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Abstract

Using superfused mouse liver slices combined with a conventional microelectrode technique, we investigated: (1) the ionic
mechanisms involved in the hyperpolarization of the hepatocyte membrane induced by lactate and other gluconeogenic
substrates; (2) whether these mechanisms are similar to those underlying the hyperpolarization induced by cell swelling in
hypo-osmotic medium; and (3) whether the hyperpolarizing effect of lactate on the hepatocyte membrane is related to
gluconeogenesis. Lactate (5 mmol/l) hyperpolarized the hepatocyte membrane after an exposure of 10^20 min, and the
hyperpolarization was still present after 70 min. The hyperpolarization induced by lactate, pyruvate (5 mmol/l) and fructose
(10 mmol/l), and by exposure to hypo-osmotic medium (250 mosmol/l) was antagonized by ouabain, tetraethylammonium
(TEA), and cetiedil (lactate; hypo-osmotic medium). Hyperpolarization induced by lactate was eliminated or attenuated by
agents impairing activation of Ca2�-dependent K� channels, by amiloride, and by a blockade of non-selective cation
channels with flufenamic acid and gadolinium. Thapsigargin, increasing cytosolic Ca2�, mimicked lactate's hyperpolarizing
effect. Lactate's effect was dependent on extracellular Ca2�. Finally, lactate's hyperpolarizing effect was reduced by
inhibiting gluconeogenesis. These findings suggest that metabolism of lactate hyperpolarizes hepatocytes by mechanisms
analogous to those underlying the hyperpolarization induced by cell swelling in hypo-osmotic medium. Gluconeogenesis
from lactate may cause cell swelling, subsequent activation of Ca2�-dependent K� channels and of the Na�/K�-ATPase, and
thus hyperpolarize the hepatocyte membrane. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

It has been reported that in the perfused rat liver,
stimulation of gluconeogenesis from lactate by glu-

cagon is correlated with a hyperpolarization of the
liver cell membrane [1]. Insulin, a hormone known to
antagonize the e¡ect of glucagon on gluconeogenesis,
blocked the hyperpolarizing e¡ect of glucagon [1].
Glucose by itself had no long-term e¡ect on the liver
cell membrane potential [2,3]. It has also been ob-
served that gluconeogenic substrates (e.g. lactate,
pyruvate, fructose) are able to hyperpolarize the hep-
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atocyte membrane even in the absence of hormones
[2,3]. The aim of the present study was to investigate
whether various agents inhibiting gluconeogenesis
antagonize lactate's hyperpolarizing e¡ect on the liv-
er cell membrane. Positive results would support the
hypothesis that lactate induced hyperpolarization is
due to lactate metabolism in particular by gluconeo-
genesis. A further intention was to investigate the
ionic mechanism of the hyperpolarization induced
by the gluconeogenic substrates lactate, pyruvate,
and fructose. Since the electrogenic Na�/K�-ATPase
and the membrane K� conductance are both impor-
tant determinants of the hepatic membrane potential
[4], the e¡ects of ouabain, an inhibitor of the Na�/
K�-ATPase, and of various K� channel blockers on
gluconeogenic substrate induced hyperpolarization
were tested. Moreover, we compared the e¡ect of
lactate on the hepatic membrane potential with that
of a hypo-osmotic medium to ¢nd out whether cell
swelling might be involved in the hyperpolarization
induced by lactate and other gluconeogenic sub-
strates.

The investigations are potentially related to the
hepatic control of feeding because lactate, pyruvate
and fructose seem to inhibit feeding by acting on the
liver [5^8]. Furthermore, the membrane potential of
liver cells has been postulated to represent a major
signal in the control of feeding [9].

2. Materials and methods

2.1. Animals and maintenance

Adult female mice (Zur:ICR) with a body weight
of 30^50 g were used for the experiments. Mice were
fed ad libitum with a diet containing 18% fat, 46%
carbohydrate and 13% protein [3]. Mice were
adapted to this diet for at least 2 weeks and had
ad libitum access to food and water until the experi-
ment.

2.2. Liver slice preparation, maintenance and
temperature control

Mice were killed by cervical dislocation and the
median lobe of the liver was removed quickly and
placed on gauze moistened with modi¢ed Krebs^

Henseleit bicarbonate bu¡er (see below). The liver
lobe was ¢xed by applying slight pressure with a
glass microscope slide while preparing liver slices
(5U5 mm; thickness about 1 mm) with a scalpel
blade. After incubation for 40^100 min (mean 70
min) in oxygenated (95% O2, 5% CO2) control or
experimental medium (37³C), the liver slices were
placed into an acrylic chamber with the encapsulated
uncut surface of the liver slice upward. All micro-
electrode impalements were of super¢cial cells on
the uncut surface. Viability of this liver slice prepa-
ration has been evaluated previously by Wondergem
and Castillo [10] who measured similar membrane
potentials using superfused mouse liver slices or
mouse hepatocytes in primary monolayer culture
prepared from whole liver.

The liver slices were superfused at a rate of about
12 ml/min with an oxygenated Krebs^Henseleit bi-
carbonate bu¡er (medium; containing (mmol/l) :
NaCl 103; KCl 4.7; CaCl2 2.56; MgCl2 1.3;
NaHCO3 25; NaH2PO4 1.15). In the experimental
solution, part of NaCl was replaced equiosmotically
with Na-lactate (5 mmol/l), Na-pyruvate (5 mmol/l),
fructose (10 mmol/l), glucose (10 mmol/l), K-cyano-4-
hydroxycinnamate (CHC; 5 mmol/l), or per£uoro-
succinate (PFS; 10 mmol/l). Part of the experiments
were performed using superfusion solutions with
reduced Ca2� (1.28 mmol/l) and Mg2� (0.65 mmol/
l) concentrations or under Ca2�-free conditions.
In these cases, CaCl2 or MgCl2 were replaced
equiosmotically with NaCl. The medium for in-
cubation prior to superfusion generally had the
same composition as the superfusion solutions except
in the experiment examining the time course of lac-
tate's e¡ect on hepatocyte membrane potential (see
below).

In some experiments, the in£uence of cell swelling
induced by hypo-osmotic superfusion medium on the
membrane potential of hepatocytes was examined. In
these experiments, NaCl was partly (25 mmol/l) re-
placed by D(+)-cellobiose (50 mmol/l) in the control
solution (iso-osmotic). Cell swelling was then in-
duced by superfusion with the experimental solution
in which D(+)-cellobiose was omitted (hypo-osmotic;
250 mosmol/l).

The bu¡er temperature was maintained at 37³C
and monitored continuously with a thermistor
(Ebro CTA 1220; Ingoldstadt, Germany).
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2.3. Fabrication of open-tip microelectrodes

Open-tip microelectrodes were drawn in a horizon-
tal puller (Sachs-Fleming Micropipette Puller PC-84;
Sutter Instrument, San Raphael, CA, USA) from
micro¢lament glass capillaries (1.5 mm o.d., 0.86
mm i.d.; A-M Systems, Everett, WA, USA). Pipettes
were ¢lled with KCl (0.5 mol/l).

2.4. Measurement of membrane potential (Vm)

The microelectrode was connected by an Ag^AgCl
half cell to a high input impedance preampli¢er (1013

6 ; Biologic VF 180; Echirolles, France). The refer-
ence electrode was connected by an Ag^AgCl half
cell to the tissue chamber by an agar (4% in
Krebs^Henseleit bu¡er) bridge. Voltage was meas-
ured with a digital voltmeter and an oscilloscope
(Kikusui COS 5020; Kawasaki City, Japan) and re-
corded on a two-channel recorder (Rikadenki B-281-
L; Kogyo, Japan). Criteria for valid micropipette
impalements of liver cells were: (1) a rapid de£ection
of the voltage trace on advancing the microelectrode
into the liver slice; (2) a stable voltage trace within
2 mV for at least 30 s; and (3) return of the voltage
trace to within 2 mV of the baseline when the micro-
electrode was withdrawn. Resistance of open-tip mi-
croelectrodes (20^50 M6) was measured once before
every impalement by passing AC pulses (I = 1 nA;
frequency 1000 Hz). For every liver slice, the mem-
brane potential of 5^6 liver cells was measured, and
each recording of membrane potential lasted at least
30 s.

2.5. Standard experimental protocol

Three to eight mice were used for one experiment.
The liver lobes of each mouse were fragmented into
8 slices with slices 1^4 placed in control and slices
5^8 placed in experimental medium for incubation
(see above). Then, the membrane potential (Vm)
was measured in the order from slices 1 to 8. The
order was alternated from slices 8 to 1 for the next
mouse. This allowed a mean incubation time of ap-
proximately 70 min in both control and experimental
slices. Preliminary experiments had shown that mem-
brane potential was stable between 40 and 100 min
after the start of incubation (results not shown). The

in£uence of a time delay between the start and the
end of an individual experiment is, therefore, consid-
ered negligible.

2.6. Measurement of time course

The in£uence of K� channel blockers and ouabain
on the hyperpolarization induced by lactate or hypo-
tonic medium was also examined during short-term
superfusion. In these experiments, the membrane po-
tential of hepatocytes was measured 5 and 10 min
after preparation of liver slices (superfusion medium
1, Krebs^Henseleit bu¡er without channel blockers
or ouabain; superfusion medium 2, Krebs^Henseleit
bu¡er with channel blockers or ouabain). Then, the
superfusion solutions were switched to the respective
solutions (without or with blockers) containing lac-
tate, or the hypo-osmotic solutions, respectively.

2.7. Chemicals used

Sources of chemicals: Na-lactate, Na-pyruvate,
fructose, D-glucose, tetraethylammonium chloride
(TEA), quinine hydrochloride, gadolinium chloride,
were all from Fluka Chemie (Buchs, Switzerland);
D(+)-cellobiose, ouabain, amiloride hydrochloride,
K-cyano-4-hydroxycinnamate (CHC), apamin, iber-
iotoxin, verapamil, thapsigargin, £ufenamic acid,
and glibenclamide were all from Sigma (Buchs, Swit-
zerland); insulin from Novo Nordisk (Ku«snacht,
Switzerland); per£uorosuccinate (PFS) from Pfaltz
and Bauer (Waterbury, CT, USA); cetiedil from In-
othera (Arcueil, France); and BaCl2 from Siegfried
(Zo¢ngen, Switzerland). Glibenclamide was dissolved
in dimethylsulfoxide (DMSO; Sigma) prior to addi-
tion to the medium (0.5 ml DMSO for 1 l of me-
dium).

2.8. Statistical evaluation

All values are presented as mean þ S.E. For the
experiments using long-term incubation of liver sli-
ces, membrane potentials from all liver cells meas-
ured under experimental or control conditions (5^6
cells within each liver slice, 8 liver slices per mouse)
were combined to form a pair of mean experimental
or control values. These mean values were considered
representative for the respective mouse. Di¡erences
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between treatments were statistically evaluated using
the paired Student's t-test (n = number of mice).

Di¡erences in the hyperpolarizing e¡ect observed
under di¡erent conditions, i.e. di¡erences in the
membrane potential measured with the experimental
solution compared with the respective control me-
dium, were evaluated using the unpaired Student's
t-test or using ANOVA with the Student^Newman^
Keuls post hoc test if more than two groups were
compared. When investigating the time course of
the hyperpolarizing e¡ect of lactate or hypotonic me-
dium, repeated measures ANOVA was used. Di¡er-
ences between control and experimental conditions at
each individual time point were evaluated using an
unpaired Student's t-test.

In all cases, a P-value 6 0.05 was considered sig-
ni¢cant.

3. Results

Lactate (5 mmol/l) signi¢cantly hyperpolarized the
membrane of mouse hepatocytes by approximately
4^5 mV during a mean exposure of 70 min (Tables
1^3). The hyperpolarizing e¡ect of lactate was abol-
ished by glucose (10 mmol/l), insulin (1037 mol/l), K-
cyano-4-hydroxycinnamate (CHC; 5 mmol/l), which
inhibits gluconeogenesis by blocking channeling of
pyruvate in the gluconeogenic pathway [11], and per-
£uorosuccinate (PFS; 10 mmol/l), an inhibitor of
phospho-enol-pyruvate carboxykinase, a key enzyme
in gluconeogenesis [12] (Table 1). CHC alone pro-

duced a marked hyperpolarization (P6 0.001; CHC
vs. absence of CHC; Table 1).

Ouabain (1 mmol/l) neutralized the hyperpolariz-
ing e¡ects of lactate, pyruvate and fructose on the
liver cell membrane (Table 2). The K� channel
blocker TEA (1 mmol/l) attenuated these e¡ects (Ta-
ble 2). The hyperpolarizing e¡ect of fructose re-
mained una¡ected by CHC, which itself again pro-
duced a marked hyperpolarization (Table 2). The
in£uence of TEA and ouabain on the hyperpolariz-
ing e¡ect of lactate under short-term conditions was
similar to that under long-term exposure (70 min).
While TEA and ouabain had no e¡ect on basal

Fig. 1. In£uence of the K� channel blocker tetraethylammo-
nium (TEA; 1 mmol/l) on the hyperpolarization induced by
superfusion of mouse liver slices with lactate (5 mmol/l). Super-
fusion with Krebs^Henseleit bu¡er from t =310 to t = 0 min.
Then, lactate was added. n = 8; **P6 0.01; ***P6 0.001 (un-
paired Student's t-test).

Table 1
Modulation of the hyperpolarizing e¡ect (d mV) of lactate (5 mmol/l) on the cell membrane of mouse hepatocytes by glucose, insulin,
K-cyano-4-hydroxy-cinnamate (CHC) and per£uorosuccinate (PFS)

Membrane potential (mV)

Control +Lactate (5 mmol/l) d mVa

Krebs^Henseleit bu¡er (n = 5)b 329.6 þ 0.8 333.5 þ 0.3** 3.8 þ 0.6
+glucose (10 mmol/l) (n = 5) 332.6 þ 1.2 332.5 þ 0.5 30.1 þ 1.0#

+insulin (1037 mol/l) (n = 5) 331.4 þ 0.3 332.1 þ 0.5 0.7 þ 0.6#

+CHC (5 mmol/l) (n = 4) 341.5 þ 1.2 340.9 þ 1.7 30.6 þ 1.6
+PFS (10 mmol/l) (n = 4) 326.0 þ 0.4 325.8 þ 0.2 30.2 þ 0.3#

aDi¡erence between experimental and control conditions.
bn = number of animals.
**Signi¢cantly di¡erent from control value (P6 0.01).
#Signi¢cantly di¡erent from the hyperpolarizing e¡ect of lactate alone (P6 0.05).
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membrane potential, they completely abolished lac-
tate's hyperpolarizing e¡ect during short-term expo-
sure (Figs. 1 and 2).

Amiloride (1 mmol/l) signi¢cantly (P6 0.05) re-
duced the hyperpolarizing e¡ect of lactate (Table
3). Quinine, Ba2� and verapamil either abolished

(quinine) or markedly reduced (P6 0.05) the hyper-
polarizing e¡ect of lactate (Table 3). Apamin (40
nmol/l), a blocker of a subclass of Ca2�-activated
K� channels with low conductance [13,14], also sig-
ni¢cantly lowered lactate's e¡ect, whereas the inhib-
ition by iberiotoxin was not signi¢cant. A blocker of

Table 2
Modulation of the hyperpolarizing e¡ect (d mV) of lactate (5 mmol/l), pyruvate (5 mmol/l), and fructose (10 mmol/l) on the cell mem-
brane of mouse hepatocytes by ouabain (1 mmol/l), tetraethylammonium (TEA; 1 mmol/l), and K-cyano-4-hydroxycinnamate (CHC;
5 mmol/l)

Membrane potential (mV)

Control +Lactate (5 mmol/l) d mVb

Krebs^Henseleit bu¡era (n = 4)c 331.5 þ 0.7 335.2 þ 0.8** 3.7 þ 0.6
+ouabain (1 mmol/l) (n = 6) 329.2 þ 0.7 330.0 þ 0.6 0.8 þ 0.6#

+TEA (1 mmol/l)a (n = 4) 331.2 þ 0.5 332.6 þ 0.6 1.4 þ 0.7#

Control +Pyruvate (5 mmol/l) d mV

Krebs^Henseleit bu¡er (n = 4) 328.9 þ 0.7 334.1 þ 0.6** 5.2 þ 0.7
+ouabain (1 mmol/l) (n = 4) 327.7 þ 0.6 328.2 þ 0.2 0.5 þ 0.5##

+TEA (1 mmol/l) (n = 3) 329.4 þ 0.5 332.3 þ 0.9 2.9 þ 0.7

Control +Fructose (10 mmol/l) d mV

Krebs^Henseleit bu¡er (n = 5) 330.3 þ 0.5 333.7 þ 0.4** 3.5 þ 0.7
+ouabain (1 mmol/l) (n = 4) 330.2 þ 0.6 330.1 þ 0.4 30.1 þ 0.8#

+TEA (1 mmol/l) (n = 5) 330.8 þ 0.5 331.6 þ 0.4 0.8 þ 0.6#

+CHC (5 mmol/l) (n = 6) 342.8 þ 1.6 346.2 þ 1.5* 3.4 þ 0.9
aValues have already been published in Rossi and Scharrer [3].
bDi¡erence between experimental and control conditions.
cn = number of animals.
*,**Signi¢cantly di¡erent from control value (P6 0.05 or P6 0.01, respectively).
#;##Signi¢cantly di¡erent from the hyperpolarizing e¡ect of respective substrate alone (P6 0.05 or P6 0.01, respectively).

Table 3
Modulation of the hyperpolarizing e¡ect (d mV) of lactate (5 mmol/l) on the cell membrane of mouse hepatocytes by amiloride, qui-
nine, iberiotoxin, verapamil, BaCl2, apamin, or glibenclamide

Membrane potential (mV)

Control +Lactate (5 mmol/l) d mVa

Krebs^Henseleit bu¡er (n = 4)b 330.4 þ 0.7 335.5 þ 1.2* 5.1 þ 1.0
+amiloride (1 mmol/l) (n = 4) 328.4 þ 0.5 330.3 þ 0.6* 2.0 þ 0.5#

+quinine (1 mmol/l) (n = 5) 321.7 þ 2.0 319.5 þ 1.8 32.2 þ 1.7#

+iberiotoxin (5 nmol/l) (n = 4) 330.1 þ 1.1 332.9 þ 1.1 2.8 þ 1.3
+verapamil (100 Wmol/l) (n = 8) 326.9 þ 0.6 328.8 þ 0.8* 1.9 þ 0.6#

+BaCl2 (5 mmol/l) (n = 4) 324.3 þ 2.0 325.6 þ 1.7 1.3 þ 1.2#

+apamin (40 nmol/l) (n = 4) 330.7 þ 1.0 332.7 þ 0.9* 2.0 þ 0.4#

+glibenclamide (30 Wmol/l) (n = 4) 327.7 þ 0.2 332.1 þ 0.3** 4.4 þ 0.4
aDi¡erence between experimental and control conditions.
bn = number of animals.
*,**Signi¢cantly di¡erent from control value (P6 0.05 or P6 0.01, respectively).
#Signi¢cantly di¡erent from the hyperpolarizing e¡ect of lactate alone (P6 0.05).
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ATP-sensitive K� channels, glibenclamide (30 Wmol/l
[14]), had no e¡ect on the hyperpolarization induced
by lactate after a mean exposure of 70 min (Table 3).
Flufenamic acid, a blocker of non-selective cation
channels [15], abolished lactate's e¡ect (Fig. 3). Sim-
ilar results were obtained with gadolinium (10 Wmol/
l), another blocker of non-selective ion channels
[16,17].

Because lactate's hyperpolarizing e¡ect seems to be
linked to gluconeogenesis (Table 1), and since glu-

cose production from lactate and other gluconeogen-
ic substrates might lead to osmotic cell swelling, we
tested whether hyperpolarization induced by cell
swelling due to exposure to hypo-osmotic medium
(about 250 mosmol/l) is similarly a¡ected by ion
channel blockers and ouabain. Indeed, the hyperpo-
larization induced by hypo-osmotic medium (Figs. 4
and 5) was abolished by cetiedil, which also blocked
lactate's hyperpolarizing e¡ect (Fig. 4), by TEA,
ouabain (Fig. 5), and the blockers of non-selective
ion channels, £ufenamic acid (100 Wmol/l) and gado-
linium (10 Wmol/l) [15^17].

Since Ca2� activated K� channels seem to be in-
volved in the hyperpolarizing e¡ect of lactate (Table

Fig. 2. In£uence of the blocker of the Na�/K�ATPase ouabain
(1 mmol/l) on the hyperpolarization induced by superfusion of
mouse liver slices with lactate (5 mmol/l). Superfusion with
Krebs^Henseleit bu¡er from t =310 to t = 0 min. Then, lactate
was added. n = 8; ***P6 0.001 (unpaired Student's t-test).

Fig. 3. In£uence of the blocker of non-selective cation channels
£ufenamic acid (100 Wmol/l) on the hyperpolarization induced
by superfusion of mouse liver slices with lactate (5 mmol/l).
Superfusion with Krebs^Henseleit bu¡er from t =310 to t = 0
min. Then, lactate was added. n = 8; ***P6 0.001 (unpaired
Student's t-test).

Fig. 4. In£uence of the K� channel blocker cetiedil (50 Wmol/l)
on the hyperpolarization induced by superfusion of mouse liver
slices with lactate (5 mmol/l) or exposure to hypo-osmotic me-
dium (250 mosmol/l). Superfusion with iso-osmotic Krebs^Hen-
seleit bu¡er (300 mosmol/l) from t =310 to t = 0 min. Then,
lactate was added, or superfusion continued with hypo-osmotic
medium. n = 8; *P6 0.05; **P6 0.01; ***P6 0.001 (unpaired
Student's t-test).
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3), we also tested whether a modulation of the cyto-
solic or extracellular Ca2� concentration in£uences

this e¡ect. Thapsigargin (1 Wmol/l), which inhibits
the endoplasmic reticulum Ca2�-ATPase and thus
increases the cytosolic Ca2� concentration [18], sig-
ni¢cantly hyperpolarized the liver cell membrane
(Table 4). Thapsigargin's hyperpolarizing e¡ect was
abolished by TEA and ouabain (Table 4). Under
nominally Ca2�-free conditions, lactate (5 or 20
mmol/l) did not hyperpolarize the liver cell mem-
brane (Fig. 6). Similarly, lactate (5 mmol/l) induced
only a slight (basal, 328.9 þ 0.2 vs. 330.5 þ 0.4 mV
after 24 min superfusion with lactate) non-signi¢cant
hyperpolarization of the hepatocyte membrane at a
reduced Ca2� concentration (1.28 mmol/l compared
with 2.56 mmol/l) in the superfusion medium. In-
creasing the lactate concentration to 20 mmol/l re-
sulted in a signi¢cant hyperpolarization at a Ca2�

concentration of 1.28 mmol/l (Mg2�, 0.65 mmol/l)

Fig. 6. In£uence of the presence of Ca2� in the superfusion me-
dium on the hyperpolarization induced by lactate (5 mmol/l).
Superfusion with Krebs^Henseleit bu¡er from t =310 to t = 0
min. Then, lactate was added. n = 8; ***P6 0.001 (unpaired
Student's t-test).

Table 4
Modulation of the hyperpolarizing e¡ect (d mV) of thapsigargin (1 Wmol/l) on the cell membrane of mouse hepatocytes by ouabain (1
mmol/l), and tetraethylammonium (TEA; 1 mmol/l)

Membrane potential (mV)

Control +Thapsigargin (1 Wmol/l) d mVa

Krebs^Henseleit bu¡er (n = 8)b 328.4 þ 0.4 331.7 þ 0.4** 3.3 þ 0.6
+ouabain (1 mmol/l) (n = 4) 329.2 þ 0.1 329.3 þ 0.1 0.1 þ 0.1#

+TEA (1 mmol/l) (n = 4) 329.9 þ 0.7 330.9 þ 0.5 1.0 þ 0.9#

aDi¡erence between experimental and control conditions.
bn = number of animals.
**Signi¢cantly di¡erent from control value (P6 0.01).
#Signi¢cantly di¡erent from the hyperpolarizing e¡ect of thapsigargin alone (P6 0.05).

Fig. 5. In£uence of TEA (1 mmol/l) and ouabain (1 mmol/l) on
the hyperpolarization of the liver cell membrane induced by ex-
posure to hypo-osmotic medium (250 mosmol/l). Superfusion
with iso-osmotic Krebs^Henseleit bu¡er (300 mosmol/l) from
t =310 to t = 0 min. Then, superfusion continued with hypo-os-
motic medium. n = 8; ***P6 0.001 (unpaired Student's t-test).
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(basal value compared with 21 min after superfusion
with lactate: Ca2� 2.56 mmol/l, 329.8 þ 0.4 vs.
334.4 þ 0.3 (P6 0.001); Ca2� 1.28 mmol/l,
329.1 þ 0.3 vs. 333.7 þ 0.5 (P6 0.001)).

4. Discussion

The present study shows, that the hyperpolariza-
tion induced by lactate or hypo-osmotic medium was
abolished by the K� channel blockers TEA and ce-
tiedil and by the inhibitor of the Na�/K�-ATPase,
ouabain. A blockade of non-selective cation channels
with £ufenamic acid and gadolinium also eliminated
the lactate-induced hyperpolarization, which was de-
pendent on extracellular Ca.

The hyperpolarization of the liver cell membrane
by lactate, pyruvate, and fructose basically con¢rms
previous ¢ndings [2,3,19]. The mechanisms underly-
ing this hyperpolarizing e¡ect appear to be analo-
gous to those underlying the hyperpolarizing e¡ect
of hypo-osmotic medium because TEA, cetiedil, oua-
bain, £ufenamic acid and gadolinium abolished the
hyperpolarization induced both by lactate and by
hypo-osmotic medium. Since the latter e¡ect is due
to cell swelling [20], it is likely that lactate induced
hyperpolarization also occurs subsequently to cell
swelling. This idea agrees with the hypothesis that
lactate induced hyperpolarization of the liver cell
membrane might be produced by gluconeogenesis
[1,19] because after its uptake into liver cells [21],
lactate is quickly metabolized mainly to glucose
[22] which could increase the intracellular osmolarity
leading to water in£ux and cell swelling. Metabolism
of lactate within the liver cells would in addition
enhance its intracellular uptake by maintaining a
concentration gradient between the extracellular
and intracellular space.

The attenuation of the hyperpolarizing e¡ect of
lactate by inhibiting gluconeogenesis with various
agents such as glucose [23], insulin [24,25], K-cya-
no-4-hydroxycinnamate (CHC [11]), or per£uorosuc-
cinate (PFS [12]) also corroborated the involvement
of gluconeogenesis in this e¡ect. The lack of e¡ect of
insulin on the membrane potential in the absence of
a gluconeogenic substrate also suggests that insulin's
e¡ect on the membrane potential in the presence of
lactate is related to inhibition of gluconeogenesis.

CHC inhibits pyruvate transport across the cell
membrane and the mitochondrial membrane and
thus blocks channeling of pyruvate in the gluconeo-
genic pathway [11], and PFS is an inhibitor of phos-
pho-enol-pyruvate carboxykinase, a key enzyme in
gluconeogenesis [12]. CHC had no e¡ect, however,
on the hyperpolarization induced by fructose. This
agrees with our assumption of lactate's hyperpolariz-
ing e¡ect being linked to gluconeogenesis since fruc-
tose is channeled into the gluconeogenic pathway
beyond the step inhibited by CHC. Since fructose
hyperpolarized the hepatocyte membrane despite
higher baseline levels due to CHC, it is unlikely
that the hyperpolarization induced by CHC itself
can explain the lack of e¡ect of lactate on liver cell
membrane potential in the presence of CHC.

Since CHC inhibits pyruvate transport across the
mitochondrial membrane [11], it not only reduces its
channeling into the gluconeogenic pathway, but also
oxidation by pyruvate dehydrogenase and oxidative
phosphorylation, and thus reduces production of
ATP. The subsequent ATP depletion may increase
the cytosolic Ca2� concentration due to a lower ac-
tivity of the plasma membrane and endoplasmic re-
ticulum Ca2�-ATPases [26]. The ¢nal consequence
could be opening of Ca2�-activated K� channels
and thus hyperpolarization of the hepatocyte mem-
brane. Since 2,5-anhydro-D-mannitol, which depletes
hepatocytes of ATP, hyperpolarized the hepatocyte
membrane by opening apamin-sensitive Ca2�-acti-
vated K� channels [27], it may be hypothesized
that these channels are also involved in CHC's hy-
perpolarizing e¡ect. CHC also competitively inhibits
lactate uptake across the cell membrane [11], so that
CHC's antagonistic e¡ect on lactate induced hyper-
polarization might partly be due to inhibition of lac-
tate transport through the liver cell membrane.

The hyperpolarization of the liver cell membrane
induced by lactate, pyruvate, fructose and thapsigar-
gin, and by superfusion with hypo-osmotic medium
was prevented by ouabain and the K� channel block-
ers TEA and cetiedil (lactate, hypo-osmotic me-
dium). It therefore appears likely, that activation of
the Na�/K�-ATPase and of K� channels is function-
ally coupled. The underlying mechanism of this cou-
pling [28] remains to be investigated. It is plausible
that opening of K� channels and K� e¥ux subse-
quent to cell swelling activates the Na�/K�-ATPase.
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This could lead to a reuptake of K�, an extrusion of
Na� from the cells, and an enhanced transfer of Cl3

into the extracellular space resulting from membrane
hyperpolarization. Reuptake of K� would also pre-
vent a decrease in intracellular K� due to cell swell-
ing [29]. This coupling of K� channels, the Na�/K�-
ATPase and secondary Cl3 e¥ux, leading overall to
Na� and Cl3 e¥ux from the cells, could participate
in the regulatory volume decrease (RVD [20,30])
partly counteracting cell swelling. In agreement
with our results, other studies had shown that block-
ade of K� channels prevents the hyperpolarization of
the liver cell membrane in hypo-osmotic medium
[20,31]. Previous ¢ndings [29], however, argued
against an involvement of the Na�/K�-ATPase in
the RVD of mouse liver cells since ouabain did not
prevent the hyperpolarization induced by hypo-os-
motic medium in the study by Wang and Wonder-
gem [29]. It is unknown at present if the con£icting
outcome can be explained by di¡erent experimental
conditions since in their study [29], the superfusion
medium contained metabolizable substrates, such as
glucose, pyruvate, glutamate and fumarate, which
could have caused stimulation of the Na�/K�-ATP-
ase not being increased further by hypo-osmotic me-
dium.

Exposure of liver slices to ouabain had no or only
a minor depolarizing e¡ect on hepatocytes under
control conditions although ouabain prevented the
hyperpolarization induced by lactate, pyruvate, fruc-
tose, thapsigargin and hypo-osmotic medium. Hepa-
tocyte membrane potential in the basal state there-
fore does not seem to depend substantially on the
action of the ouabain-sensitive Na�/K�-ATPase
under our experimental conditions. Under stimulated
conditions, however, such as in the presence of lac-
tate or during hypo-osmotic stress, which appear to
increase K� conductivity, it seems to contribute to
the observed hyperpolarization.

Interestingly, similar to the hyperpolarization of
the mouse liver cell membrane induced by cell swell-
ing in hypo-osmotic (210 vs. 280 mosmol/l) medium
[32], lactate's hyperpolarizing e¡ect was also depend-
ent on the extracellular Ca2� concentration. In addi-
tion, agents impairing the activation of Ca2�-depend-
ent K� channels, i.e. quinine, verapamil, Ba2�,
apamin [14,31,33] and cetiedil, which in addition to
volume-sensitive K� channels [31] also blocks Ca2�-

dependent K� channels at higher concentrations [34],
attenuated or abolished lactate's e¡ect. It is, there-
fore, likely that the activation of K� channels sub-
sequent to cell swelling mainly involves Ca2�-de-
pendent K� channels [30]. It has to be kept in
mind, however, that the hyperpolarizing e¡ect in-
duced by hypo-osmotic medium appears to be less
sensitive to low Ca2� concentrations in the superfu-
sion medium than lactate's e¡ect since the former
e¡ect was only blocked when in addition to using
Ca2�-free superfusion bu¡er, EGTA (ethylene glyc-
ol-bis (L-aminoethylether)-N,NP-tetraacetic acid) was
added to the solution to sequester free extracellular
Ca2� in the glycocalyx [32]. Further support for the
hypothesis of a major role of Ca2�-dependent K�

channels is brought about by the hyperpolarizing
e¡ect of thapsigargin, which increases the intracellu-
lar Ca2� concentration by a selective inhibition of the
Ca2�-ATPase of the endoplasmic reticulum [18], that
similar to lactate's hyperpolarizing e¡ect, was also
prevented by ouabain and TEA.

The ¢ndings presented in this study are consistent
with the assumption that gluconeogenesis, leading to
cell swelling, hyperpolarizes the liver cell membrane
by an increase in cytosolic Ca2� being associated
with the activation of the Na�/K�-ATPase and K�

channels. Previous studies have documented the pres-
ence of non-selective cation channels in hepatocytes
which are permeable to Na�, K�, and Ca2�, and
their activation by cell swelling [30,35]. Since £ufe-
namic acid and gadolinium, blockers of these chan-
nels [15^17], eliminated the hyperpolarizing e¡ect of
lactate, which depends on the presence of extracellu-
lar Ca2�, it is possible that cell swelling activates
these channels allowing an intracellular Ca2� in£ux
and subsequent opening of Ca2�-dependent K�

channels being partly responsible for lactate's hyper-
polarizing e¡ect.

Previous studies had shown that lactate metabo-
lism in the perfused rat liver leads to an increase in
intracellular pH [36]. This favors activation of Ca2�-
dependent K� channels [14,37,38] and hence hyper-
polarization of the cell membrane. This is also re-
£ected by the antagonistic e¡ect of amiloride (1
mmol/l), a blocker of the Na�/H�-antiporter of the
cell membrane which leads to cell acidi¢cation, on
the lactate induced hyperpolarization.

The physiological relevance of the observed e¡ects
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needs to be investigated in further studies because
relatively high lactate (20 mmol/l) concentrations
were necessary to hyperpolarize the hepatocyte mem-
brane using physiological extracellular Ca2� concen-
trations. Lower substrate concentrations necessitated
a higher extracellular Ca2� (2.56 mmol/l) concentra-
tion. The question remains open, however, if this
also applies under in vivo conditions because non-
selective cation channels can be activated by certain
hormones [30] which could allow an increase in intra-
cellular Ca2� to the pertinent level by lactate at a
lower Ca2� concentration in the extracellular space.
Moreover, it is possible that under certain patholog-
ical conditions, the observed e¡ects might gain in
importance. It has been shown that the presence of
certain tumors can be associated with increased
blood lactate levels because the biochemical energy
of tumors is mainly produced via anaerobic metabo-
lism [37,39,40]. Further, increased plasma Ca2� levels
in subjects with certain tumors have also been re-
ported (malignancy-associated hypercalcemia [41]).
It remains to be clari¢ed if these e¡ects contribute
to the syndrome of cancer anorexia [39], because the
hepatic membrane potential has been suggested to
play a role in the control of feeding [9], and because
lactate has been observed to reduce food intake in
rats by acting on the liver [6,7].

In summary, in the present study, we have shown
that the mechanisms underlying the hyperpolariza-
tion of the liver cell membrane induced by lactate,
pyruvate, and fructose are similar to those underly-
ing hyperpolarization in hypo-osmotic medium. The
hyperpolarization of the hepatocyte membrane in-
duced by superfusion with these substrates therefore
seems to be due to cell swelling and appears to be
linked to a stimulation of gluconeogenesis. It may be
brought about by an in£ux of Ca2� into hepatocytes
via non-selective cation channels coupled to an open-
ing of K� channels and an activation of the Na�/K�-
ATPase. Increased Na� and Cl3 e¥ux from the hep-
atocytes, caused by the activation of the Na�/K�-
ATPase or triggered by the hyperpolarization, could
partly counteract the substrate-induced cell swelling.
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