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Abstract. In liver cells, cation-selective channels are
permeable to Ca2+ and have been postulated to represent
a pathway for receptor-mediated Ca2+ influx. This study
examines the mechanisms involved in the regulation of
these channels in a model liver cell line. Using patch-
clamp recording techniques, it is shown that channel
open probability is a saturable function of cytosolic
[Ca2+], with half-maximal opening at 660 nM. By con-
trast, channel opening is not affected by membrane volt-
age or cytosolic pH. In intact cells, reduction of cytoso-
lic [Cl−], a physiological response to Ca2+-mobilizing
hormones and cell swelling, is also associated with an
increase in channel opening. Finally, channel opening is
inhibited by intracellular ATP through a mechanism that
does not involve ATP hydrolysis. These findings sug-
gest that opening of cation-selective channels is coupled
to the metabolic state of the cell and provides a positive
feedback mechanism for regulation of receptor-mediated
Na+ and Ca2+ influx.
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Introduction

Stimulation of Ca2+ influx into hepatocytes by Ca2+-
mobilizing hormones and peptide growth factors is es-
sential to sustain a broad spectrum of processes as di-
verse as glycogenolysis and cellular proliferation [16,
34]. Although considerable effort has been made to elu-
cidate the underlying mechanisms involved, the charac-
teristics of Ca2+ influx pathways in hepatocytes are in-
completely understood. We have previously shown that
Ca2+-mobilizing hormones increase cytosolic [Na+] and

stimulate the opening of hepatocellular cation channels
that exhibit nearly equal permeability to Na+, K+, and
Ca2+ [7, 22]. Cation-selective channels are abundant in
hepatocytes and liver cell lines, and channel opening is
likely to mediate the influx of Na+ and Ca2+ under nor-
mal conditions. Thus, such channels are positioned to
play an important role in Ca2+ signaling in liver.

Cation-selective channels are widely distributed
among different tissues but vary considerably with re-
spect to selectivity, conductance, and regulatory mecha-
nisms [4, 9, 13, 19, 23, 24, 27, 28, 30, 31]. In particular,
changes in cytosolic [Ca2+], membrane voltage (Vm), cy-
tosolic pH, cytosolic [Cl−], and intracellular nucleotide
levels can have distinct effects on channel opening de-
pending on the cell type under investigation. In hepato-
cytes, these variables can change significantly under
physiological conditions, such as during hormonal sig-
naling or nutrient uptake, as well as under conditions of
cell injury [3, 10, 11, 33]. Regulation of cation-selective
channels by these variables could therefore profoundly
affect Na+ and Ca2+ influx in response to physiological
stimuli as well as metabolic stress.

Previous work in HTC cells, a model liver cell line,
has shown that cation-selective channels are activated by
thapsigargin, an endoplasmic reticulum Ca2+ pump in-
hibitor that increases cytosolic [Ca2+] by mechanisms
independent of receptor occupation, and that channel
opening is prevented by chelation of cytosolic Ca2+ [7].
These findings raise the possibility that hepatocellular
cation-selective channels are regulated in part by in-
creases in cytosolic [Ca2+] and could serve as positive
feedback elements for receptor-regulated Ca2+ influx.

Based on these observations, we have examined the
mechanisms of regulation of hepatocellular cation-
selective channels in greater detail. Here we show that
such channels are Ca2+-activated, voltage and pH-
independent, and that they are influenced by cytosolic
[Cl−] and inhibited by intracellular ATP. These dataCorrespondence to:S.D. Lidofsky
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suggest that channel opening may be modulated not only
by receptor occupation by Ca2+-mobilizing hormones but
that it is closely coupled to the metabolic state of the cell
as well.

Materials and Methods

REAGENTS

Adenosine, ADP, ATP, ATP-g-S, and AMP-PNP were obtained from
Fluka Biochemika. GTP-g-S was from Calbiochem, and 5-nitro-2-(3-
phenylpropylamino)-benzoic acid (NPPB) was from Biomol. All other
reagents were purchased from Sigma.

CELL CULTURE

HTC rat hepatoma cells were grown in minimal essential medium
supplemented with 5% fetal bovine serum, 2 mM glutamine, 100 U/ml
penicillin, and 100mg/ml streptomycin at 37°C in a humidified 5%
CO2 atmosphere as previously described [7]. Cells were studied ap-
proximately 16–24 hr after plating.

MEASUREMENT OFSINGLE-CHANNEL CURRENTS

Single-channel currents were measured using patch-clamp recording
techniques in cell-attached or excised inside-out patches as previously
described [7, 20]. Measurements were performed at room temperature
in cells plated on 35 mm plastic tissue culture dishes or cells on glass
coverslips placed in a perfusion chamber (Warner Instruments). Cur-
rents were continuously monitored on an oscilloscope and chart re-
corder. Cation-selective channels were recognized by their character-
istic linear current-voltage relation and single-channel conductance of
approximately 28 pS [7, 22]. Selected segments of data (10–30 sec)
were digitized and directly stored on computer for subsequent analysis
with pClamp software.

In cell-attached recordings, the standard bath and pipette solution
contained (in mM): 140 NaCl, 4 KCl, 2 MgCl2, 1 CaCl2, 10 glucose,
and 10 HEPES-NaOH (pH 7.35). The pipette solution also contained
NPPB (10mM) and CsCl (2 mM) to minimize opening of Cl− and K+

channels, respectively. In selected studies, extracellular [Cl−] was low-
ered to 15 mM by substitution with 135 mM Na-aspartate or Na-nitrate.
In additional selected studies, pipette NaCl was replaced by isosmotic
substitution by KCl, LiCl, CsCl, CaCl2 and BaCl2 or by high Ca2+

solutions (10 mM CaCl2 and 130 mM NaCl, or 65 mM CaCl2 and 65 mM

NaCl).
In excised patches, the solution bathing the cytosolic face of the

membrane contained (in mM): 140 NaCl, 2 MgCl2, 1 EGTA, and 10
HEPES-NaOH (pH 7.30). Free Ca2+ was adjusted by titration with
0.5 M CaCl2 according to published algorithms [8]. The pipette (ex-
tracellular) solution was identical to the standard solution above.

DATA ANALYSIS AND STATISTICS

Open probability (Po) was calculated in two ways using pClamp soft-
ware. In patches with 3 or fewer channels,Po was derived from analy-
sis of channel density and open times as previously described [20].
In patches with greater than 3 channels, meanPo was estimated using
all-points amplitude histograms according to previously reported meth-
ods [28]. Briefly, in a patch withN active channels, each level repre-

senting the simultaneous opening ofn channels was fitted with a Gaus-
sian curve. The probability ofn channels being open simultaneously
(Pn) was calculated from the area under the peak corresponding to the
level n divided by the total area under all peaks. These analyses
yielded similar values ofPo under comparable experimental conditions,
and the results have been combined. All results are presented as mean
± SEM.

Results

CHANNEL CHARACTERISTICS: BASAL CONDITIONS

The basic characteristics of hepatocellular cation-selec-
tive channels have been previously described [7, 22].
They are permeable to Na+, K+, Ca2+ and Mg2+. The
primary channel type, which has a linear conductance of
approximately 28 pS, is the focus of the present studies.
After formation of a high resistance seal, patches were
excised into the NaCl bath containing 1 mM free Ca2+.
In 20 consecutive patches, where the pipette contained
65 mM CaCl2 and 65 mM NaCl, the average number of
open channels was 11 ± 1, and meanPo was 0.55 ± 0.05
(Vm 4 +40 mV).

REGULATION BY CYTOSOLIC Ca2+

Cation-selective channels in intact hepatocytes are acti-
vated by maneuvers that would be expected to increase
cytosolic [Ca2+] [7, 22]. Therefore, the effect of varying
cytosolic [Ca2+] on Po was assessed in order to evaluate
whether Ca2+ directly affects channel opening. For these
experiments, membrane patches were excised into bath
(cytosolic) solutions with defined free [Ca2+] values. As
shown in Fig. 1,Po was a saturable function of cytosolic
[Ca2+]. Po was estimated to be half-maximal (EC50)
when cytosolic [Ca2+] was 660 nM. These data suggest
that cytosolic Ca2+ influences channel gating.

EFFECT OFVm

In hepatocytes, receptor-regulated Ca2+ influx does not
appear to be voltage-gated [17]. If cation-selective chan-
nels participate in this process, it would be predicted that
they are not voltage-gated as well. The influence ofVm

on cation-selective channel opening was therefore exam-
ined. Po was measured in individual membrane patches
in response to varyingVm over a wide range of potentials
(−60 to +40 mV) that included physiological values.Vm

had no significant effect onPo relative to its value at −40
mV (Fig. 2A). These data suggest that hepatocellular
cation-selective channels are not voltage-gated.

EFFECT OFCYTOSOLIC pH

Intracellular acidosis inhibits cation-selective channels in
certain cell types [4, 13]. In hepatocytes, intracellular
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acidosis accompanies significant metabolic stress [11]
and might be expected to influence Na+ and Ca2+ influx
through effects on cation-selective channel opening. We
therefore studied the effect of cytosolic pH onPo. At a
constant [Ca2+] of 1 mM, varying the pH of the bath
solution to values between 6.8 and 7.4 had no effect on
channel opening (Fig. 2B). This indicates that hepato-
cellular cation-selective channels are not regulated by
cytosolic pH.

REGULATION BY CYTOSOLIC Cl−

In certain epithelia, reduction of cytosolic [Cl−] has been
shown to stimulate opening of monovalent cation-
selective channels [29, 31]. However, the possibility of
Cl−-mediated regulation has not been investigated in the
case of Ca2+-permeable cation-selective channels such as
those in hepatocytes, which have a high membrane Cl−

permeability [12]. To evaluate the influence of cytosolic
[Cl−] on channel opening, single-channel recordings
were made in cell-attached patches before and after par-
tial replacement of bath Cl− by aspartate or nitrate, ma-
neuvers that favor efflux of Cl− from the cell. These
substitutions would each be expected to decrease cyto-
solic [Cl−] but to have opposite effects onVm, based on
the anion permeability of the hepatocellular membrane
of nitrate > Cl− and the low permeability of Cl− channels
to aspartate [21, 35]. For these experiments, Cs+ (2 mM)
and NPPB (10mM) were present in the pipette to block
K+ and Cl− channels, respectively.

Spontaneous channel openings were rare in the cell-
attached configuration. Lowering bath [Cl−] by substi-
tution with aspartate for 2 min led to the opening of
channels that carried inward current in 30/42 cells, where

the pipette solution contained 1 of 6 cations (Li+, Na+,
K+, Cs+, Ca2+, and Ba2+) as the predominant charge car-
rier (Fig. 3). These effects were reversible, with closure
of channels following restoration of basal [Cl−]. The
conductances of these channels ranged between 28 and
31 pS, and single-channel currents reversed between +20
and +60 mV relative to restingVm (data not shown).
These data are consistent with previously published val-
ues for hepatocellular cation-selective channels [7, 22].
Substitution of 135 mM nitrate for Cl− had similar effects
(n 4 7, data not shown).

REGULATION BY CYTOSOLIC NUCLEOTIDES

Although cytosolic adenine nucleotides block monova-
lent cation-selective channels in a number of cell types

Fig. 1. Effect of cytosolic [Ca2+] on channel opening. Single-channel
currents were measured in membrane patches excised into bath (cyto-
solic) solutions of defined free [Ca2+]. Membrane voltage (Vm) was
held at −40 mV. Open probability (Po) was calculated as described in
Materials and Methods and plotted as a function of cytosolic [Ca2+]
relative to its mean value at 1 mM, where relativePo 4 1. Each point
corresponds to the mean ±SEM of 3–10 patches.

Fig. 2. Voltage and pH independence of cation-selective channel open-
ing. (A) Effect of membrane voltage (Vm) on channel opening. Single-
channel currents were measured in excised membrane patches, andVm

was varied for each patch. Bath (cytosolic) [Ca2+] was 1 mM. Po was
plotted as a function ofVm relative to its value at −40 mV, where
relative Po 4 1. Data correspond to mean ±SEM of 10 patches. (B)
Effect of cytosolic pH on channel opening. Single-channel currents
were measured in excised membrane patches, and pH was varied for
each membrane patch. Bath (cytosolic) [Ca2+] was 1 mM, andVm was
held at −30 mV.Po was plotted as a function of pH relative to its value
at 7.4, where relativePo 4 1. Data correspond to mean ±SEM of 6
patches.
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[4, 13, 28, 30], the role of nucleotides in regulation of
Ca2+-permeable cation-selective channels, such as those
in hepatocytes, is uncertain. The effects of both purine
and pyrimidine nucleotides on channel opening were
therefore examined. In the presence of 1mM free Ca2+,
application of ATP to the cytosolic face of excised mem-
brane patches rapidly and reversibly reducedPo (Fig.
4A). ATP concentrations above 10mM were required to
produce statistically significant reductions inPo, with
half-maximal inhibition between 50 and 100mM, and
maximal effects achieved at 250mM (Fig. 4B). ADP,
AMP, and the nonhydrolyzable ATP analogues ATP-gS
and AMP-PNP, each had similar effects (3 or more
patches each), decreasing relativePo to ø10% of basal
values at concentrations of 250mM (Fig. 4B). Exposure
to adenosine, UTP and GTP, and the nonhydrolyzable
GTP analogue GTP-gS had no effect on channel opening
(250mM, 3 or more patches each,data not shown). At a
higher cytosolic [Ca2+] (2 mM), channel opening was
only partially inhibited by 250mM ATP (relativePo 0.55
± 0.13, n 4 5). These data suggest that ATP modifies
the sensitivity of the channels to cytosolic Ca2+.

Discussion

Cation-selective channels are abundant in liver cells and
are activated by Ca2+-mobilizing agonists [7, 22]. The
present studies build on these observations and examine
the regulatory mechanisms involved in greater detail.
The principal findings are that cytosolic [Ca2+], [Cl−],
and nucleotide levels each influence channel opening.
Since these channels are Ca2+ permeable, these results
have potential implications for intracellular Ca2+ homeo-
stasis and Ca2+ signaling in hepatocytes.

First, we have demonstrated that channel opening is
positively regulated by cytosolic Ca2+. The findings
here shed light on previous work which indicated that the
proportion of patches with measurable channel openings
increased as cytosolic [Ca2+] was raised [7]. Here we
have shown thatPo is a saturable function of cytosolic
[Ca2+]. This implies that cytosolic Ca2+ influences chan-
nel gating either directly or through a closely related
Ca2+-binding protein. The EC50 for channel opening re-
ported here (660 nM) is within the range for values of
hepatocellular [Ca2+] obtained following exposure to
Ca2+-mobilizing agonists [7, 18]. Therefore, activation
of these channels would provide a positive feedback
mechanism for receptor-regulated Ca2+ influx. It is no-
table that the concentration of Ca2+ required to open
cation-selective channels in pancreatic acinar cells is
higher in excised membrane patches than in cell-attached
patches [30]. Thus, the apparent EC50 for cation-
selective channel opening in intact liver cells may be
lower than the values reported here.

Second, we have shown thatPo is not influenced by
Vm, indicating that channel opening is voltage-
independent. This is consistent with the viewpoint that
receptor-regulated Ca2+ influx in hepatocytes is not in-
trinsically voltage-gated, in contrast with electrically ex-
citable cells [5]. Hepatocellular cation-selective chan-
nels share the property of voltage independence with
those in myelocytes and keratinocytes, in which the
channels are Ca2+-permeable and open in response to
increases in cytosolic [Ca2+] [19, 24]. By contrast, their
regulation is distinct from that in smooth muscle and
vascular endothelium, where cation-selective channels
are activated in response to membrane stretch or osmotic
stress and channel opening is steeply voltage-dependent
[9, 23].

Third, we have shown that changes in cytosolic pH
that span the range of physiological values have no effect
on Po. The role of cytosolic pH in regulation of Ca2+-
permeable cation-selective channels has had limited
study. Although Ca2+-mobilizing agonists increase H+

extrusion through activation of Na+/H+ antiport and in-
crease cytosolic pH in many cell types [26], they do not
affect intracellular pH in hepatocytes [1, 22]. Conse-
quently, it would be expected that activation of hepato-
cellular cation-selective channels by such agonists would

Fig. 3. Effect of [Cl−] on channel opening. Single-channel currents
were measured in the cell-attached configuration under basal condi-
tions and during partial substitution of bath (extracellular) [Cl−] by
aspartate. Cs+ (2 mM) and NPPB (10mM) were present in the pipette to
block K+ and Cl− channels, respectively. The decrease in extracellular
[Cl−] from 150 to 15 mM, indicated by the solid line, created a gradient
favoring Cl− efflux. Lowering bath Cl− (solid bar) caused a reversible
increase in channel opening. The primary cation in the pipette (130
mM) is indicated at the left of the trace.Vm was hyperpolarized 40 mV
relative to the resting potential except as indicated by the dashed lines,
where it was transiently returned to the resting potential.
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involve a mechanism other than intracellular alkaliniza-
tion, and the pH-independence of channel opening is thus
not surprising.

Fourth, our data suggest that channel opening is in-
fluenced by cytosolic [Cl−]. In cell-attached patches,Po

increased following substitution of bath Cl− with aspar-
tate or nitrate. These maneuvers lower cytosolic [Cl−]
under conditions in which the pipette solution maintains
[Cl−] at a constant level at the extracellular face of the
membrane patch. An inverse relation betweenPo and
cytosolic [Cl−] has been reported for monovalent cation-
selective channels in secretory epithelium such as fetal
lung cells [31]. However, such a phenomenon has not
been previously documented in Ca2+-permeable cation-
selective channels. In fetal lung epithelium, [Cl−] ap-
pears to modulate the sensitivity ofPo to changes in
cytosolic [Ca2+]. Attempts to directly examine this in
excised patches in HTC cells were hampered by the steep
relation betweenPo and cytosolic [Ca2+] (Fig. 1). Thus,
the responsible mechanisms involved remain uncertain.

Modulation of hepatocellular channel opening by
Cl− has two important implications. First, a variety of

Ca2+-mobilizing agonists promote Cl− efflux from hepa-
tocytes through opening of Cl− channels [3]. The result-
ant reduction in cytosolic [Cl−] would be expected to
potentiate cation-selective channel opening and further
increase Ca2+ influx. Second, cation-selective channels
may play a role in cell volume regulation. Hepatocytes
react to cell swelling from osmotic stress by opening of
Cl− channels [25, 32]. Subsequent activation of cation-
selective channels by the reduction in cytosolic [Cl−]
would promote cation influx. This could prevent an
overshoot in the cellular loss of fluid and electrolytes that
occurs following cell swelling and would provide a ser-
vomechanism for control of cell volume. These hypoth-
eses remain to be tested.

Finally, we have shown that channel opening is in-
hibited by intracellular adenine nucleotides. This
mechanism does not appear to require channel phosphor-
ylation or ATP hydrolysis, since ATP-gS was as effec-
tive as ATP in channel inhibition. Adenine nucleotides
have been previously shown to reduce the opening of
monovalent cation-selective channels in a number of cell
types [4, 13, 28, 30], but to our knowledge, they have not
been shown to affect Ca2+-permeable cation channels.
Channel inhibition by adenine nucleotides would tend to
serve as a brake against Na+ and Ca2+ influx under basal
conditions. Our results contrast with those in myelocytes
and mast cells, where guanine nucleotides activate Ca2+-
permeable cation-selective channels, and a role for G
proteins in channel regulation has been suggested [19,
27]. Of interest, G proteins appear to regulate Ca2+ in-
flux in hepatocytes [2, 14]. If this effect involves Ca2+

influx through cation-selective channels, our results sug-
gest that the responsible mechanisms by which G pro-
teins influence Ca2+ influx are indirect, involving G pro-
tein regulation of other intermediate signaling molecules.

Although it is clear that receptor-regulated Ca2+ in-
flux plays a pivotal role in hepatocellular Ca2+-signaling,
the array of cellular processes that are controlled by Ca2+

influx through cation-selective channels remains to be
defined, as there are likely alternative Ca2+ influx path-
ways. Recent information suggests the presence of other
Ca2+-selective channels in hepatocytes that are also ac-
tivated by Ca2+-mobilizing agonists [6]. These channels
may be related to a class of channels (ICRAC) present in
mast cells and lymphocytes that appear to exhibit nega-
tive feedback regulation by cytosolic Ca2+ [15, 36]. By
contrast, our data suggest that cation-selective channels
act as positive feedback elements for receptor-regulated
Ca2+ influx. The potential for both positive and negative
feedback mechanisms for regulation of Ca2+ influx in a
single cell provides a possible basis for spatial and tem-
poral control of Ca2+-mediated signal transduction.
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Transient exposure of the cytosolic face of the membrane patch to 250
mM ATP was associated with reversible complete channel closure. (B)
Relative Po as a function of nucleotide concentration.Po following
exposure to nucleotides was calculated relative to its basal value, where
relative Po 4 1. Each point corresponds to the mean ±SEM of 3–8
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