE JOURNAL OF GENERAL PHYSIOLOGY - VOLUME 91 - 1988

Inward Currents

In a set of experiments aimed to characterize the inward components, Cs* was
substituted for K* in the pipette. The internal solution contained 5 mM EGTA
in these cases. In 90% of the cells, the only membrane current that persisted in
these conditions was a voltage-independent, linear leak current, already men-
tioned. Only in 10% of the cells tested, the membrane current in voltage clamp
exhibited a transient inward component, provided that the membrane potential
was kept high enough (Fig. 10A). This inward current was blocked by 3 uM
TTX (Fig. 10, B-D) and no TTX-resistant inward current was ever found, even

A
MmN~ control

FIGURE 8. Inhibition of the
outward current caused by 4-
AP, in standard external (Ty-

0. nA,
4-AP
rode) solution and standard
internal (140 mM KCl, no

’L//ﬂ
EGTA) solution. (A) Current

wash
records before (control), dur-
ing the application of 1 mM
4-AP, and after 5 min of wash.
. \\“’\M\,— The holding potential was

—50 mV and the test potential
was 30 mV. (B) Time course

B 1(nA) of 4-AP inhibition of the out-
ward current for the cell in A.
0.3 } e®* Open circles: current at —50
.o «*° mV; filled circles: current at
0.2 ' o o 10 mV. The leak current at
° oo —50 mV increased during the
oo
0.1 Ce0ce0ece . wash and has been subtracted
o ! 3 6 t(min) from the record shown in A.
S
000 %00 o0
-0.14 o
0.1 °
o

at a high Ca®* concentration (5 mM). This observation correlates with the finding
that the outward current does not depend on external Ca**. The transient
inward current displayed the features of a voltage-dependent Na® current,
including fast activation and fast inactivation.

Single-Channel Recording

Single K* channel currents were recorded in both cell-attached and outside-out
patches. In both cases, a single amplitude of current was detected at a given test
potential. Fig. 11 shows single-channel currents from an outside-out patch that
was held at —80 mV and depolarized to +20 mV for 300 ms. The holding
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potential was chosen to maximize the probability of opening of the channels,
which inactivated or ran down rapidly from more depolarized holding potentials.
The bottom trace in Fig. 11 is the average of 30 idealized traces. The fit with n?
kinetics gave a value of 7, of 11.7 ms for this average trace. As is apparent from

A control B 151 o
o]
Vh =50 mVv °
o 4
2mM Ba >
-4
5
0.1 nAI control lo 5*
10 ms e
Vp:~80 mv . )
0 20 40 60 Vv{mv)
2 mM Ba
r C
1.0
wash
e
T
Vh : =50 mv _3 0.6 -
< 0
Sem s
[
o
L
= CdCI2
0.2 1 Bac12
0 Y 2.0

Blocker concentration (mM)

FIGURE 9. Inhibition of outward current produced by BaCl, and CdCl, in standard
external and internal solutions. (A) Currents at 60 mV depolarization from holding
potentials of —80 and —50 mV in control conditions, in the presence of 2 mM BaCl,, and
after wash (—50 mV only). (B) Voltage dependence of the Ba** block, from a holding
potential of —80 mV. Points were fitted with an exponential curve according to the
relation (£, — Iy.)/Is. = Aexp(—=V/V’), with V' = 78 mV. (C) Fractional inhibition of the
outward current caused by different doses of Ba** and Cd**. For each blocker, the results
from a representative cell that was exposed to increasing concentrations are shown. The
cells were held at =50 mV. The values plotted are the amplitudes of the outward current
at +10 mV in each condition. The current reached a steady state value ~20 s after the
solution containing the divalent cation was introduced.

this figure, the average current reached maximum activation (steady state) ~100
ms after the onset of the pulse, and only events between 100 and 300 ms were
used to calculate the kinetic parameters. The mean unitary current at +20 mV
was 0.7 = 0.1 pA in three patches (Fig. 12). Single channels in outside-out
patches displayed bursting kinetics. The open-time distribution was fitted best



268 THE JOURNAL OF GENERAL PHYSIOLOGY - VOLUME 91 . 1988

by a single-exponential decay, with a mean open time of 12 + 1 ms at +20 mV
(three patches). The distribution of closed times was biexponential, with 7, = 1.3
+0.2msand 7, = 15 + 1 ms at +20 mV (three patches) (Fig. 12).

Fig. 13 shows how the single-channel conductance was calculated. Depolarizing
steps to +20 mV were followed by a second step to +70 mV. The single-channel
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FIGURE 10. Inward membrane currents of an isolated hepatocyte. (A) Inward currents
recorded from a cell held at ~80 mV. External solution: standard Tyrode; pipette solution:
CsAsp. Leak and capacitive currents have been subtracted. (B) Effect of the addition of 3
#M TTX to the bath. The test potential was —10 mV. Current traces were recorded
every 15 s, 1-2 min after the perfusion with the solution that contained the drug was
begun. (C) Current traces in the presence of TTX. (D) I-V relation for the inward current
in A and C. In the presence of TTX, no inward component was detectable.

conductance calculated from the ratio Ai/AV was 7 pS in this patch. Similar
experiments in three outside-out patches gave a mean unitary conductance of
7.0 £ 0.5 pS. When this value is compared with the estimated specific whole-cell
conductance, a density of <1 (0.65) open channel/um?® results. Fig. 13D shows
the voltage dependence of the unitary current in a cell-attached patch held at
the resting membrane potential. The conductance estimated from the slope is
6.0 pS, which is close to the value obtained in outside-out patches.
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DISCUSSION

In this work, we have demonstrated that dissociated hepatocytes from chick
possess voltage-dependent outward currents carried mainly by K ions. No other
ionic currents were present in the majority of the cells, apart from a leak
conductance. This leak current could result from a decrease of the seal resistance
as soon as the whole-cell clamp is established. However, we prefer to interpret it
as an intrinsic conductance in the liver membrane, because it was always observed
and was larger in cells with a larger area (estimated from the membrane
capacitance). The observation that the liver cell membrane is intrinsically “leaky”
may not be surprising, because of the high density of nonselective gap junction
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FIGURE 11. Single K* channel
.Nﬂ i currents in an outside-out patch.

The external bath was a standard
solution, and the pipette contained
L 140 mM KCl, no EGTA. The patch
was held at —80 mV. The single-

W#Wﬁm channel currents were recorded at
+20 mV. The bottom record is the

mean of 30 idealized traces.
0.2 pA| ,fM

channels in these cells (Revel et al., 1980) and the possibility that not all of them
sealed over during dispersion.

A voltage-dependent Na* current was also found in a small percentage of the
cells. Its kinetics and TTX sensitivity suggest that it is not different from the
Na™ current found in excitable cells, but the description of this current is limited
by its infrequent occurrence. This was the only inward current ever detected
and we have found no evidence for voltage-dependent Ca®* currents. Because
the concentration of internal Ca?* modulates many liver cell functions, a mech-
anism to supply Ca®* from the external medium and replenish intracellular stores
must be present. A mechanism different from a voltage-dependent channel has
recently been postulated for rat liver (Hughes et al., 1986).

The K* current in chick hepatocytes closely resembles the delayed rectifier
found in nerve and muscle cells, in its kinetics and sensitivity to blockers such as
4-AP and BaCl;. A Hodgkin-Huxley-type model with n” kinetics was used to
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‘f 204 FIGURE 12. Histograms construct-
3 ed from the idealized single K*
E . channe] currents shown in Fig. 11.
z o Amplitude (A), open time (B), and
o 30 60 t (ms) closed time (C) histograms are
shown. Histograms were fitted with
c a single Gaussian function, a single-
60+ exponential decay function, and a
| double-exponential decay function,
Closed fime respectively. The mean amplitude
was 0.7 = 0.1 pA, the mean open
time was 12 ms, and the mean closed
times were 1.5 and 16 ms.
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FIGURE 13. Single K* channel conductance. (A and B) Single K* channel currents were
recorded from an outside-out patch under the same conditions as Fig. 12. The patch was
held at —~80 mV, and depolarizing steps to +20 and +70 mV were applied successively.
(C) The conductance, calculated from the ratio Ai/AV, was 6.9 pS in this patch. (D) Mean
unitary current as a function of voltage in a cell-attached patch. The single-channel
current was estimated by eye for ~100 events at each potential and averaged. The linear
regression has a slope of 6.0 pS.
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describe the sigmoidal time course of the activation of this current, and a similar
model had been used previously to describe the kinetics of the K* current in
Myxicola axons (Schauf et al., 1976) and, more recently, the slowly rising K*
current in single cardiac cells from frog atrium (Hume et al., 1986; Simmons et
al., 1986). However, the hepatocyte K* current was fully activated in 200 ms,
while the cardiac cell current required several seconds. The inactivation was
negligible in 500 ms, but a reversible, slow inactivation was observed when the
holding potential was maintained more positive than —40 mV for 1 min. Because
this inactivation developed after some time, it may be a result of the recording
conditions rather than an intrinsic property of the channel. In addition, part of
the current was apparently inactivated at holding potentials more positive than
—60 mV.

The K* current was independent of either the external or internal Ca®*
concentration. This conclusion is based on the assumption that the internal
dialysis was adequate to buffer the Ca®* in the entire cell interior. This condition
was probably fulfilled, because in other experiments, using similar pipettes, the
outward current was completely blocked by internal Cs*. However, a local
concentration of free Ca®* higher than that of the bulk solution cannot be
completely ruled out. Because of its Ca®** independence and insensibility to
apamin, the current described in this study does not resemble the K* current
activated in response to Ca**-mobilizing hormones that has been identified in
guinea pig hepatocytes (Burgess et al.,, 1981; DeWitt and Putney, 1984; Cook
and Haylett, 1985). On the other hand, the response of the liver cells to the
Ca®*-mobilizing hormones varies from species to species, with significant differ-
ences between guinea pigs and rats (Burgess et al., 1981) and, to our knowledge,
there are no reports concerning this response in avian hepatocytes.

Single channels of 7 pS conductance, with bursting kinetics, were found to be
the unitary elements of this current. Voltage-dependent K* channels have been
described in chromaffin cells (Marty and Neher, 1985), human lymphocytes
(Cahalan et al., 1985), and macrophages (Ypey and Clapham, 1984). In chro-
maffin cells, at least three different K* channels have been identified, and the
more conductive one was strongly Ca®* dependent. This highly conductive
channel is not found in lymphocytes and macrophages or in this hepatocyte
preparation. Two pure voltage-dependent channels were found in both chro-
maffin cells and lymphocytes; the smaller one was the most similar to the K*
channel recorded in these hepatocytes, in its conductance and slow inactivation.

We can speculate about the role of the voltage-dependent ionic conductances
in liver function. Na* channels would be inactivated at a membrane potential
close to the resting value and considerable hyperpolarizations would be required
to remove the inactivation; also, their fast kinetics contrast with the relatively
long-term liver function. In contrast, activation of the K* channels occurs near
the resting membrane potential and does not require hyperpolarization. It can
be triggered by any agent that causes a small depolarization of the membrane
and could represent a negative feedback control on the membrane potential
itself. We have made several attempts to correlate the K* conductance to
hormone-driven functions. In particular, we have tested the actions of insulin
(0.05-1 U/ml), glucagon (60-600 nM), and the a-adrenergic agonist phenyleph-
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rine (0.5-10 uM), but none of these had any effect on the K* current in the
whole-cell clamp condition. The action of these hormones is likely to involve
more complex cellular mechanisms.
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