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Abstract

 

Endotoxin (LPS) can cause hepatocellular injury under sev-

eral circumstances, and leukotrienes have been implicated

as a contributing factor. Since ion channel activation has

been associated with cytotoxicity, the aim of this study was

to determine the circumstances under which LPS and/or

leukotrienes activate ionic conductances in hepatocytes.

LPS treatment of rats increased Cl

 

2

 

 conductance in hepato-

cytes from 232

 

6

 

42 to 1236

 

6

 

134 pS/pF. Voltage dependence

and inhibitor specificity of this conductance were similar to

that of a swelling-activated Cl

 

2

 

 conductance, and internal

dialysis with nucleoside analogues suggested control by an

inhibitory G protein. The lipoxygenase inhibitor nordihy-

droguaiaretic acid, the specific leukotriene D

 

4

 

 (LTD

 

4

 

) re-

ceptor antagonist MK-571, and the 5-lipoxygenase activat-

ing protein inhibitor MK-886 all significantly inhibited the

conductance. Intracellular dialysis with LTD

 

4

 

 (1.5 

 

m

 

M) el-

evated intracellular Ca

 

2

 

1

 

 from 143

 

6

 

6.5 to 388

 

6

 

114 nM

within 6 min and stimulated an outwardly rectifying con-

ductance from 642

 

6

 

159 to 1669

 

6

 

224 pS/pF (

 

n

 

 

 

5

 

 9, 

 

P

 

 

 

,

 

0.001). In hepatocytes prepared from untreated rats, this

concentration of intracellular LTD

 

4

 

 neither raised intracel-

lular Ca

 

2

 

1

 

 nor activated the conductance. The LTD

 

4

 

 re-

sponse could be induced in normal hepatocytes by culture

with either conditioned medium from LPS-treated mac-

rophages or purified TNF-

 

a

 

. In conclusion, intracellular

LTD

 

4

 

 activates a chloride conductance in hepatocytes iso-

lated from rats treated with LPS or primed in vitro with

TNF-

 

a

 

. Changes in the hepatocellular accumulation of leu-

kotrienes therefore mediate channel activation and may

contribute to liver injury during sepsis and other inflamma-

tory conditions. (

 

J. Clin. Invest.

 

 1997. 99:2915–2922.) Key
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Introduction

 

Epithelial chloride channels play a role in both normal cell
function and cell injury processes. They are involved in volume

regulation, transepithelial fluid transport, and stabilization of
membrane potential (1, 2). Activation of chloride channels
precedes cell death in several models of hypoxic cell injury (3).
In hepatocytes, chloride channels have been identified in
canalicular membrane vesicles (4) and isolated hepatocytes
(5). The regulation of epithelial chloride channels is complex
and examples have been observed for the involvement of in-
tracellular Ca

 

2

 

1

 

 elevations, G protein–coupled receptors, and
intracellular protein kinase cascades (6). A chloride conduc-
tance that is activated by either cell swelling or cAMP has re-
cently been identified in primary isolated hepatocytes (7).

Leukotrienes are metabolites of arachidonic acid produced
via the 5-lipoxygense pathway (8). The cysteinyl leukotrienes
(LT),

 

1

 

 LTC

 

4

 

, LTD

 

4

 

, and LTE

 

4

 

, are potent mediators of inflam-
mation but have also been shown to regulate ion channels in a
number of systems. These include K

 

1

 

 currents in cardiac myo-
cytes (9, 10), somatostatin-activated Cl

 

2

 

 currents in hippocam-
pal neurons (11), and Na

 

1

 

 channel activity in polarized renal
epithelial cells (12). Leukotrienes also modulate volume regu-
lation in Ehrlich ascites tumor cells (13–15). Since the liver is
the major site of leukotriene clearance from plasma (16), and
hepatocytes possess the ability for uptake and secretion of cys-
teinyl leukotrienes, it is possible that leukotrienes play a role
in ion channel regulation in hepatocytes.

Leukotrienes have also been associated with inflammatory
or immune liver cell injury (17, 18). In hepatocytes, cysteinyl
leukotrienes are taken up into the cells across the sinusoidal
membrane and excreted into the bile across the canalicular
membrane by the canalicular isoform of the multidrug resis-
tance–associated protein (cMRP) transporter (19–21). During
inflammation, this canalicular secretory step is inhibited, but
the sinusoidal membrane uptake is unchanged and therefore
intracellular concentrations of cysteinyl leukotrienes increase
(22). Leukotrienes thus serve as substrates for transport and
potentially as modulators of cell function. Leukotriene-induced
changes in ion channel activity may contribute to inflamma-
tory cholestasis and cytotoxicity.

In this study, we sought to determine whether ion channels
are activated during inflammation and whether leukotrienes
modulate this activity. We used whole-cell patch clamp tech-
niques to compare chloride channel activity in hepatocytes de-
rived from control and LPS-treated rats, a model that dupli-
cates some of the systemic and hepatic responses to bacterial
infection, and hepatocytes treated in vitro with either cytokine
containing conditioned medium or purified TNF-

 

a

 

. Our aims
were to identify and characterize LPS-induced ionic conduc-
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 cMRP, canalicular isoform of the
multidrug resistance–associated protein; DIDS, 4,4

 

9

 

-diisothiocyana-
tostilbene-2,2

 

9

 

-disulfonic acid; I-V, voltage–current relationship;
FLAP, 5-lipoxygenase-activating protein; LT, leukotriene; NDGA,
nordihydroguaiaretic acid; NPPB, 5-nitro-2-(3-phenylpropylamino)
benzoic acid; TMA, tetramethylammonium; UW solution, University
of Wisconsin solution.
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tances and to determine the role of leukotrienes in channel ac-
tivation.

 

Methods

 

Isolation and primary culture of hepatocytes.

 

Isolated hepatocytes from
male Sprague-Dawley rats were prepared by two-step collagenase
perfusion of the liver as described previously (23). Trypan blue exclu-
sion was used to assess viability, which ranged from 90 to 95%.
Freshly isolated hepatocytes were stored up to 24 h in a modified
University of Wisconsin solution at 4

 

8

 

C as described previously (24).
Before culturing, stored cells were washed twice with L-15 medium.
The hepatocytes were allowed to attach to collagen-coated glass cov-
erslips and were cultured for 2–6 h at 37

 

8

 

C in L-15 medium, containing
10% vol/vol FBS, penicillin (200 U/ml), and streptomycin (0.2 mg/ml).

Conditioned medium was derived from the supernatant of RAW
264.7 cells, a mouse monocyte-macrophage cell line, by the method
originally described by Cerami and colleagues (25). They were grown
to confluence in RPMI 1640 medium (GIBCO BRL, Gaithersburg,
MD) with 10% FBS, and stimulated by replacing the medium with
100 ml of serum-free RPMI medium containing 1 

 

m

 

g/ml LPS and 50
mM Hepes, pH 7.4. After a 22-h incubation the medium was har-
vested, filtered through a 0.22-

 

m

 

m filter, and stored frozen at 

 

2

 

20

 

8

 

C.
Conditioned medium was then added to hepatocyte cultures at a dilu-
tion of 1:5. Immunoprecipitation of TNF-

 

a

 

 was performed by incu-
bating conditioned medium with rabbit anti–mouse TNF-

 

a

 

 antiserum
(Genzyme, Cambridge, MA) at a dilution of 1:200 for 16 h at 4

 

8

 

C.

 

Endotoxin treatment of animals.

 

Rats were treated with TCA-
precipitated 

 

Escherichia coli

 

 LPS serotype 026:B6 (Sigma Chemical
Co., St. Louis, MO), 3 mg/kg in saline, by intraperitoneal administra-
tion 18 h before hepatocyte isolation. Animals appeared healthy at
this time, and there was no mortality from this treatment.

 

Solutions.

 

Most experiments were performed with Cl

 

2

 

 as the
only permeant ion. In these circumstances, tetramethylammonium
(TMA) was used as an impermeant cation. Cells were bathed in a
high Cl

 

2

 

 solution consisting of (in mmol/l) TMA-Cl, 149; MgSO

 

4

 

, 1.0;
CaCl

 

2

 

, 1.25; Hepes, 10; NaH

 

2

 

PO

 

4

 

, 2.0 adjusted to pH 7.4 with tetra-
methylammonium hydroxide and having an osmolality of 300 mos-
mol/kg. Pipet (internal) solution contained TMA-Cl, 140; MgSO

 

4

 

, 3.0;
CaCl

 

2

 

, 0.4; EGTA, 2.0; Hepes, 10; and ATP, 3.0 (adjusted to pH 7.2).
Osmolality was 270 mosmol/kg. In some experiments, bath solution
osmolality was decreased by reduction of TMA-Cl concentration or
increased by addition of sucrose. High K

 

1

 

, low Cl

 

2

 

 bath solution con-
sisted of K-gluconate, 149; NaH

 

2

 

PO

 

4

 

, 2.0; CaCl

 

2

 

, 1.25; MgSO

 

4

 

, 1.0;
and Hepes, 10 (pH 7.4 adjusted with KOH and having an osmolality
of 300 mosmol/kg). High K

 

1

 

, low Cl

 

2

 

 pipet solution consisted of K-glu-
conate, 140; MgSO

 

4

 

, 3.0; Hepes, 10; ATP, 3.0; KCl, 1.7; EGTA, 2.0;
CaCl

 

2

 

, 0.4 (pH 7.2, 270 mosmol/kg). Osmolality was measured with a
vapor-pressure osmometer (model 5500; Wescor, Inc., Logan, UT).
The calculated free Ca

 

2

 

1

 

 (26) in the standard pipet solution (100 nM)
approximated the basal intracellular Ca

 

2

 

1

 

 concentration. All solu-
tions were filtered through 0.2-mm diameter membrane filters (Acro-
disc, Gelman Sciences, Ann Arbor, MI).

 

Whole-cell patch clamp.

 

Whole-cell patch clamp of hepatocytes
was performed as described previously (7). Borosilicate glass mi-
cropipets (catalogue No. 1B150F-6; WP Instruments, Sarasota, FL)
were pulled with a multistep pull on a Flaming-Brown micropipet
puller (model P-87; Sutter Instrument Co., Novato, CA), and were
fire polished to final tip resistance of 2–4 M

 

V

 

 when filled with filling
solution and immersed in bath solution. Coverslips with attached
hepatocytes were placed in a polycarbonate chamber on the stage of
a Diaphot microscope (Nikon Corporation, Tokyo, Japan) and super-
fused constantly at 1–2 ml/min by gravity. Solution changes were per-
formed with a six-way valve. Experiments were performed at room
temperature. Giga-seals were obtained with gentle suction of the pi-
pet. Seal resistances ranged from 5 to 20 G

 

V

 

. After formation of a

tight seal between the hepatocyte and the pipet, whole-cell configura-
tion was obtained by applying negative pressure to the pipet.

Whole-cell currents were measured using a patch clamp amplifier
(Axopatch-200; Axon Instruments, Foster City, CA) and filtered at
2,000 Hz with the integrated Bessel filter in the amplifier. Cell capaci-
tance and series resistance were measured every few minutes and cor-
rected using the built-in circuits of the Axopatch amplifier. Series re-
sistance never increased by more than 50% during the experiments.
Current–voltage (I-V) relationships were determined with a step-
wise clamp protocol. From a holding voltage of 

 

2

 

20 mV, voltage
pulses of 35-ms duration were applied from 

 

2

 

60 to 

 

1

 

60 mV in 10-mV
steps. In some experiments, longer voltage clamp pulses of 750-ms
duration were applied over the range 

 

2

 

100 to 

 

1

 

100 mV. For determi-
nation of I-V relationships, current was measured 30 ms after initia-
tion of the voltage step. Outward chord conductance over the range 0
to 

 

1

 

60 mV was determined and normalized to total cell capacitance.
pCLAMP software (version 5.6; Axon Instruments) was used to gen-
erate the command voltages and record the resulting currents. In
some experiments, the time course of conductance change was mea-
sured by sequentially clamping for 500 ms at 

 

2

 

60 and 

 

1

 

60 mV at 10-s
intervals. Liquid junction potential changes resulting from changes in
solution composition were measured with a flowing 3-M KCl junc-
tion, and were corrected before plotting I–V curves.

 

Intracellular Ca

 

2

 

1

 

 measurement.

 

Intracellular Ca

 

2

 

1

 

 was measured
in whole-cell, patch-clamped hepatocytes by monitoring fluorescence
of the dye Fluo-3 with a photometer-based system as described previ-
ously (24, 27). Hepatocytes were preloaded with the cell-permeant
derivative Fluo-3-AM (5 

 

m

 

M) for 20 min at 37

 

8

 

C before patching. In
these experiments, the pipet solution contained the cell-impermeant
Fluo-3–free acid (10 

 

m

 

M). This kept dye concentration in the cell con-
stant during patch clamp, and it allowed simultaneous current and in-
tracellular Ca

 

2

 

1

 

 measurement. Excitation light was provided by a 75-W
Xenon arc lamp passed through a 3% transmittance neutral-density
filter and a 450–490-nm band-pass filter (Omega Optical, Brattle-
boro, VT). Emitted light at 

 

. 

 

520 nm was measured. The epifluores-
cence field diaphragm was constricted to illuminate a circular area of
30 

 

m

 

m in diameter, which was slightly larger than one cell. Emitted light
was measured from a circle of 

 

z 

 

6–7-

 

m

 

m diameter with a photomulti-
plier tube (model 70706; Oriel, Stratford, CT). The intracellular Ca

 

2

 

1

 

measurement was calibrated with the ionomycin/Mn

 

2

 

1

 

 method (28).

 

Cell size measurements.

 

Cross-sectional areas of single hepato-
cytes were measured as described previously (7). Bright-field images
of hepatocytes in the focal plane of the maximal cross-sectional area
were acquired, and the cross-sectional areas were measured with the
Image-1 software package (Universal Imaging Corp., West Chester,
PA). Previous studies using optical planimetry and three-dimensional
reconstruction have shown that although the hepatocytes are not
spherical, relative volume changes calculated in this way reflect true
changes in cell volume (29).

 

Materials.

 

Rat tail collagen was obtained from Collaborative Bio-
medical Products (Bedford, MA); FBS was serum from Biocell Labo-
ratories (Rancho Dominguez, CA); collagenase was from Boehringer
Mannheim (Indianapolis, IN); L-15 culture medium was from
GIBCO BRL; and 5-nitro-2-(3-phenylpropylamino) benzoic acid
(NPPB) was from Research Biochemical International (Natick, MA).
LTD

 

4

 

 was from Cayman Chemical Co. (Ann Arbor, MI). TMA-Cl,
niflumic acid, nordihydroguaiaretic acid (NDGA), 

 

E. coli

 

 LPS sero-
type 026:B6, cAMP, 4,4

 

9

 

-diisothiocyanatostilbene-2,2

 

9

 

-disulfonic acid
(DIDS), ATP, EGTA, and Hepes were all obtained from Sigma
Chemical Co. HBSS was obtained from Life Technologies, Inc.
(Grand Island, NY). MK-571 (L-660,711) and MK-886 (L-663,536)
were gifts from Dr. Anthony W. Ford-Hutchinson (Merck Frosst
Centre for Therapeutic Research, Quebec, Canada). Fluo-3 (pen-
tapotassium salt) and Fluo-3AM were obtained from Molecular
Probes, Inc. (Eugene, OR). Purified mouse TNF-

 

a

 

 was a gift from
Dr. Allan Green (University of Texas Medical Branch, Galveston, TX).

 

Statistics.

 

Results are presented as mean

 

6

 

SE unless otherwise
stated. Comparisons were made by paired 

 

t

 

 test, unpaired 

 

t

 

 test, or
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ANOVA, as indicated using the software package SigmaStat (Jandel
Scientific, San Rafael, CA).

 

Results

 

Cl

 

2

 

 conductance is activated by LPS treatment.

 

An outwardly
rectifying current was present in 19 of 19 hepatocytes that were
isolated 18 h after treatment of rats with LPS (day 1 cells). The
average conductance of these cells (1,236

 

6

 

134 pS/pF, 

 

n

 

 

 

5

 

 19)
was approximately five times greater than that of cells that
were similarly isolated from control rats, which had a conduc-
tance of 231

 

6

 

41 pS/pF and displayed an outwardly rectifying
I-V relationship in 15 of 24 cells. The LPS-activated current
slowly inactivated at high positive voltages (Fig. 1). The cur-
rent magnitude and slow inactivation at 

 

1

 

100 mV were similar
to those described previously after cell swelling (7).

We further assessed the ionic selectivity of the LPS-acti-
vated conductance by determining if it was present in high K

 

1

 

solutions. When K

 

1

 

 was the only permeant ion, with K-gluco-
nate instead of TMA-Cl in both pipet and bath, there was no
difference in conductance between LPS-treated and control
cells (357

 

6

 

122 pS/pF, 

 

n

 

 

 

5

 

 9 vs. 340

 

6

 

171 pS/pF, 

 

n

 

 

 

5

 

 5). This
result demonstrates that the conductance in LPS cells is anion
selective.

To evaluate whether cell swelling could account for the
conductance activation in these cells, we measured the cross-
sectional area in populations of isolated control and LPS hepa-
tocytes. Cell cross-sectional area increased from 468

 

6

 

8 (

 

n

 

 

 

5

 

76) to 521

 

6

 

12 mm2 (n 5 71, P , 0.001) after LPS treatment,
suggesting that cell swelling could contribute to conductance
activation. LPS-treated cells were then exposed to bath osmo-
lality changes to determine if swelling and LPS-induced con-
ductance changes were independent. Fig. 2 demonstrates that
unlike the situation in control cells (7), hyposmotic bath solu-
tion (250 mosmol/kg) failed to significantly increase conduc-
tance in LPS-treated cells. Cell shrinkage with a hyperosmotic
bath (350 msomol/kg), however, reduced conductance from
1,6106248 to 8076342 pS/pF (n 5 4, Fig. 2). These results sug-
gest that cell swelling contributes to the conductance activa-
tion present in LPS-treated cells, since cell swelling and LPS
treatment are not additive, and cell shrinkage partially re-
verses the LPS-induced conductance.

Inactivation of conductance after cell storage. When hepato-
cytes derived from LPS-treated rats were preserved for 24 h at
48C in UW solution (day 2 cells), the conductance was re-
duced. In approximately half of the cells, it returned to the
control value (114632 pS/pF, n 5 7), and in the remainder, it
was reduced to 9196181 pS/pF (n 5 9). The effect varied be-
tween rats, but was relatively constant within a hepatocyte
preparation from a single rat. The average conductance of
these LPS day 2 cells was 5666144 pS/pF (n 5 16), signifi-
cantly lower than that of day 1 cells (Fig. 1). The results indi-
cate that channel activation induced by LPS was gradually di-
minished with in vitro cell storage.

Role of intracellular Ca21 in conductance activation in LPS

cells. The Ca21 dependence of the LPS-activated conductance
was examined by simultaneous Ca21 removal from the bath

Figure 1. Whole-cell conductance in hepatocytes from LPS-treated 
rats. Whole-cell patch clamp was performed in hepatocytes isolated 
from control and LPS-treated rats. (A) Voltage step protocol for the 
6100 mV range is displayed on the left. Example of currents obtained 
3 min after formation of the whole-cell configuration in LPS day
1 cell is displayed on the right, demonstrating slow inactivation at 
positive voltage. (B) I-V relationships determined 3 min after forma-
tion of the whole-cell configuration in day 1 LPS cells (freshly iso-
lated from LPS-treated rats, filled circles, n 5 19), day 2 LPS cells
(after 24-h storage at 48C in UW solution, shaded circles, n 5 16), and 
control cells (open circles, n 5 26). Currents were measured 30 ms
after voltage steps performed over the 660 mV range as described in 
Methods. Points represent mean6SE.

Figure 2. Effects of cell 
swelling and shrinkage 
on conductance in LPS 
day 1 cells. (A) Cell 
swelling. Whole-cell 
currents in LPS day
1 cells were measured at
3 min after formation of 
the whole-cell configu-
ration either under isos-
motic conditions or af-
ter a 5-min incubation 
with hyposmotic bath 
solution (250 mosmol/
kg), n 5 9. shaded cir-

cles, LPS; open circles, 
LPS 1 hyposmotic. (B) 
Cell shrinkage. Cells 
were patched in an isos-
motic bath. After 3 min, 
the I-V relationship 
was determined and 
the bath was changed to 
hyperosmotic (350 mos-
mol/kg) solution. The 
I-V relationship was 
again determined 3 min 
later, n 5 4. Shaded cir-

cles, LPS; open circles, 
LPS 1 hyperosmotic.
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and intracellular dialysis with 10 mM EGTA without added
Ca21. Although this method reduces intracellular Ca21 to less
than 10 nM (unpublished observations), it had no effect on the
conductance in LPS day 1 cells. Conductance was 1,2286144
pS/pF (n 5 5) for control vs. 1,2796431 pS/pF (n 5 6) for Ca21

chelation.
Effects of chloride channel blockers and guanine nucle-

otides on the LPS-activated conductance. We further charac-
terized the conductance activated in LPS-treated cells by
examining its inhibition by Cl2 channel blockers and involve-
ment of G proteins in conductance activation. The con-
ductance of LPS day 1 cells was completely and reversibly in-
hibited by the anion channel blocker NPPB (200 mM). The
stilbene derivative Cl2 channel inhibitor DIDS (150 mM) par-
tially inhibited the conductance. Niflumic acid, an inhibitor of
Ca21-dependent and other chloride channels, inhibited the
conductance at a concentration of 500 mM but not at 50 mM
(Fig. 3).

The effects of intracellular dialysis with GTP and the slowly
metabolizable GDP analogue GDP-b-S were measured to de-
termine if G proteins are involved in conductance activation
(Fig. 4). Intracellular GTP (100 mM) reduced conductance
from 1,1446214 to 5096245 pS/pF (n 5 4). GDP-b-S (200 mM)
in the pipet solution increased the conductance from 729697
pS/pF to 18266371 pS/pF (n 5 6). These results are consistent
with the involvement of an inhibitory G protein in the conduc-
tance activation pathway.

Involvement of leukotrienes in LPS-activated currents. We
used leukotriene inhibitors and LTD4 to determine if leuko-
trienes are involved in the LPS-activated current. Freshly iso-
lated hepatocytes from LPS-treated animals were treated with
three different inhibitors: NDGA, a direct lipoxygenase inhibi-
tor (30); MK-571, an LTD4 receptor antagonist (31); and
MK-886, a 5-lipoxygenase activating protein (FLAP) inhibitor
that prevents leukotriene biosynthesis by preventing the inter-
action of 5-lipoxygenase with FLAP (32). The results, pre-
sented in Fig. 5, demonstrate that treatment of LPS day 1 cells
for 10 min with each of these inhibitors reduced membrane
conductance.

Effects of LTD4 on membrane conductance. The ability of
exogenous leukotrienes to directly activate the conductance
was tested in both control hepatocytes and hepatocytes de-
rived from LPS-treated rats. Freshly isolated LPS day 1 cells
had maximal current activation, and neither cell swelling nor
exogenous LTD4 further increased the conductance. After 24 h
of storage (LPS day 2 cells), however, cell conductance was
lower (see above). We tested whether LTD4 altered mem-
brane conductance in this condition.

Intracellular dialysis with LTD4 (0.5–3.0 mM) produced sig-
nificant current activation in LPS cells (Fig. 6). Current activa-
tion was saturable with a half-maximal effect at 370 nM. In
control cells, intracellular LTD4 produced a significant con-
ductance activation only at 3 mM. LTD4 addition to the bath
had no effect on the conductance of control cells. It increased
conductance of LPS cells slightly, but this effect did not reach
statistical significance.

Figure 3. Effect of Cl2 channel blockers on conductance in LPS day 1 
cells. Conductance was measured before (control) and after exposure 
to NPPB (200 mM), DIDS (150 mM), or niflumic acid (50 or 500 mM). 
Bars represent the percent of control conductance. n 5 4–19. *Signif-
icantly different than control by one-way ANOVA.

Figure 4. Effects of 
guanine nucleotides on 
conductance in LPS 
day 1 cells. (A) GTP. 
Whole-cell currents in 
LPS day 1 cells were 
measured at 3 min after 
formation of the whole-
cell configuration either 
under control condi-
tions or with inclusion 
of GTP (100 mM) in the 
pipet. n 5 4. shaded cir-

cles, control; open

circles, GTP. (B) GDP-
b-S. Conditions identi-
cal to above, except that 
pipet solution in experi-
mental condition con-
tained GDP-b-S (200 
mM). n 5 6–7. closed 

circles, control; shaded 

circles, GDP-b-S.

Figure 5. Effect of leukotriene inhibitors on conductance in LPS day 
1 cells. Data were obtained 3 min after formation of the whole-cell 
configuration either in the absence of inhibitor (control) or after 10 
min bath exposure to NDGA (50 mM), MK-571 (0.1 or 10 mM), or 
MK-886 (0.1 or 1 mM). n 5 5–18, all inhibitor effects P , 0.05. open 

bars, control; shaded bars, inhibitor.
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Ca21 dependence of LTD4-activated conductance. When in-
ternal Ca21 activity was reduced by intracellular introduction
of 10 mM EGTA without added Ca21 in pipet or bath, the
LTD4-activated conductance was decreased from 1,8896221
pS/pF (n 5 4) to 6546129 pS/pF (n 5 5, P , 0.001). This result
suggests that direct LTD4-mediated conductance activation is
partially Ca21 dependent, unlike the conductance in day 1 LPS
cells.

The possibility that LTD4 raises intracellular Ca21 and sub-
sequently activates a Ca21-dependent Cl2 conductance was in-
vestigated by measuring intracellular Ca21 in patch-clamped

hepatocytes while LTD4 was introduced through the pipet. Fig.
7 shows that when control hepatocytes were patched without
LTD4 in the pipet, a constant intracellular Ca21 was main-
tained (138617 nM at 3 min). When LTD4 was added to the
pipet, there was no change in intracellular Ca21 in control
hepatocytes.

Intracellular Ca21 was then measured in LPS day 2 cells un-
der identical conditions. When LTD4 was omitted from the pi-
pet, intracellular Ca21 was 127627 nM at 3 min, and there was
no change over 6 min. When LTD4 was added to the pipet, in-
tracellular Ca21 was initially the same as in control cells, but it
increased as LTD4 diffused from the pipet into the cell. Intra-
cellular Ca21 was 223625 nM at 3 min, and further increased
during the 6 min of observation (Fig. 7). Although relatively
slow to develop, these increases are within the range of intra-
cellular Ca21 changes shown to regulate ion channels (33).

Cytokine and conditioned medium effects on conductance.

We tested if the priming effect of LPS, i.e., induction of LTD4

responsiveness of conductance, could be reproduced in vitro
with soluble mediators. Hepatocytes were isolated from un-
treated rats and cultured for 4 h either with no addition, with
LPS (10 mg/ml) added directly to the culture medium, with
conditioned medium prepared from an LPS-simulated mono-
cyte-macrophage cell line, with conditioned medium that had
first been neutralized with anti–TNF-a antiserum, or with pu-
rified TNF-a. Fig. 8 demonstrates that although direct LPS
treatment had no effect, conditioned medium–primed hepato-
cytes demonstrated a LTD4 responsive conductance. This in-

Figure 6. Effects of leu-
kotriene D4 on whole-
cell conductance. 
Whole-cell patch clamp 
was performed with ei-
ther control cells or LPS 
day 2 cells. LTD4 was 
added to the pipet fill-
ing solution at the indi-
cated concentrations. 
Each point represents 
data from 7–14 cells.

*P , 0.05. For LPS cells, the curve represents the best fit to the 
Michaelis-Menten equation (Km 5 371 nM, Vmax 5 1,887 pS/pF). 
shaded circles, LPS; shaded squares, control.

Figure 7. Effects of intracellular LTD4 on intracellular Ca21. Intracel-
lular Ca21 was measured in whole-cell patch clamped hepatocytes by 
Fluo-3 fluorescence after preloading the cells with the permeant ester 
and including the impermeant form of the dye in the pipet. In each 
case, the whole-cell configuration was established at t 5 0.

Figure 8. Effect of conditioned medium and TNF-a on LTD4 respon-
siveness of conductance. Isolated hepatocytes were cultured for 4 h 
either in L-15 medium alone (control), L-15 medium containing 10 
mg/ml LPS (direct LPS), L-15 containing a 1:5 dilution of supernatant 
from an LPS-stimulated monocyte-macrophage cell line (conditioned 
medium, CM), conditioned medium that had been incubated for 16 h 
with anti-TNF antiserum (anti-TNF), or with 100 ng/ml purified
TNF-a (TNF). Hepatocytes were patched either with or without
1.5 mM LTD4 in the pipet. Where indicated for conditioned medium 
cells, cycloheximide (50 mM) was added at the same time as the con-
ditioned medium. *P # 0.01 for the comparison of conductance with 
and without internal LTD4.
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duction of LTD4-responsiveness was abolished by inclusion of
cycloheximide (50 mM) with the conditioned medium during
the 4-h incubation. Furthermore, the priming effect of condi-
tioned medium was abolished by anti–TNF-a antiserum, and
could be duplicated by purified TNF-a.

Discussion

This study has demonstrated that exposure to LPS in vivo acti-
vates an outwardly rectifying chloride conductance in hepato-
cytes. There appear to be two mechanisms of conductance ac-
tivation in these cells. The first depends on cell swelling, and
the second involves a leukotriene-mediated conductance acti-
vation that requires cytokine priming of hepatocytes.

Several observations support these conclusions. First, the
large outwardly rectifying conductance present in LPS day 1
hepatocytes has identical rectification, voltage-dependent inhi-
bition kinetics, Cl2 channel blocker sensitivity, and Ca21 inde-
pendence as the swelling activated conductance from control
cells (7). LPS day 1 cells are larger than control cells, hypos-
motic bath no longer activates additional conductance, and cell
shrinkage with hyperosmotic bath solution partially reduces
the conductance (Fig. 2). These observations support the con-
clusion that most of the conductance activation in LPS day 1
cells is related to cell swelling. However, the conductance in
LPS day 1 cells is inhibited by two different leukotriene syn-
thesis inhibitors, as well as by a leukotriene receptor antago-
nist. Leukotrienes may therefore modulate this conductance.

Role of leukotrienes in conductance activation. Leukotriene
effects on chloride conductance were studied in several differ-
ent hepatocyte preparations. Freshly isolated LPS day 1 cells
proved unsuitable for examination of conductance activation
since conductance was already maximal and could not be fur-
ther increased by hyposmotic solutions or leukotrienes. For
this reason, we examined cells derived from LPS-treated rats
but stored at 48 for 1 d (day 2 cells). Chloride conductance in
LPS day 2 cells was half of that in day 1 cells, possibly because
of changes in cell volume, intracellular leukotriene concentra-
tions, or other intracellular components that occurred during
the cold storage period. Day 2 cells responded to intracellu-
larly introduced LTD4 with a twofold increase in chloride con-
ductance and a slow increase in intracellular Ca21 reaching ap-
proximately twofold over control (Fig. 7). The magnitude of
this increase in intracellular Ca21 is similar to that associated
with channel activation in smooth muscle (33) and induced by
LTD4 in human monocytic leukemia cells (34). The partial
Ca21 dependence of the LTD4-induced conductance suggests
that the Ca21 rise may be involved in channel activation.

Unlike the day 2 LPS hepatocytes, control hepatocytes did
not respond to intracellular LTD4. However, direct culture of
the cells in vitro with either conditioned medium from LPS-
stimulated RAW 264.7 cells (25) or purified TNF-a produced
an identical LTD4 responsiveness (Fig. 8). This priming effect
was inhibited by cycloheximide, and anti–mouse TNF-a anti-
bodies abolished the effect in conditioned medium. It thus ap-
pears that priming is a direct result of TNF-a–induced events
in hepatocytes. Chloride channel activation in hepatocytes af-
ter LPS treatment of the animal therefore results from both
cell swelling and a TNF-a–mediated priming event that con-
fers a leukotriene dependence of chloride conductance.

Possible explanations for the LTD4 effect. There are two
general explanations that could explain LTD4 stimulation of

chloride conductance, either a direct intracellular signaling
cascade or an indirect effect in which leukotrienes alter the
function of a channel regulator.

LTD4-mediated signal transduction in multiple target cells
involves a G protein–coupled receptor and a rise in intracellu-
lar Ca21 (34–36). In hepatocytes, the mechanism of LTD4 ac-
tion is uncertain. A similar mechanism is supported by the ob-
servations that channel activation is blocked by an LTD4

receptor antagonist (MK-571), there is an associated rise in in-
tracellular Ca21, and the stimulatory effects of GDP-b-S and
inhibitory effects of GTP suggest inhibitory G protein involve-
ment, as has been shown for outwardly-rectifying chloride
channels in airway epithelial cells (37, 38).

However, several characteristics of the LTD4-induced
channel activation do not suggest a classical receptor-mediated
signaling pathway. These include the intracellular site of LTD4

action, the lack of any previous demonstration of high affinity
leukotriene receptors in hepatocytes, the relatively high con-
centrations required for channel activation (K1/2 5 370 nM),
and inhibition by several leukotriene synthesis inhibitors—not
just leukotriene receptor antagonists.

Although inhibition of channel activation by leukotriene
synthesis inhibitors suggests that hepatocytes might be able to
synthesize leukotrienes from arachidonic acid, this may not be
the case. Hepatocytes have been shown to have LTC4 syn-
thase activity, the ability to produce LTC4 from LTA4 (39, 40),
and have been shown to produce cysteinyl leukotrienes from
5-hydroperoxyeicosatetraenoic acid (41, 42), but they have not
been shown to have 5-lipoxygenase activity or to produce leu-
kotrienes directly from arachidonic acid.

An alternative explanation that could account for LTD4-
induced channel regulation and modification of this effect by
both leukotriene receptor antagonists and synthesis inhibitors is
the possibility that each of these molecules could be interacting
directly with a channel regulatory protein. This hypothesis is
suggested by the observation that cMRP, the canalicular mem-
brane multispecific organic ion transport protein (20, 21, 43), is
a high affinity cysteinyl leukotriene transporter (19) and binds
leukotriene analogues including MK-571 (44). Outwardly recti-
fying chloride conductances appear to be regulated by several
related proteins, notably the multidrug resistance P-glycopro-
tein (45, 46) and the cystic fibrosis transmembrane conductance
regulator (47). MRP, the closely related multidrug resistance–
associated protein observed in resistant small cell lung cancer
cells (48), has itself been shown to alter ionic conductances (49).
In addition, Van Kuijck et al. have recently cloned an endoge-
nous epithelial channel regulatory protein with a close struc-
tural homology to MRP (50). Taken together, these observa-
tions suggest that interaction with a channel regulatory protein
such as cMRP is a reasonable explanation for the LTD4 effect.

Several aspects of cMRP-regulated ion channels in hepato-
cytes would be novel. Ion channel regulation by related ABC
transport proteins has previously been demonstrated only in
cells that express these proteins inappropriately, such as multi-
drug-resistant cancer cells or transfected cells. It has not been
shown to be a physiological phenomenon in normal cells. Sec-
ond, substrate-induced modulation of the effect has not been
observed for P-glycoprotein. We observed stimulation with in-
ternally added LTD4 and inhibition with external MK-571 or
MK-886. There would have to be either a sidedness to the ef-
fect or an agonist/antagonist character to ligand interactions.
TNF-a may serve to prime cells for this effect by altering the
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expression levels, membrane localization, or channel coupling
of the cMRP protein. These questions are currently under in-
vestigation.

Leukotrienes and liver injury. It has previously been shown
that leukotriene production is necessary for liver injury in sev-
eral models of LPS-induced hepatotoxicity (18, 51). Chloride
channels have been shown to be involved in cell injury from
hypoxia, and chloride channel blockers have been shown to
prevent lactate dehydrogenase release from renal proximal tu-
bules under anaerobic conditions (3). In hepatocytes, LPS ex-
posure inhibits leukotriene export while cellular uptake is pre-
served and intracellular leukotriene concentrations increase
(22). Chloride channel activation under this circumstance
could contribute to cytotoxicity.

In a number of examples, including glioma cells (52) and
skate hepatocytes (53), a swelling-activated chloride conduc-
tance has been identified with similar kinetics and blocker sen-
sitivity to that observed in this study. Although the molecular
identity of these channels is still uncertain, they appear to serve
as a leak pathway for taurine and other organic osmolytes, and
have been shown to be permeable to lactate, glucose, amino
acids, and a number of other metabolites and metabolic inter-
mediates (52). If this is also true for the LTD4-activated ion
channels in hepatocytes, they could create an organic substrate
leak, alter intracellular energy metabolism and redox poten-
tial, and thus affect cell viability. This possibility could explain
why cysteinyl leukotriene toxicity to hepatocytes is particularly
prevalent during hypoxia (54). This hypothesis requires fur-
ther study.

In conclusion, our studies have demonstrated chloride
channel activation by LPS and have shown that it consists of a
swelling-mediated process and an intracellular leukotriene-
stimulated process. This later requires hepatocyte priming
with TNF-a. Channel activation may be mediated by leuko-
triene binding to its canalicular membrane transport protein
but the precise mechanism by which leukotrienes activate the
conductance is unknown. Since leukotrienes serve both as sub-
strates for transport and channel regulators, intracellular accu-
mulation of leukotrienes may alter hepatocyte function. Fur-
ther studies will be necessary to precisely define the details of
the signal transduction, as well as the role of the channel acti-
vation in hepatotoxicity.
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