
Introduction

Calcium mobilizing hormones such as norepineph-

rine, vasopressin, and angiotensin II accomplish signal

transduction in hepatocytes by increasing the cytoso-

lic free Ca2+ concentration（[Ca2+ ] i）1 . An increase in

[ Ca2+ ] i results from an inositol 1, 4, 5-trisphosphate

（Ins-P3）-mediated Ca2+ release from internal stores ,

such as endoplasmic reticulum（first phase）and from

a transmembrane Ca2+ influx（second phase），which

is important to the maintenance of an elevated [Ca2+] i

level 2.

The Ca2+ influx across the plasma membrane in re-

sponse to stimulation by an agonist is termed a

receptor-activated Ca2+ inflow system（ RACIS）3 .

Receptor-operated Ca2+ channels have been demon-

strated in other non-excitable cells by means of elec-

trophysiological techniques . Recent studies have

shown that the vascular endothelial cells4 , T-

lymphocytes5 and mast cells6 all possess receptor-

operated Ca2+ channels and that these channels are re-

sponsible for the agonist-stimulated Ca2+ influx. While

the mechanism underlying the RACIS in hepatocytes

has not yet been fully resolved, increasing evidence

suggests the existence of a Ca2+ channel in hepato-

cytes7, 8 . To investigate whether the hepatocyte

plasma membrane possesses a Ca2+ channel , we ap-

plied the patch clamp technique9 to isolated guinea-

pig hepatocytes and succeeded in recording an in-

ward Ca2+ current as a single channel current and in

observing the augmentation of this current by norepi-

nephrine. Ca2+ permeable channels demonstrated in

this study might be an explanation for the RACIS in
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hepatocytes. We report here the nature of Ca2+ per-

meable channels which exist in a guinea-pig hepato-

cyte plasma membrane.

Materials and Methods

（1）Cell preparation

Isolated hepatocytes were prepared from guinea-

pig livers using the collagenase perfusion method de-

veloped by Berry et al .10 Briefly , female Hartley

guinea-pigs（300～400 g）were anesthetized by intrap-

eritoneal injection of pentobarbitone（60 mg�kg）．The
abdominal wall was incised and the portal vein was

cannulated. The liver was first perfused with a Ca2＋-

free perfusion solution that contained ethyleneglycol-

bis-N, N, N', N', -tetraacetic acid（EGTA）and was then

switched to the second solution that contained Ca2+

and collagenase（0.5 mg�ml）．After this treatment,

the liver was excised and minced in Hanks' balanced

salt solution（BSS）．The minced tissue was filtered

through a 150 µm nylon mesh to remove fibrous tis-
sues, and washed 3 times by centrifugation at 50 g for

3 min. The cell pellets were resuspended in Hanks'

BSS. The cells were used within 6h after isolation .

The viability of the isolated cells was assessed by the

Trypan Blue exclusion technique after the isolation

procedure. The preparation was discarded if < 80％ of

the cells excluded Trypan Blue.

（2）Recording of single channel currents

Single channel patch clamp experiments were per-

formed in the cell-attached conditions according to the

method of Hamil et al.9 using an AXOPATCH-1 D am-

plifier（Axon Instrument, Inc., Foster City, CA, USA）．

The hepatocytes were seeded on a microscope cov-

erslip placed in a perfusion chamber that contained an

external solution. The chamber was mounted on the

stage of an inverted phase-contrast microscope

（DIAPHOTO-TMD, Nickon, Tokyo）．Glass microelec-

trodes were fabricated from glass capillary tubes us-

ing a two-stage pipette puller（type PP-83, Narishige

Scientific Instruments Laboratories）．The electrodes

had a resistance of 6～8 MΩ after their tips had been
heat polished and they were filled with an internal so-

lution. A microelectrode was positioned against the

cells using a three-dimensional micromanipulator, and

a 10 to 50 GΩ seal was established by the application
of gentle suction to the electrode. To maintain the pi-

pette potential at ground level, an Ag-AgCl wire was

connected to the bathing solution via an agar bridge.

Current signals were monitored continuously with a

conventional thermowriting pen recorder （ Recti-

Horiz-8 K；San-ei, Japan）and stored on a personal

computer（COMPAQ DESKPRO 386 S）for subse-

quent analysis with pCLAMP（version V）software

（Axon Instruments）．Channel openings were defined

using the 50 percent threshold criterion . The open

state probability was determined by a manual analy-

sis of current traces as a fraction of the total time that

the channels were open . The open time histogram

was fitted to an exponential curve using a least-

squares program. All data were filtered through an

eight-pole Bessel filter at 1 KHz. Averaged values are

expressed as mean±SD. All the experiments were

performed at room temperature.

（3）Solutions and drugs

The first solution perfused via the hepatic portal

vein cannulation contained（in mM）：140 NaCl, 5.4

KCl, 0.6 NaH2PO4, 0.4 Na2HPO4, 0.5 EGTA, 4.2 NaHCO3,

5 Glucose, 9.6 N-2-hydroxyethyl piperazine-N'-2-ethane

sulfonic acid（HEPES）；adjusted to pH 7.2 with

NaOH. The second perfusion solution contained（in

mM）：140 NaCl, 5.4 KCl, 4.0 CaCl2 , 0.6 NaH2PO4, 0.4

Na2HPO4, 4.2 NaHCO3, 9.6 HEPES, 0.5 mg�dl collage-

nase；adjusted to pH 7.5 with NaOH. Hanks'BSS con-

tained（in mM）：140 NaCl , 5.4 KCl , 1.3 CaCl2 , 1.0

MgCl2, 1.7 MgSO4, 0.6 NaH2PO4, 0.4 Na2HPO4, 4.2 Na-

HCO3, 5 Glucose；adjusted to pH 7.5 with NaHCO3.

The patch pipettes were filled with internal solutions

that contained 110 mM BaCl2 or 110 mM CaCl2 with 8

mM HEPES. The pH of the internal solution was ad-

justed to 7.4 with TEA（tetraethylammonium）OH.

TEAOH was used to block the potassium channels11.

The bath solution contained（in mM）：142 NaCl, 5.4

KCl, 1.8 CaCl2, 0.8 MgSO4, 8 HEPES, 11 Glucose（pH

was adjusted to 7.3 with NaOH）．Norepinephrine was

dissolved in the bath or the internal solution. Bay K

864412, a dihydropyridine Ca2+ channel activator, was

dissolved in the internal solution. Both chemicals and

collagenase were purchased from Sigma Chemical

Co., St. Louis.
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Results

1. Single channel currents in a cell-attached patch

with 110 mM BaCl2 internal solution

Single channel activities were recorded under the

cell-attached patch condition at various membrane po-

tentials . A microphotograph of the isolated hepato-

cyte and an attached glass pipette is shown in Fig. 1.

110 mM BaCl2 was used as the pipette solution. A typi-

cal example of the currents recorded at resting mem-

brane potential is shown in Fig. 2 A. After a gigaohm

seal had been established between the glass pipette

and the hepatocyte plasma membrane , inward uni-

tary currents（downward deflection）were observed.

This channel showed brief sporadic openings. Channel

activity was observed over the entire voltage range

studied . The unit amplitude was approximately 0.6

pA（0.60±0.15 pA, n=6）at resting membrane poten-

tial. The open probability was very low（Po=0.004±

0.002, n=6）in the basal state, i.e. in the absence of Ca2+

mobilizing hormones . These inward currents were

considered to be carried by the Ba2+ ions going from

the pipette into the cytoplasm, because Ba2+ was the

only charge carrier with an inwardly directed driving

force at negative resting membrane potential. Similar

current amplitudes and channel kinetics were ob-

served when the Ca2+ ions were substituted for the

Ba2+ ions in the pipette solution（Fig. 2 B）．This find-

ing suggests that the Ba2+ ions pass through a com-

mon pathway that allows the flow of Ca2+ into the cy-

toplasm, i.e. through a Ca2+ permeable channel.

2. Characteristics of Ca2+ permeable channel cur-

rents

The current-voltage（I-V）relationship for this chan-

nel, recorded with 110 mM BaCl2 pipette solution is

shown in Fig. 3. The I-V relationship was linear and

did not show any rectification at the observed poten-

tial range. The single channel conductance was about

20 pS，（20.4±4.6 pS, n=6）as calculated from the slope

of the current-voltage relationship. By extrapolation

of this slope, the estimated reversal potential was ap-

proximately +30 mV. While the single channel ampli-

tude was dependent on membrane potential, channel

gating behavior did not appear to be affected by

either depolarizing or hyperpolarizing voltage jumps.

There was no qualitative change in channel appear-

ance at different membrane potentials. Kinetic para-

meters were analyzed to evaluate the voltage-

sensitivity of the channel gating. The open probability

was so low in these experiments that we analyzed

only the open time. The open time histogram for this

Ca2+ permeable channel during burst at resting mem-

brane potential was fitted by a single exponential

function and revealed a mean open time of 1.3±0.4 ms

（n=6）．This result indicates the existence of one open

state for this Ca2+ permeable channel. Next, we per-

formed a similar kinetic analysis at differing mem-

brane potentials. As shown in Fig. 4, kinetic parame-

ters were not affected by a change in membrane po-

tential. We, therefore, considered that the channel ki-

Fig. 1 A microphotograph of the isolated hepatocyte
with a glass pipette attached to the cell sur-
face. The hepatocyte is round and has a di-
ameter of about 20 µm.

Fig. 2 A Inward Ba2+ currents observed in a cell at-
tached patch at resting membrane poten-
tial . Downward deflections imply inward
currents . Brief , sporadic openings are re-
corded. The closed（c）and open（o）states
are indicated. B Inward Ca2+ currents ob-
served under the same condition as Fig. 2.
A. 110 mM CaCl2 was used for the internal
solution. In this experiment, current ampli-
tudes and channel kinetics are almost the
same as the Ba2+ currents.
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netics showed no voltage dependence.

We next investigated the effect of Bay K 8644 on

channel activity. When 5 µM Bay K 8644 was added to
the internal pipette solution in the cell-attached patch

condition, we observed no significant effect on chan-

nel gating behavior（data not shown）．This observa-

tion suggests that the hepatocyte Ca2+ permeable

channel differs from the voltage-operated Ca2+ chan-

nel seen in excitable cells such as cardiac myocytes

and neurons.

3. Effect of norepinephrine on hepatocyte Ca2+

permeable channel

The above results showed that the guinea-pig hepa-

tocyte plasma membrane contains a Ca2+ permeable

channel. The next question was whether this channel

might serve as a pathway for Ca2+ inflow in the

hormone-stimulated state . Norepinephrine , an α1-
adrenergic agonist, is known to induce a rise in intra-

cellular Ca2+ concentration in hepatocytes and to

stimulate cellular physiological responses. We, there-

fore , investigated whether this channel could be a

pathway for Ca2+ inflow when an increase in intracel-

lular Ca2+ concentration is induced in response to no-

repinephrine. A representative recording is shown in

Fig. 5. This current trace was recorded under the

cell-attached condition with 110 mM BaCl2 internal so-

lution. The patch membrane was held at resting mem-

brane potential. Before the addition of norepinephrine,

this patch showed virtually no channel activity in the

control bath solution. However, the addition of 20 µM
norepinephrine to the bath led to a gradual activation

of inward currents. This activation continued for sev-

eral minutes, then subsided gradually in the presence

of norepinephrine. The unit amplitude of this inward

current did not differ from that observed in the con-

trol bath solution. The open probability was increased

to 0.097 in this experiment.

We next investigated the effect on channel activity

in the presence of norepinephrine in the internal solu-

tion. The upper trace（Fig. 6 A）represents the record-

ing of inward Ba2+ currents at resting membrane po-

tential in the absence of norepinephrine under the

cell-attached patch condition , while the lower trace

（Fig. 6 B）was obtained in the presence of 20 µM no-
repinephrine in the pipette solution. The presence of

norepinephrine in the pipette solution did not affect

channel activity, which suggests that norepinephrine

exerted its effect via an intracellular second messen-

ger, not by a direct interaction with α1-adrenergic re-
ceptor.

Discussion

In hepatocytes, [Ca2+] i is maintained at very low con-

centrations ranging from 100 to 200 nM. In contrast,

the extracellular Ca2+ concentration is about four or-

ders of magnitude higher than [Ca2+] i. Ca2+ is known to

be one of the most important regulators of liver cell

functions. Ca2+ mobilizing hormones such as norepi-

nephrine, vasopressin and angiotensin II require an

increase in [ Ca2+] i for the transduction of extracellular

signals . Experiments have showed that , in the ab-

sence of Ca2+ in the external solution, the increase of

[ Ca2+] i induced by hormonal stimulation is transient,

Fig. 3 Current（I）-voltage（V）relationship of the
Ca2+ permeable channel. Membrane potential
is expressed as voltage deviation from resting
membrane potential . Data points represent
means±SD（n = 6）．The slope conductance
was 20.4±4.6 pS. The extrapolated reversal
potential was approximately +30 mV.

Fig. 4 Relationship between mean open time and
membrane potential . Membrane potential is
expressed as voltage deviation from resting
membrane potential. The vertical bar through
each point represents the SD（n=6 for each）．
The mean open time was not affected by a
change in membrane potential.
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and that the maintenance of a high [ Ca2+] i requires a

transmembrane Ca2+ influx from the external solu-

tion13. Although it has been hypothesized that the he-

patocyte RACIS is a Ca2+ channel, there had been no

direct evidence to confirm the existence of a Ca2+

channel , and the mechanism of the transmembrane

Ca2+ inflow system in hepatocytes was not understood

for a long time14 . However , several recent electro-

physiological studies have suggested the existence of

Ca2+ channels that are responsible for transmembrane

Ca2+ influx in hepatocytes. Using a patch clamp tech-

nique , Bear et al .7 demonstrated a Ca2+ permeable

channel in rat hepatoma cells that is activated by ex-

tracellular ATP , and reported that this channel is

identical to the non-selective cation channel that is

permeable to Na+, K+ and Ca2+. This cation channel is

not affected by membrane potential and is activated

by membrane stretch15. Duszynski et al .8 , using the

whole cell patch clamp technique, reported an inward

Ca2+ current induced by vasopressin in rat hepato-

cytes.

The present study is the first to demonstrate the

existence of a norepinephrine-activated Ca2+ perme-

able channel in the guinea-pig hepatocyte plasma

membrane using a single channel recording tech-

nique. This Ca2+ permeable channel exhibited a single

channel conductance of about 20 pS and a nearly lin-

ear current-voltage relationship. Channel kinetics was

not affected by a change in membrane potential. The

previous studies that investigated the change in intra-

cellular Ca2+ concentration before the use of the patch

clamp technique showed conflicting results on the

voltage dependence of the putative Ca2+ channel in he-

patocytes. For example, Savage et al.16 concluded that

the Ca2+ channels responsible for the vasopressin-

stimulated Ca2+ influx were closed by the depolariza-

tion of the plasma membrane by a high K+ medium in

rat hepatocytes . In contrast , Zhang et al .17 showed

that the vasopressin-induced Ca2+ influx was inde-

pendent of the electrical potential gradient across the

Fig. 5 Current trace showing the response to the external application of norepinephrine（20 µM）．
This patch showed virtually no channel activity in the control bath solution. However, channel
activation was observed following the addition of norepinephrine into the bath. The arrow in-
dicates the addition of norepinephrine. Open probability was increased to 0.097 in this experi-
ment.

Fig. 6 Effect on channel activity of norepinephrine in the pipette solution. Upper trace（A）shows the
recording of inward Ba2+ currents under the control condition at resting membrane potential.
Lower trace（B）shows the recording in the presence of 20 µM norepinephrine in the pipette
solution. Norepinephrine appeared to have no effect on channel activity.
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plasma membrane in rat hepatocytes. Although the

reason for the discrepancy between those results is

unclear, our present investigation which uses a single

channel recording technique suggests that the activa-

tion of the Ca2+ channel responsible for the hormone-

stimulated Ca2+ influx is independent of membrane po-

tential.

The Ca2+ permeable channel demonstrated in this

study had a very low open probability（Po=0.004）in

the basal state, and less than 50 percent of the patches

that accomplished gigaohm seals contained this chan-

nel. This channel, therefore, seems to have a low chan-

nel density . In addition to its insensitivity to mem-

brane potential, with respect to these characteristics,

this channel resembled the Ca2+ permeable channel

that was demonstrated by Kuno et al.18 in human clo-

nal T-lymphocyte that was activated by the mitogenic

lectin, phytohaemagglutinin. It is not surprising that

the hepatocytes would demonstrate a mechanism

similar to that of T-lymphocytes with respect to trans-

membrane Ca2+ influx, because they are also electri-

cally non-excitable.

The increase in channel activity obtained by expos-

ing the cell to norepinephrine was transient and the

activity was gradually decreased in the time course

（Fig. 5），which suggests that some protective mecha-

nism may close this channel to prevent an excessive

increase in [ Ca2+ ] i and guard against cellular damage

produced by calcium overload19. Ca2+ itself may be one

of such mechanisms. In fact, Poggioli et al.20 reported

that intracellular Ca2+ inhibits Ca2+ influx in rat hepato-

cytes.

The gradual inactivation of this channel may be

synchronous with Ca2+ oscillation（Ca2+ wave）previ-

ously observed in the hepatocytes stimulated by Ca2+

mobilizing hormones 21, 22.We did not measure [ Ca2+ ] i

in this experiment and could not observe the channel

response to norepinephrine over prolonged periods

because of the difficulty in maintaining a good record-

ing condition due to the fragility of patch membranes

or to channel rundown. Therefore, we did not evalu-

ate the relationship between channel activation（or in-

activation）and Ca2+ oscillation.

We observed no effect of Bay K 8644, a dihydropyri-

dine Ca2+ channel activator, on channel activity. This

result agrees with previous reports that Ca2+ influx

into the hepatocytes is not inhibited by exposure to a

low concentration of Ca2+ antagonists such as nife-

dipine, verapamil or diltiazem that block the voltage-

operated Ca2+ channels23, 24. In addition, using a patch

clamp technique, several investigators25, 26 reported a

failure to detect the voltage-operated Ca2+ channels in

hepatocytes. Thus, Ca2+ permeable channels demon-

strated in hepatocytes are considered to belong to a

class that differs from the voltage-operated Ca2+ chan-

nels found in excitable cells such as cardiac myocytes

and neurons.

The molecular mechanism involved in the opening

process of the hepatocyte Ca2+ channel has not been

established. There are at least three possible mecha-

nisms concerning the receptor-activated Ca2+ entry .

The first, that there exists a direct channel activation

via a hormone receptor, is unlikely in this case , be-

cause the addition of norepinephrine to the pipette so-

lution did not activate the channel, despite the activa-

tion of α1-adrenergic receptor. A second possibility is
that an intracellular second messenger that is gener-

ated by hormonal stimulation activates the channel

（second messenger-activated Ca2+ channel）．In other

cell types, Kuno et al.27 found that Ins-P3 activates a

Ca2+ conductance in T-lymphocyte plasma membrane

using the inside-out patch clamp study . Moreover ,

Lu�ckhoff et al.28 demonstrated a Ca2+ permeable chan-
nel which is activated by Inositol 1, 3, 4, 5-tetra-

kisphosphate in endothelial cells. A third possibility is

a capacitative calcium entry29, 30 , in which the activa-

tion of Ca2+ entry is linked to the emptying of the in-

ternal Ins-P3 sensitive Ca2+ store（endoplasmic reticu-

lum）．This third hypothesis postulates that an un-

known messenger, termed the calcium influx factor

（CIF），is released from the endoplasmic reticulum

into the cytoplasm in response to a depletion of the

Ca2+ pool, and then diffuses to the plasma membrane

and activates Ca2+ entry. Hansen et al.31 and Striggow

et al .32 suggested that the second and third mecha-

nisms cited are involved in the receptor-mediated Ca2+

entry in rat hepatocytes in studies using fura-2, the

fluorescent Ca2+ indicator . Our present finding that

the presence of extracellular norepinephrine outside

the patch increased the channel activity in a cell-

attached configuration also supports the involvement

of one or both of those mechanisms. Further electro-

physiological investigations are required to elucidate

the minute mechanism of Ca2+ entry at the molecular

level.
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