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Abstract. In liver cells, cation-selective channels are stimulate the opening of hepatocellular cation channels
permeable to Cd and have been postulated to representhat exhibit nearly equal permeability to NaK*, and
a pathway for receptor-mediatedCanflux. This study Ca&" [7, 22]. Cation-selective channels are abundant in
examines the mechanisms involved in the regulation ohepatocytes and liver cell lines, and channel opening is
these channels in a model liver cell line. Using patch-likely to mediate the influx of Naand C&" under nor-
clamp recording techniques, it is shown that channemal conditions. Thus, such channels are positioned to
open probability is a saturable function of cytosolic play an important role in G4 signaling in liver.
[Ca’"], with half-maximal opening at 660w By con- Cation-selective channels are widely distributed
trast, channel opening is not affected by membrane voltamong different tissues but vary considerably with re-
age or cytosolic pH. In intact cells, reduction of cytoso- spect to selectivity, conductance, and regulatory mecha-
lic [CI7], a physiological response to €amobilizing  nisms [4, 9, 13, 19, 23, 24, 27, 28, 30, 31]. In particular,
hormones and cell swelling, is also associated with arthanges in cytosolic [¢4], membrane voltageV,), cy-
increase in channel opening. Finally, channel opening isosolic pH, cytosolic [CI], and intracellular nucleotide
inhibited by intracellular ATP through a mechanism thatjevels can have distinct effects on channel opening de-
does not involve ATP hydrolysis. These findings sug-pending on the cell type under investigation. In hepato-
gest that opening of cation-selective channels is couple@ytes, these variables can change significantly under
to the metabolic state of the cell and provides a positivephysiological conditions, such as during hormonal sig-
feedback mechanism for regulation of receptor-mediateghaling or nutrient uptake, as well as under conditions of
Na" and C&" influx. cell injury [3, 10, 11, 33]. Regulation of cation-selective
channels by these variables could therefore profoundly
Key words: Calcium — Hepatocytes — Nonselective affect N& and C&" influx in response to physiological
cation channels — Patch clamp — Signaling 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 retiéc';lumZC@ump in-

) ) . ) hibitor that increases cytosolic [€3 by mechanisms
Stimulation of C&" influx into hepatocytes by Cé& independent of receptor occupation, and that channel

mobilizing hormones and peptide growth factors is es'opening is prevented by chelation of cytosolicCCH].

sential to sustain a broad spectrum of processes as ditege findings raise the possibility that hepatocellular
verse as glycogenolysis and cellular proliferation [16'cation—selective channels are regulated in part by in-

34]. Although considerable effort has been made to elu'creases in cytosolic [@4 and could serve as positive

cidate the underlying mechanisms involved, the Characfeedback elements for receptor-regulated*Gaflux.
teristics of C&" influx pathways in hepatocytes are in- Based on these observations, we have examined the
completely understood. We have previously shown that,,

C&*mobilizing h ) | d echanisms of regulation of hepatocellular cation-
-mobilizing hormones increase cytosolic [§@nd  sejactive channels in greater detail. Here we show that

such channels are €aactivated, voltage and pH-
I independent, and that they are influenced by cytosolic
Correspondence tdS.D. Lidofsky [CIT] and inhibited by intracellular ATP. These data
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suggest that channel opening may be modulated not onlgenting the simultaneous openingnathannels was fitted with a Gaus-
by receptor occupation by @,‘émobilizing hormones but sian curve. The probability afi channels being open simultaneously

that it is closely coupled to the metabolic state of the Cell(P“) was calculated from the area under the peak corresponding to the
as well level n divided by the total area under all peaks. These analyses

yielded similar values dP, under comparable experimental conditions,
and the results have been combined. All results are presented as meal

+ X
Materials and Methods SEm

Results
REAGENTS

Adenosine, ADP, ATP, ATR-S, and AMP-PNP were obtained from CHANNEL CHARACTERISTICS BASAL CONDITIONS
Fluka Biochemika. GTR~S was from Calbiochem, and 5-nitro-2-(3- . o )
phenylpropylamino)-benzoic acid (NPPB) was from Biomol. All other The basic characteristics of hepatocellular cation-selec-

reagents were purchased from Sigma. tive channels have been previously described [7, 22].
They are permeable to NaK*, C&* and M¢*. The
primary channel type, which has a linear conductance of
approximately 28 pS, is the focus of the present studies.
HTC rat hepatoma cells were grown in minimal essential mediumAfter formation of a high resistance seal, patches were
supplemented with 5% fetal bovine serum, @ giutamine, 100 U/ml excised into the NaCl bath containing Ivnfree C&*.
penicillin, and 100p.g/ml streptomycin at 37°C in a humidified 5% In 20 consecutive patches, where the pipette contained
CO, atmosphere as previously described [7]. Cells were studied apg5 mv CaCl, and 65 nv NaCl, the average number of
proximately 16-24 hr after plating. open channels was 11 + 1, and mé&ywas 0.55 + 0.05
Ve, = +40 mV).

CeLL CULTURE

MEASUREMENT OF SINGLE-CHANNEL CURRENTS

REGULATION BY CyTosoLic Ca*
Single-channel currents were measured using patch-clamp recording

techniques in cell-attached or excised inside-out patches as previous@ation_saective channels in intact hepatocytes are acti-
described [7, 20]. Measurements were performed at room temperatur\(;ated by maneuvers that would be expected to increase
in cells plated on 35 mm plastic tissue culture dishes or cells on glass . .
coverslips placed in a perfusion chamber (Warner Instruments). Cur-CytOSOI!C [Cgr] [7' 22]' Therefore, th? effect of varying
rents were continuously monitored on an oscilloscope and chart reCytosolic [C&"] on P, was assessed in order to evaluate
corder. Cation-selective channels were recognized by their charactewhether C&" directly affects channel opening. For these
istic linear current-voltage relation and single-channel conductance oéxperiments, membrane patches were excised into batt
approximately 28 pS [7, 22]. Selected segments of data (10-30 sec()cytosonc) solutions with defined free [(Qja values. As
were digitized and directly stored on computer for subsequent analysighown in Fig. 1P, was a saturable function of cytosolic

with pClamp software. . ) .
In cell-attached recordings, the standard bath and pipette solutior[nca2+]' P, was estimated to be half-maximal (Eff

contained (in mn): 140 NaCl, 4 KCI, 2 MgC]J, 1 CaCl}, 10 glucose, when CytOSO|IC [C&] was 660 m. These data suggest
and 10 HEPES-NaOH (pH 7.35). The pipette solution also containedhat cytosolic C&" influences channel gating.

NPPB (10uM) and CsCl (2 mn) to minimize opening of Cland K
channels, respectively. In selected studies, extracellula} {&is low-
ered to 15 mn by substitution with 135 m Na-aspartate or Na-nitrate.

In additional selected studies, pipette NaCl was replaced by isosmoti?n hepatocvtes. receptor-requlated®Cimflux does not
substitution by KCI, LiCl, CsCl, CaGland BaC} or by high C&* patocytes, p g

solutions (10 m1 CaCl, and 130 rm NaCl, or 65 nm CaCl, and 65 nw appear tQ l?e vol.tage_-gated [17] . If cation-select'ive chan-
NaCl). nels participate in this process, it would be predicted that
In excised patches, the solution bathing the cytosolic face of thethey are not voltage-gated as well. The influence&/gf

membrane contained (inw): 140 NaCl, 2 MgC}, 1 EGTA, and 10 on cation-selective channel opening was therefore exam-
HEPES-NaOH (pH 7.30). Free €awas adjusted by titration with  jned P_was measured in individual membrane patches
0.5 CaCl, according to published algorithms [8]. The pipette (x- i, ragnonse to varyiny,,, over a wide range of potentials
tracellular) solution was identical to the standard solution above. ’ . .

(-60 to +40 mV) that included physiological valueg,,

had no significant effect oR, relative to its value at -40
DATA ANALYSIS AND STATISTICS mV (Fig. 2A). These data suggest that hepatocellular

cation-selective channels are not voltage-gated.
Open probability R,) was calculated in two ways using pClamp soft-
ware. In patches with 3 or fewer channdts,was derived from analy-
sis of channel density and open times as previously described [20JEFFECT OF CYTOSOLIC pH
In patches with greater than 3 channels, mBgwas estimated using . o . . .
all-points amplitude histograms according to previously reported methdntracellular acidosis inhibits cation-selective channels in

ods [28]. Briefly, in a patch witiN active channels, each level repre- certain cell types [4, 13]. In hepatocytes, intracellular

EFFECT OFV
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Fig. 1. Effect of cytosolic [C&'] on channel opening. Single-channel
currents were measured in membrane patches excised into bath (cyt g
solic) solutions of defined free [€§. Membrane voltage\(,) was
held at —40 mV. Open probabilityP() was calculated as described in 20 T T T T
Materials and Methods and plotted as a function of cytosoli¢{Ca
relative to its mean value at Inmwhere relative®, = 1. Each point 15k i
corresponds to the meansem of 3-10 patches. 0°
2 0f 4 ¢ L
acidosis accompanies significant metabolic stress [11 %
and might be expected to influence Nand C&" influx o
through effects on cation-selective channel opening. Wt 05 T
therefore studied the effect of cytosolic pH Bp. At a
constant [C&"] of 1 pm, varying the pH of the bath 0.0 1 ! ' !
solution to values between 6.8 and 7.4 had no effect ol 6.8 7.0 72 74
channel opening (Fig.B). This indicates that hepato- pH
cellular cation-selective channels are not regulated by
cytosolic pH. Fig. 2. Voltage and pH independence of cation-selective channel open-

ing. (A) Effect of membrane voltagé/(,) on channel opening. Single-
channel currents were measured in excised membrane patchés, and

RecuLATION BY CyTosoLic CI™ was varied for each patch. Bath (cytosolic) f{Javas 1 mu. P, was
plotted as a function o¥,, relative to its value at -40 mV, where

In certain epithelia, reduction of cytosolic [Fhas been ~¢/atveP, = 1. Data correspond to meansew of 10 patches. &)
Effect of cytosolic pH on channel opening. Single-channel currents

shown to stimulate opening of monovalent Catlon'were measured in excised membrane patches, and pH was varied for

SeleCtive_ channels [2_91 31]. However,_ the p_ossibili_ty Of each membrane patch. Bath (cytosolic) Gavas 1 m4, andV,, was
Cl™-mediated regulation has not been investigated in th@eld at 30 mvP, was plotted as a function of pH relative to its value

case of C&"-permeable cation-selective channels such ast 7.4, where relativ®, = 1. Data correspond to meansem of 6
those in hepatocytes, which have a high membrane Clpatches.

ermeability [12]. To evaluate the influence of cytosolic . . . .
b y [12] y the pipette solution contained 1 of 6 cations™(LNa',

[CIT] on channel opening, single-channel recordings’ ., ©* " . )
were made in cell-attached patches before and after paﬁ , Cs', C&", and B&") as the predominant charge car-

tial replacement of bath Clby aspartate or nitrate, ma- Ne' (Fig. 3). These effects were reversible, with closure
neuvers that favor efflux of Clfrom the cell. These ©f channels following restoration of basal €l The

substitutions would each be expected to decrease Cyt&_onductance_s of these channels ranged between 28 an
solic [CI'] but to have opposite effects fy., based on 31 pS, and single-channel currents reversed between +2(

the anion permeability of the hepatocellular membraneand +60 mv relativg to resf[ing/m ((_jata not showh
of nitrate > CT and the low permeability of Clchannels These data are consistent with previously published val-
to aspartate [21, 35]. For these experiments, @s1m) ues for hepatocellular cation-selective channels [7, 22].
and NPPB (1m;A) were present in the pipett’e to block Substitution of 135 m nitrate for CI' had similar effects
K* and CI channels, respectively. (n = 7, data not shown).

Spontaneous channel openings were rare in the cell-
attached configuration. Lowering bath [Clby substi- 'REGULATION By CyTosoLic NucLEOTIDES
tution with aspartate for 2 min led to the opening of Although cytosolic adenine nucleotides block monova-
channels that carried inward current in 30/42 cells, wherdent cation-selective channels in a number of cell types
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Discussion

Cation-selective channels are abundant in liver cells and
are activated by CGa-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 [€3 [CIT],

and nucleotide levels each influence channel opening.
Since these channels are ‘Capermeable, these results
have potential implications for intracellular €zhomeo-
stasis and CH signaling in hepatocytes.

First, we have demonstrated that channel opening is
positively regulated by cytosolic 4 The findings
here shed light on previous work which indicated that the
proportion of patches with measurable channel openings
increased as cytosolic [E§ was raised [7]. Here we

Ca M

have shown thaP, is a saturable function of cytosolic
[Ca?*]. This implies that cytosolic C4 influences chan-
nel gating either directly or through a closely related
Cé&*-binding protein. The EE, for channel opening re-

Ba l i EMMU Lk

|‘°A ported here (660 m) is within the range for values of
Tmin hepatocellular [C&] obtained following exposure to

Ca*-mobilizing agonists [7, 18]. Therefore, activation
Fig. 3. Effect of _[CI‘] on channel opening. Sin_gle-channel currents of these channels would provide a positive feedback
were measur(_ed in th(_e ceII-attgch_ed configuration under bailsal Cond'fnechanism for receptor—regulatedZCaiaanux. It is no-
tions and during partial substitution of bath (extracellular) [y . .
aspartate. C5(2 mv) and NPPB (1QuMm) were present in the pipette to tab,le that th? concentratpn of eareq_u'red,to open .
block K* and CI' channels, respectively. The decrease in extracellularCation-selective channels in pancreatic acinar cells is
[CI7] from 150 to 15 nw, indicated by the solid line, created a gradient higher in excised membrane patches than in cell-attached
favoring CI efflux. Lowering bath CI (solid bar) caused a reversible patches [30]. Thus, the apparent &£Cfor cation-
increase in channel opening. The primary cation in the pipette (130selective channel opening in intact liver cells may be
mm) _is indicated at the left of the trac¥,, vv_as_hyperpolarized 40 mV_ lower than the values reported here.
relatlve_ to the resn_ng potential except as |nd!cated by t_he dashed lines, Second, we have shown IH%J is not influenced by
where it was transiently returned to the resting potential. L . . .

V., indicating that channel opening is voltage-

independent. This is consistent with the viewpoint that
[4, 13, 28, 30], the role of nucleotides in regulation of receptor-regulated Gainflux in hepatocytes is not in-
Ca*-permeable cation-selective channels, such as thogensically voltage-gated, in contrast with electrically ex-
in hepatocytes, is uncertain. The effects of both purinecitable cells [5]. Hepatocellular cation-selective chan-
and pyrimidine nucleotides on channel opening werenels share the property of voltage independence with
therefore examined. In the presence qix free C&*,  those in myelocytes and keratinocytes, in which the
application of ATP to the cytosolic face of excised mem-channels are Ga-permeable and open in response to
brane patches rapidly and reversibly redud®d(Fig.  increases in cytosolic [G4 [19, 24]. By contrast, their
4A). ATP concentrations above 1 were required to  regulation is distinct from that in smooth muscle and
produce statistically significant reductions i, with  vascular endothelium, where cation-selective channels
half-maximal inhibition between 50 and 1Q0v, and are activated in response to membrane stretch or osmotic
maximal effects achieved at 250v (Fig. 4B). ADP,  stress and channel opening is steeply voltage-dependen
AMP, and the nonhydrolyzable ATP analogues A¥®- [9, 23].
and AMP-PNP, each had similar effects (3 or more Third, we have shown that changes in cytosolic pH
patches each), decreasing relat®geto <10% of basal that span the range of physiological values have no effect
values at concentrations of 250 (Fig. 48). Exposure on P,. The role of cytosolic pH in regulation of €a
to adenosine, UTP and GTP, and the nonhydrolyzabl@ermeable cation-selective channels has had limited
GTP analogue GTRS had no effect on channel opening study. Although C&-mobilizing agonists increase *H
(250 uM, 3 or more patches eactiata not shown Ata  extrusion through activation of NAH* antiport and in-
higher cytosolic [C&"] (2 um), channel opening was crease cytosolic pH in many cell types [26], they do not
only partially inhibited by 25Qum ATP (relativeP, 0.55  affect intracellular pH in hepatocytes [1, 22]. Conse-
+ 0.13,n = 5). These data suggest that ATP modifiesquently, it would be expected that activation of hepato-
the sensitivity of the channels to cytosolicCa cellular cation-selective channels by such agonists would
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A Caf*-mobilizing agonists promote Cefflux from hepa-
tocytes through opening of Cthannels [3]. The result-
ant reduction in cytosolic [C] would be expected to
potentiate cation-selective channel opening and further

ATP 250 uM increase C#& influx. Second, cation-selective channels
/wash/——lTuW may play a role in cell volume regulation. Hepatocytes
W react to cell swelling from osmotic stress by opening of
— CI” channels [25, 32]. Subsequent activation of cation-
5 pA| 1 min selective channels by the reduction in cytosolic[CI
would promote cation influx. This could prevent an

B overshoot in the cellular loss of fluid and electrolytes that
occurs following cell swelling and would provide a ser-

20 T T vomechanism for control of cell volume. These hypoth-
® ATP 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 ATRS was as effec-
tive as ATP in channel inhibition. Adenine nucleotides
have been previously shown to reduce the opening of
10 100 monovalent cation-selective channels in a number of cell

Concentration (uM) types [4, 13, 28, 30], but to our knowledge, they have not
been shown to affect Gapermeable cation channels.

Fig. 4. Effect of adenine nucleotides on channel opening. Single-Channel inhibition by adenine nucleotides would tend to

channel currents were measured in excised membrane patches befatgrye as a brake against Nand C&" influx under basal

and after exposure +to adenine nucleotides of defined concentration$.onditions. Our results contrast with those in myelocytes

Bath (cytosolic) [C&] was 1w, andV,, was held at =30 mv.4) gnd mast cells, where guanine nucleotides activafé-Ca

Transient exposure of the cytosolic face of the membrane patch to 25 | . | . h | le f
wM ATP was associated with reversible complete channel closBye. ( permeable cation-selective channels, and a role for G

Relative P, as a function of nucleotide concentratid®, following prOteinS_ in channel reQU_lation has been suggested [19,
exposure to nucleotides was calculated relative to its basal value, wher27]. Of interest, G proteins appear to regulateQa-

relative P, = 1. Each point corresponds to the measam of 3-8 flux in hepatocytes [2, 14]. If this effect involves €a
patches. influx through cation-selective channels, our results sug-
gest that the responsible mechanisms by which G pro-
teins influence C# influx are indirect, involving G pro-
involve a mechanism other than intracellular alkaliniza-tein regulation of other intermediate signaling molecules.
tion, and the pH-independence of channel opening isthus  Although it is clear that receptor-regulated®Cin-
not surprising. flux plays a pivotal role in hepatocellular €asignaling,
Fourth, our data suggest that channel opening is inthe array of cellular processes that are controlled b Ca
fluenced by cytosolic [C]. In cell-attached patche®, influx through cation-selective channels remains to be
increased following substitution of bath Tlith aspar-  defined, as there are likely alternative“Cinflux path-
tate or nitrate. These maneuvers lower cytosolic JCl ways. Recent information suggests the presence of othel
under conditions in which the pipette solution maintainsC&’*-selective channels in hepatocytes that are also ac-
[CIT] at a constant level at the extracellular face of thetivated by C&"-mobilizing agonists [6]. These channels
membrane patch. An inverse relation betwdgnand may be related to a class of channelsz({lc) present in
cytosolic [CI'] has been reported for monovalent cation- mast cells and lymphocytes that appear to exhibit nega-
selective channels in secretory epithelium such as fetaive feedback regulation by cytosolic €415, 36]. By
lung cells [31]. However, such a phenomenon has notontrast, our data suggest that cation-selective channels
been previously documented in €germeable cation- act as positive feedback elements for receptor-regulated
selective channels. In fetal lung epithelium, TCBp-  C&" influx. The potential for both positive and negative
pears to modulate the sensitivity &, to changes in feedback mechanisms for regulation of?Canflux in a
cytosolic [C&"]. Attempts to directly examine this in single cell provides a possible basis for spatial and tem-
excised patches in HTC cells were hampered by the stegporal control of C&™-mediated signal transduction.
relation betweer, and cytosolic [C&] (Fig. 1). Thus,
the responsible mechanisms involved remain l""]C(:"rt""‘ini'his work was supported by National Institutes of Health grants
Modulation of hepatocellular channel opening by pko1987 (S.D.L.), DK46082 (J.G.F.), and DK43278 (J.G.F.), as well
CI” has two important implications. First, a variety of as by the UCSF Huntingon Fund (S.D.L.). S.D.L. was the recipient of
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