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Abstract. The present study aimed at elucidating the
initial intracellular lysophosphatidic acid (LPA)-induced
signaling events, in order to investigate the sequence in
which LPA affects the intracellular concentration of free,
cytosolic Ca2+, [Ca2+] i, ion channels, the F-actin cyto-
skeleton, cell volume and the Na+/H+ exchanger. We
found that stimulation of Ehrlich cells with LPA induced
a transient, concentration-dependent increase in [Ca2+] i,
which is due to Ca2+ release from intracellular
Ins(1,4,5)P3-sensitive stores as well as an influx of Ca2+.
The EC50 values for LPA-induced Ca2+ mobilization
were estimated at 0.03 nM and 0.4 nM LPA in the pres-
ence and absence of extracellular Ca2+, respective-
ly. The LPA-induced increase in [Ca2+] i resulted in (i)
co-activation of Ca2+-activated, charybdotoxin (ChTX)-
sensitive K+ and niflumic acid-sensitive Cl− currents; (ii)
a subsequent cell shrinkage and increased polymeriza-
tion of F-actin, and (iii) activation of a Na+/H+ exchange,
resulting in a concentration-dependent intracellular alka-
linization. The EC50 value for the LPA-induced rate of
alkalinization was estimated at 0.37 nM LPA. When cell
shrinkage was prevented, the LPA-induced activation of
the Na+/H+ exchanger was impaired. In conclusion, the
initial signaling events induced by LPA involves activa-
tion of volume regulatory mechanisms.
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Introduction

Lysophosphatidic acid (LPA) is a lipid messenger with
prominent cellular effects (seeMoolenaar et al., 1997),
which generally fall into two categories: (i) effects re-

lated to cell growth, e.g., stimulation of proliferation,
suppression of apoptosis and alteration of differentiation
and (ii) effects dependent on the remodeling of the cyto-
skeleton, e.g., induction of secretion, shape changes, ad-
hesion and contraction (seeGoetzl & An, 1998). LPA is
predominantly generated by a stimulated liberation of
precursor phospholipids e.g., phosphatidic acid, which
subsequently undergo enzymatic conversion to LPA by
extracellular phospholipase A2 (PLA2) (see Goetzl &
An, 1998).

Extracellularly applied LPA mediates its effects via
a subfamily of G-protein coupled receptors, of which
those encoded by the endothelial differentiation genes
(edgs) at present are the better characterized (see
Moolenaar et al., 1997; Goetzl & An, 1998). The LPA
receptor couples to at least three different types of G-
proteins: (i) Gaq/11, leading to phospholipase C (PLC)
activation, inositol 1,4,5-trisphosphate (Ins(1,4,5)P3)-
generation and subsequent release of intracellular Ca2+,
activation of mitogen activated protein (MAP) kinases,
and activation of protein kinase C (PKC); (ii) Gai, gen-
erating a decrease in intracellular [cAMP] and activation
of the ras-raf-MAP kinase pathway and (iii) Ga12/13, re-
sulting in stimulation of the rho GTPase pathway, acti-
vation of phospholipase D and phosphatidyl inositol (PI)
3-kinase (see Moolenaar et al., 1997; Goetzl & An,
1998).

It has only recently become clear that regulation of
cell growth and proliferation is tightly coupled to regu-
lation of cell volume and ionic currents (Wonderlin &
Strobl, 1997; Lang et al., 1998). Certain mitogens have
been shown to induce an increase in the intracellular
concentration of free cytosolic Ca2+, [Ca2+] i, resulting in
activation of Ca2+-sensitive K+ channels leading to tran-
sient cell shrinkage due to a net loss of KCl (seeLang et
al., 1998). In addition, the increased [Ca2+] i induces a
depolymerization of the F-actin cytoskeleton in certain
cells (e.g., Moran et al., 1996), whereas in others, includ-Correspondence to:S. Pedersen
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ing Ehrlich cells, shrinkage will result in F-actin poly-
merization (Pedersen, Mills & Hoffmann, 1999). These
cytoskeletal rearrangements could be responsible for the
activation of the Na+,K+,2Cl− cotransporter and the Na+/
H+ exchanger seen upon cell shrinkage (seeLang et al.,
1998). This sequence of events is similar to that acti-
vated by cell shrinkage due to increased osmolarity,
which is considered a fundamental mechanism of cell
volume regulation (Hoffmann & Pedersen, 1998), sup-
porting the idea that cell volume regulatory mechanisms
might also be crucial for regulation of cell growth and
proliferation (seeLang et al., 1998).

LPA is a known mitogen and several LPA-induced
effects have been described, however, only little is
known about the initial signaling events activated by
LPA. Thus, the purpose of the present study is to eluci-
date whether LPA could induce its mitogenic effects via
stimulation of the classical signaling pathway activated
by osmotic shrinkage, by studying LPA-induced effects
on [Ca2+] i, K+ and Cl− conductances, F-actin content,
cell volume, the Na+,K+,2Cl− cotransporter and the Na+/
H+ exchanger.

A part of this investigation has been presented in
an abstract form (Pedersen, Hoffmann & Lambert,
1999a, b).

Materials and Methods

CELL SUSPENSION ANDINCUBATION MEDIA

Ehrlich ascites tumor cells were maintained by weekly intraperitoneal
transplantation in female white NMRI mice (25–30 g). One week after
inoculation, the cells were harvested as described by Hoffmann, Lam-
bert and Simonsen (1986). The cells were washed twice and resus-
pended at a cytocrit of 4% in standard Ringer (in mM: 143 NaCl, 5 KCl,
1 MgSO4, 1 Na2HPO4, 1 CaCl2, 3.3 MOPS, 3.3 TES, 5 HEPES, pH
adjusted to 7.4 with NaOH) and preincubated 15–30 min before initi-
ating the experiment. In Ca2+-free media, Ca2+ was omitted and 2 mM
EGTA added. In low-Na+ medium, 142 mM NaCl was replaced by 142
mM NMDGCl. In ‘high [K+]o’ medium, 48 mM NaCl was replaced by
48 mM KCl, yielding a total [K+]o of 53 mM. The experiments were
executed at 37°C. For electrophysiological experiments, the cells were
suspended at a cytocrit of 0.2–0.5% in standard Ringer. The internal
pipette solution was of the following composition (in mM): 100 aspartic
acid, 40 trisz HCl, 100 tris[hydroxymethyl]aminomethane, 1.2 MgCl2,
0.1 EGTA, 10 HEPES, 2 Na2ATP and pH adjusted to 7.4 with CsOH.
Upon entering into the whole-cell configuration, the cells were super-
fused with a KCl-free solution containing only 10 mM NaCl (NaCl was
replaced by equimolar amounts of NMDGCl), in order to suppress
inward K+ and Na+ currents.

REAGENTS AND STOCK SOLUTIONS

Unless noted otherwise, all chemicals were purchased at Sigma Chemi-
cal (St. Louis, MO) and stored at −20°C. Silicone oil AR 200/200 was
obtained from Serva (Heidelberg, Germany) and silicone oil DC 200/20
was purchased from Bie & Berntsen (Rødovre, Denmark).3H-inulin
and86Rb+ were obtained from Amersham (Buckinghamshire, UK) and

Risø (Roskilde, Denmark), respectively. Bumetanide (a gift from Leo
Pharmaceuticals, Ballerup, Denmark), was kept as a 5 mM stock solu-
tion in 96% ethanol. Rhodamine-conjugated phalloidin, SlowFade™,
BCECF-AM and fura-2-AM were obtained from Molecular Probes
(Leiden, Holland) and the latter two were prepared in dry DMSO as a
1.6 mM and 1 mM stock solution, respectively. Thapsigargin (1 mM)
and charybdotoxin (5mM) were purchased from Alomone Labs (Jeru-
salem, Israel) and prepared as stock solutions in 96% ethanol and standard
Ringer containing 0.5% BSA, respectively. EIPA (10 mM) and nigericin
(1 mg/ml) were dissolved in 96% ethanol. Niflumic acid was prepared as
stock solution in dry DMSO at a concentration of 500 mM.

ESTIMATION OF [Ca2+] i USING FURA-2

Loading of the cells with fura-2-AM and measurement of [Ca2+] i was
conducted as previously described (Jørgensen, Lambert & Hoffmann,
1996). The fura-2 loaded cells were diluted to a cytocrit of 0.5% in the
cuvette, and the fluorescence was measured using a PTI RatioMaster
spectrophotometer. The fluorescence emission, collected at 510 nm
after excitation at 340 and 380 nm, respectively, and corrected for
extracellular fluorescence, was calibratedin vitro as described by Jør-
gensen et al. (1996), and [Ca2+] i was calculated as described by Grynk-
iewicz, Ponie and Tsien (1985).

ESTIMATION OF pHi

Loading of Ehrlich cells with 28,78-bis-(2-carboxyethyl)-5,6-car-
boxyfluorescein, tetraacetoxymethyl ester (BCECF-AM) and measure-
ment of intracellular pH (pHi) were conducted essentially as described
by Pedersen et al. (1996). The BCECF loaded cells were diluted to a
cytocrit of 0.3% in the cuvette, and the fluorescence was detected using
a PTI RatioMaster spectrophotometer. The fluorescence emission was
measured at 525 nm after excitation at 445 nm and 495 nm, respec-
tively. Linear in situ calibration of the BCECF fluorescence signal to
pHi was performed after each experiment using the nigericin method
(seeThomas et al., 1979), and three to four values of pHo were used to
construct the calibration curve. Extracellular fluorescence was sub-
tracted from the recorded signal prior to calculation of the 445 nm/495
nm ratio.

CELL VOLUME

Cell volume was measured by electronic cell sizing using a Coulter
Multisizer II (Coulter, Luton Beds) after dilution of the cells to a
cytocrit of 0.016% in the experimental medium. The tube orifice was
100mm, and the mean cell volume was calculated as the median of the
cell volume distribution curves after calibration with latex beads (di-
ameter 14.1mm).

86Rb+ EFFLUX MEASUREMENTS

The cells were equilibrated with86Rb+ (2 × 104 Bq/ml) for 40 min in
standard Ringer, then washed once in standard Ringer and finally re-
suspended at a cytocrit of 2% in standard Ringer containing 30mM

bumetanide. Bumetanide was added in order to avoid any contribution
to the 86Rb+ flux from activity of the Na+,K+,2Cl−- and the K+,Cl−-
cotransporters. Cell-free efflux medium was isolated serially, in order
to follow the 86Rb+ efflux over time, by centrifugation (15.000×g, 20
sec) of 500ml aliquots of the cell suspension through a silicone oil
phase (300ml 5:1 w/w AR200/200 and DC 200/200). Extracellular
86Rb+ activity was estimated as cpm/mg dry wt, and in these experi-
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ments86Rb+ was regarded as a tracer for K+. Estimation of cellular dry
weight and K+ activity was performed as previously described (Hoff-
mann & Lambert, 1983; Lambert, Hoffmann & Jørgensen, 1989). Cel-
lular specific K+ activity (cpm86Rb+ mmol K+) was corrected for86Rb+

and K+ trapped in the extracellular phase using3H-inulin as a marker
(Hoffmann & Lambert, 1983).

K+ efflux (mmol K+/g dry wt/min) was calculated from the initial
rate of 86Rb+ efflux (cpm/g dry wt/min) after agonist stimulation, di-
vided by the cellular specific K+ activity (cpm 86Rb+/mmol K+). The
agonist induced K+ efflux was estimated as the difference between the
agonist induced efflux and that induced by addition of vehicle. The
flux experiments were executed at 37°C.

3H-inulin and86Rb+ activities were measured in a liquid scintil-
lation spectrometer (Packard 2000CA Tri-Carb Liquid Scintillation
Analyzer) in channels ranging from 2.0 to 18.6 keV and 19 to 1500
keV, respectively, using Ultima Gold™ (Packard) as scintillation fluid.

The initial agonist induced86Rb+ efflux rate was estimated from
extracellular86Rb+ activity (cpm/dry wt) at time zero and about 10 and
20 sec after stimulation. The86Rb+ activity at the time of stimulation
was estimated from the activity in the cell-free medium prior to stimu-
lation by fitting the data to an exponential function as previously de-
scribed (Hoffmann, Simonsen & Sjo¨holm, 1979).

ELECTROPHYSIOLOGICAL RECORDINGS

The Ehrlich cells were diluted in standard medium and placed on a poly
L-lysine coated coverslip, mounted on the stage of a Zeiss Axiovert 10
inverted microscope. The cells were allowed to settle and subsequently
superfused with a K+-free, low-Na+ solution. The pipette resistance
was 4–6MV. The current was monitored using an Axopatch 200B
patch clamp amplifier (Axon Instruments, CA) and sampled at 1 msec
intervals. The holding potential was −20 mV. The following voltage
protocol was used and applied every 15 sec: a 300 msec step to −70
mV, a 100 msec step to −90 mV followed by a linear ramp to +110 mV.
The liquid junction potential between the pipette and bath solutions was
calculated at 14 mV, using pClamp 7.0 software, and the data corrected
accordingly. The patch-clamp experiments were performed at room
temperature (23°C).

ESTIMATION OF THE RATE CONSTANT FOR THEINITIAL

TAURINE EFFLUX

Ehrlich cells at a cytocrit of 7% were loaded for 60 min with14C-
taurine (0.5mCi/ml suspension), packed by centrifugation (770×g, 1
min) and resuspended in isotonic NaCl solution. Cellular14C-taurine
activity (cpm/g cell dry wt) was estimated as described by Hoffmann et
al. (1979), using3H-PEG as a marker for extracellularly trapped14C-
taurine. The efflux experiment was initiated by dilution of 1 ml of the
cell suspension in 13 ml isotonic NaCl solution. For estimation of
14C-taurine activity in the extracellular medium, 6 samples were taken
within the first minute, drugs added and another 6 samples taken within
the following minute. The cells were separated from the extracellular
medium by centrifugation through a silicone oil phase (1 part 200
DC20, 10 parts AR 200). Aliquots of the cell suspension were taken in
duplicate at the end of the efflux experiments for estimation of the
protein content using the Lowry technique.14C-activity in the medium
was detected in a liquid scintillation spectrometer (Packard 2000CA
Tri-Carb Liquid Scintillation Analyzer), using Ultima Gold™ (Pack-
ard) as scintillation fluid. The rate constants for the initial taurine
efflux (ml cell water/g cell dry wt per min) were estimated as described
by Lambert and Hoffmann (1994), i.e., as the product of the cell water
content (ml cell water/g dry wt) and the slope of the plot (at

m − a0
m/a0

c)

vs. time, whereat
m anda0

m are the14C-taurine activity (cpm/ml me-
dium) in the extracellular medium at timet and zero, respectively, and
wherea0

c is the intracellular14C-taurine activity at time zero.

FIXATION OF CELLS AND VISUALIZATION OF F-ACTIN

USING CONFOCAL MICROSCOPY

The cells were suspended at a cytocrit of 4% and stimulated with
varying concentrations of LPA. Two minutes after stimulation, ali-
quots of 1 ml were transferred to paraformaldehyde solution (final
conc. of paraformaldehyde 2%). The cells were fixed 10 min at room
temperature, 30 min on ice and washed three times and then resus-
pended in TBS buffer (in mM: 150 NaCl, 10 mM Tris-HCl, 1 mM

MgCl2, 1 mM EGTA, pH 7.3) containing 0.1% azide (w/v). The cells
were kept at 4°C until use.

The fixed cells were washed and resuspended in TBS buffer
containing 0.05% Triton ×-100 and incubated with 1 U/ml rhodamine-
phalloidin solution for 30 min at room temperature. Subsequently, the
cells were washed twice in TBS buffer and resuspended at a volume of
1 ml. 20 ml cells were transferred to a clean coverslip, 20ml Slow-
Fade™ was added, and the cells were mounted on glass slides equipped
with spacers.

The cells were viewed using a 40×/1.25 NA plan aprochromat
objective mounted on a Leica DM IRB/E microscope coupled to a
Leica TCS-NT confocal laser scanning unit (Leica Lasertechnik
GmbH, Heidelberg, Germany). Excitation- and emission wavelengths
were 568 nm and 590 nm, respectively, and optical slice thickness was
1 mm.

ABBREVIATIONS

AM: acetoxymethyl ester; BCECF: 28,78-bis-(2-carboxyethyl)-5,6-
carboxyfluorescein; BSA: bovine serum albumin; ChTX: charybdo-
toxin; DMSO: dimethylsulfoxide; EGTA: ethylene-glycol-bis-b-
amino-ethyl-(ether)N,N,N8,N8-tetraacetic acid; EIPA: 5-(N-ethyl-N-
isopropyl)-amiloride; ERK: extracellular signal-regulated kinase;
HEPES: N-2-hydroxyethylpiperazine-N8-2-ethane sulfonic acid;
Ins(1,4,5)P3: inositol 1,4,5-trisphosphate; LPA:L-a-lysophosphatidic
acid, 1-oleyl; MAP: mitogen-activated protein; MEK: MAP kinase/
ERK kinase; MLC: myosin l ight chain ; MOPS: 3-(N-
morpholino)propanesulfonic acid; NMDGCl: N-Methyl-D-Glucamine
Chloride; PI: phosphatidyl inositol; PLC: phospholipase C; TBS: tris
buffered saline; TES: N-tris-(hydroxymethyl)methyl-2-aminoethane
sulfonic acid.

STATISTICAL EVALUATION

Unless otherwise indicated, the values are presented as the mean ±SEM

or as a representative trace with the number of independent experi-
ments indicated. Statistical significance was tested with a Students
t-test, and the significance level used wasP < 0.05, unless noted oth-
erwise.

Results

LPA-INDUCED Ca2+ MOBILIZATION IN EHRLICH CELLS

Figure 1A demonstrates that addition of 10 nM LPA to
Ehrlich cells suspended in Ca2+-containing medium (1
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mM) induced a transient increase in the intracellular con-
centration of free, cytosolic Ca2+, [Ca2+] i, which was
reduced in the absence of external Ca2+ (2 mM EGTA),
indicating that LPA induces a release of Ca2+ from in-
ternal stores as well as an influx of Ca2+. The LPA-
induced increase in [Ca2+] i was found to be concentra-
tion-dependent both in the presence and absence of ex-
ternal Ca2+, as seen in Fig. 1B. The data obtained in the
absence of extracellular Ca2+ were fitted to the Micha-
elis-Menten equation:D[Ca2+] i 4 (D[Ca2+] i,max z [LPA]/
(EC50 + [LPA]), and the EC50 value was estimated at 0.4
nM LPA (r 4 0.986). However, the data obtained in
Ca2+-containing medium was of a more complex nature,
presumably due to cooperativity between the LPA-
induced Ca2+ influx and release. Hence, the data ob-
tained using 0–100 nM [LPA] were fitted to the Hill
equation:D[Ca2+] i 4 (D[Ca2+] i,max z [LPA]b)/(EC50

b +
[LPA]b). The EC50 value was estimated at 0.03 nM LPA
andb was estimated at 4, suggesting some cooperativity
(r 4 0.997). At [LPA] > 100 nM the values obtained in
Ca2+-containing medium decreased with increasing
[LPA], and at 1mM and 10mM LPA, there was no sig-
nificant difference between the LPA-induced increase in
[Ca2+] i in the presence and absence of external Ca2+,
respectively, suggesting that the LPA-activated Ca2+-
influx is reduced. This is confirmed in Fig. 2 in which
Ehrlich cells suspended in Ca2+-containing medium (1
mM) were exposed to 500 nM thapsigargin prior to stimu-
lation with LPA. Thapsigargin is a well known inhibitor
of the sarco-/endoplasmic Ca2+-ATPase (SERCA) re-
sponsible for Ca2+ re-uptake into the intracellular
Ins(1,4,5)P3-sensitive stores. Thus, addition of thapsi-
gargin ultimately leads to depletion of these stores
(Thastrup et al., 1990), resulting in store depletion-
activated Ca2+-entry. This has been described in other

cell types (Toescu & Petersen, 1994) as well as in
Ehrlich cells (Pedersen et al., 1997; Pedersen et al.,
1998b). When the thapsigargin-treated Ehrlich cells
were stimulated with LPA as shown in Fig. 2, an initial
decrease in [Ca2+] i was seen, presumably due to a de-
creased influx of Ca2+ as a consequence of cell shrinkage
(see Pedersen et al., 1998a for details). This LPA-
induced decrease in [Ca2+] i was followed by an increase
[Ca2+] i which seemed to be inversely concentration-
dependent: lower [LPA] (<100 nM) seemed to be able to
restore [Ca2+] i and to induce an additional increase in

Fig. 1. The effect of LPA on [Ca2+] i in the presence and absence of extracellular Ca2+. [Ca2+] i was measured in fura-2 loaded Ehrlich cells (see
Materials and Methods). (PanelA) [Ca2+] i was followed over time in Ehrlich cells suspended in Ca2+-containing (1 mM, closed circles,n 4 3) or
Ca2+-free (2 mM EGTA; open circles,n 4 4) medium, and LPA was added as indicated by the arrow. (PanelB) Concentration-dependency of the
LPA-induced increase in [Ca2+] i estimated in the presence (closed circles) or in the absence (open circles) of extracellular Ca2+. Each data point
represents three to six independent experiments.

Fig. 2. LPA in low concentrations stimulates Ca2+ influx. The intra-
cellular Ins(1,4,5)P3-sensitive Ca2+ stores were depleted by addition of
500 nM thapsigargin, as indicated by the first arrow, leading to activa-
tion of the store depletion-activated Ca2+ influx in Ehrlich cells sus-
pended in Ca2+-containing medium (1 mM). After depletion of the
stores, either 10 nM LPA (closed circles) or 10mM LPA (open circles)
was added, as indicated by the arrow. The traces shown represents six
independent experiments.
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[Ca2+] i, whereas upon addition of higher LPA concen-
trations (>100 nM) the [Ca2+] i was restored but there was
no additional increase in [Ca2+] i. This is in accordance
with the finding that at [LPA] higher than 100 nM, the
LPA-induced Ca2+ influx was reduced (seeFig. 1), but
the underlying mechanism was not investigated further
in the present study. Since LPA is known to activate the
MAP kinase cascade, we investigated the effect of the
various inhibitors of this cascade on the LPA-induced
increase in [Ca2+] i. Neither PD98059, an inhibitor of
MAP kinase activation (Dudley et al., 1995; 5mM, 11⁄2
hr, n 4 2), nor SB 203580, which inhibits p38 MAP
kinase (Cuenda et al., 1995; 10mM, 1 hr,n 4 3), had any
detectable effect on the LPA-induced increase in [Ca2+] i,
which could be taken to indicate that MAP kinase acti-
vation is downstream to Ca2+ mobilization.

EFFECTS OFLPA ON K+, Cl− AND TAURINE EFFLUX

Generally, an increase in [Ca2+] i induced by a mitogen
will subsequently activate Ca2+-dependent ion channels,
primarily K+ and Cl− channels (seeLang et al., 1998).
In agreement with this, Fig. 3 demonstrates that addition
of LPA (10 nM and 10mM) accelerated a bumetanide-
insensitive K+ efflux from Ehrlich cells in a concentra-
tion-dependent manner. This LPA-induced K+ efflux
could be inhibited by charybdotoxin (ChTX), which has
previously been demonstrated to inhibit a Ca2+-activated
K+ efflux pathway (Harbak & Simonsen, 1995; Hoff-
mann, 1999) as well as a Ca2+-activated K+ current
(IK,Ca, Riquelme et al., 1997) in Ehrlich cells. Further-

more, in two experiments 20 nM ChTX also inhibited the
LPA (10 nM)-induced cell shrinkage (data not shown).
The results shown in Fig. 3 are therefore taken to indicate
that the LPA-induced K+ efflux is predominantly due to
activation ofIK,Ca.

To investigate the effects of LPA on the Cl− con-
ductance, whole cell patch clamp experiments were per-
formed, in which K+ and Na+ currents were suppressed
in order to allow us to follow only the development of the
whole cell Cl− current (ICl). Figure 4 demonstrates that
addition of LPA activated anICl of an oscillatory nature.
In unstimulated cells,ICl was estimated at 84 ± 24 pA (n
4 4), and upon stimulation with 10mM LPA the maxi-
mal ICl was estimated at 3235 ± 453 pA (n 4 4). The
LPA-induced increase inICl could be reversed and was
inhibited reversibly by 78 ± 0.9% (n 4 4) upon addition
of 100 mM niflumic acid. In addition, 100mM niflumic
acid was able to inhibit the cell shrinkage induced by 10
nM LPA (n 4 2, data not shown). Niflumic acid has
previously been shown to inhibit a Ca2+-activated ICl

Fig. 3. The effect of charybdotoxin on the LPA-induced K+ efflux. The
LPA-induced K+ efflux was measured using86Rb+ as a tracer for K+,
and the K+ efflux was subsequently calculated as described in Materials
and Methods. The LPA-induced K+ efflux was estimated as the differ-
ence between the K+ efflux induced by LPA and that induced by
addition of the vehicle. The LPA-induced K+ efflux activated by 10mM

LPA was significantly different from that induced by 10 nM LPA (P 4

0.0014), and both were significantly reduced in the presence of 100 nM

ChTX (10 mM LPA, P < 0.0001; 10 nM LPA, P 4 0.0006). The data
represent four independently executed experiments.

Fig. 4. Effects of LPA on the whole cell chloride current. (PanelA)
The average whole cell current in a small window at +95 mV followed
over time. The Ehrlich cells were superfused with K+-free, low-Na+

solution, and, subsequently, with the same solution containing either 10
mM LPA alone or 10mM LPA and 100mM niflumic acid, as indicated
by the bars. (PanelB) The reconstructedIV-curves for the whole cell
current recorded at the time points a, b and c, as indicated by the arrows
in PanelA. ECl was estimated at −47 mV. The data represent four
independent experiments.
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(ICl,Ca) by 60% in these cells (Pedersen et al., 1998c),
indicating that LPA activatesICl,Ca in Ehrlich cells.

Another important osmolyte in Ehrlich cells is the
organic osmolyte taurine (Hoffmann & Lambert, 1983).
In contrast to the inorganic osmolytes K+ and Cl− addi-
tion of 5 mM LPA had no significant effect on the uni-
directional efflux of taurine, i.e., the rate constant was
estimated at 0.12 ± 0.017 ml cell water/g cell dry wt/min
(n 4 9) under control conditions and at 0.14 ± 0.004 ml
cell water/g cell dry wt/min (n 4 4), in cells stimulated
with 5 mM LPA.

Taken together, these findings indicate that the
LPA-induced increase in [Ca2+] i is a prerequisite for the
subsequent activation of Ca2+-dependent K+ and Cl−

channels.

EFFECTS OFLPA ON CELL VOLUME, THE F-ACTIN

CYTOSKELETON AND pHi

Activation of Ca2+-dependent K+ and Cl− efflux path-
ways upon mitogenic stimuli will often lead to cell
shrinkage. In Fig. 5 it is demonstrated that addition of
LPA to Ehrlich cells also led to cell shrinkage, and that
the LPA-induced cell shrinkage was concentration-
independent in the range 10 nM to 10 mM LPA. The
LPA-induced cell shrinkage was followed by a recovery
of cell volume, a regulatory volume increase (RVI) re-
sponse, the rate of which seemed to be concentration-
dependent. The RVI response in Ehrlich cells is gener-
ally due to activation of a Na+,K+,2Cl− cotransport
mechanism as well as Cl−/HCO3

− and Na+/H+ exchang-
ers, resulting in a net uptake of NaCl (seeHoffmann &
Pedersen, 1998). However, if the activity of the Cl−/

HCO3
− exchanger is restricted, e.g., by removal of ex-

tracellular HCO3
−, shrinkage-induced activation of the

Na+/H+ exchanger will not contribute to the RVI re-
sponse but instead result in intracellular alkalinization
(seeHoffmann, 1997). In accordance with these find-
ings, we found that when Ehrlich cells were suspended in
low-Na+ medium, thus preventing any Na+,K+,2Cl− co-
transporter activity, LPA-induced cell shrinkage did not
induce any RVI response (data not shown). This is taken
to indicate that cell shrinkage induced by LPA could lead
to activation of the same transport mechanisms as those
responsible for restoration of cell volume upon exposure
to osmotic shrinkage.

Many of the cellular effects induced by LPA are
known to depend on remodeling of the cytoskeletal fila-
ments (seeMoolenaar et al., 1997; Goetzl et al., 1998),
and a general feature of mitogens is that they affect F-
actin polymerization (seeLang et al., 1998). By confo-
cal visualization of F-actin in fixed Ehrlich cells incu-
bated with rhodamine-conjugated phalloidin, as shown in
Fig. 6A, we found that stimulation of Ehrlich cells with
LPA induced no detectable qualitative changes in F-
actin. However, by subsequent quantification of the F-
actin content, as shown in Fig. 6B, we found that 10mM

LPA induced a quantitative increase in the F-actin con-
tent, suggesting that actin polymerization is increased.

In Fig. 7A it is seen that stimulation of Ehrlich cells
with 10 mM LPA led to an initial acidification followed
by an intracellular alkalinization, which was inhibited by
80 ± 1% in the presence of 10mM EIPA. The alkalin-
ization induced by 10 nM LPA was inhibited by 77 ± 3%
in the presence of EIPA (10mM). Since EIPA is a well
known inhibitor of the NHE-1 or NHE-2 type Na+/H+-
exchanger (Wakabayashi, Shigekawa & Possegur, 1997),
it is suggested that LPA-induced cell shrinkage activates
a Na+/H+-exchanger of the NHE-1 or NHE-2 type. The
degree of Na+/H+-exchanger activity induced by LPA,
expressed as the rate of intracellular alkalinization, was
calculated as the slope of the linear fit of the measure-
ments obtained 0–60 sec after the maximal acidification.
The LPA-induced Na+/H+-exchanger activity was found
to be concentration-dependent, asseenin Fig. 7B, and
could be fitted to simple Michaelis-Menten kinetics: al-
kalinization rate4 (max. alkalinization ratez [LPA])/
(EC50 + [LPA]). The EC50 value, i.e., the [LPA] needed
in order to induce an alkalinization rate half the size of
the maximal alkalinization rate, was estimated at 0.37 nM

LPA, and the maximal rate of alkalinization was esti-
mated at 0.17 pH units/min (r 4 0.988). It has been
demonstrated that at an extracellular concentration of K+,
[K+]o, at exactly 53 mM, osmotic shrinkage of Ehrlich
cells can be prevented (Hoffmann, 1993). Under these
conditions, agonist-induced increases in [Ca2+] i remains
unaltered, but the agonist-induced cell shrinkage is com-
pletely abolished (Pedersen et al., 1998a, b). In Fig. 7C

Fig. 5. Effect of LPA on cell volume. Cell volume was measured as a
function of time by electronic cell sizing using a Coulter Multisizer II.
The cells were diluted into the experimental buffer and LPA (10 nM or
10 mM) added at time zero. 10 nM LPA and 10mM LPA induced a 19
± 3% and 19 ± 4% cell shrinkage, respectively. The data are represen-
tative of three independent experiments.
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the Ehrlich cells are suspended in a ‘high [K+]o’ solution
and it is seen that stimulation with 10mM LPA does not
lead to any activation of the Na+/H+ exchanger, thus, that
LPA-induced activation of the Na+/H+ exchanger is sec-
ondary to cell shrinkage. Finally, we investigated the
effect of inhibitors of the MAP kinase cascade on the
LPA-induced alkalinization and found that neither
PD98059 (5mM, 11⁄2 hr, n 4 2), nor SB 203580 (10mM,
1 hr, n 4 3) had any detectable effect on the LPA-
induced activation of the Na+/H+ exchanger, suggesting
that shrinkage-induced activation of the Na+/H+ ex-
changer does not require MAP kinase activation.

Discussion

LPA INDUCES AN INCREASE IN [Ca2+] i IN

EHRLICH CELLS

It is well known that addition of LPA induces an increase
in [Ca2+] i in a wide variety of cell types (seeMoolenaar
et al., 1997; Goetzl et al., 1998). This also seems to be
the case for the Ehrlich cells. Hence, in the present
study, we find that addition of LPA to Ehrlich cells led to
a concentration-dependent increase in [Ca2+] i both in the
presence and absence of extracellular Ca2+, indicating
that LPA activates Ca2+ influx as well as release of Ca2+

from internal stores (Fig. 1). The EC50 values for the
LPA-induced increase in [Ca2+] i was estimated at 0.03
nM and 0.4 nM in the presence and absence of external
Ca2+, respectively, indicating that LPA acts via a recep-
tor with very high affinity for its substrate. These EC50

values are relatively close to that reported for LPA-
induced Ca2+-mobilization in human A431 carcinoma
cells (0.2 nM, Jalink et al., 1995). However, in many
other cell types, LPA was found to act via receptors with
significantly lower affinity: e.g., in human foreskin fi-
broblasts the EC50 value was estimated at 20–30 nM LPA
(Jalink, van Corven & Moolenaar, 1990), in rat mesan-
gial cells at ∼1 mM LPA (Inoue, Forster & Epstein,
1995), in kidney proximal tubular cells, at 2.6mM LPA
(Dixon, Young & Brunskill, 1999), and in human B lym-
phocytes, it was estimated at 42 nM LPA (Rosskopf et al.,
1998).

LPA-INDUCED K+ EFFLUX ICl,Ca ACTIVATION AND

SUBSEQUENT CELL SHRINKAGE

The aim of the present study is to clarify the initial sig-
naling events induced by LPA in Ehrlich cells, in order to
investigate whether they share any similarities to the mi-
togen-induced signaling cascade, which apparently is
also crucial for cell volume regulation (Lang et al.,
1998). The reason for this is that many of the later in-
tracellular effects of LPA, e.g., induction of cell growth
and proliferation (seeMoolenaar et al., 1997; Goetzl &
An, 1998), have recently been shown to be tightly
coupled to regulation of cell volume and ionic currents
(Wonderlin & Strobl, 1997; Lang et al., 1998). How-
ever, the early signaling events induced by LPA still
remain less well characterized. In the present paper we
demonstrate that stimulation of Ehrlich cells with LPA-
induced transient cell shrinkage followed by a regulatory
volume increase (RVI) response (Fig. 5), which is in
accordance with previously reported effects of other
growth factor-like Ca2+-mobilizing agonists such as bra-
dykinin, thrombin and LTD4 (seeHoffmann, 1993; Hoff-
mann, Simonsen & Lambert, 1993; Jørgensen et al.,
1997) on volume in Ehrlich cells. It should be noted that

Fig. 6. Effect of LPA on the content of F-actin in Ehrlich cells. The
cells were stimulated, fixed using 2% paraformaldehyde, and subse-
quently stained with rhodamine-conjugated phalloidin in order to label
cellular F-actin. The F-actin was visualized using laser scanning con-
focal microscopy. (PanelA) Pseudo-color images showing the F-actin
content of Ehrlich cells in the control situation and upon stimulation
with LPA (10 nM and 10mM). (PanelB) Quantification of the F-actin
content in Ehrlich cells under control conditions and after stimulation
with 10 mM LPA. The data presented represent 25 and 30 cells in the
absence and presence of 10mM LPA, respectively. The F-actin content
in cells stimulated with 10 nM LPA was not significantly different from
that in the control cells. However, in cells stimulated with 10mM LPA,
the F-actin content was significantly increased (P 4 0.0034, Welch’s
t-test).
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the LPA-induced cell shrinkage is more pronounced than
that elicited by bradykinin or thrombin. Agonist-induced
shrinkage of Ehrlich cells has been demonstrated to be
due to activation of Ca2+-dependent K+ and Cl− efflux
pathways (Hoffmann & Pedersen, 1999; Hoffmann,
1999). This also seems to be the case for LPA-induced
cell shrinkage, because we were able to show that in
addition to an increase in [Ca2+] i (Fig. 1), LPA activated
a Ca2+-dependent K+ efflux pathway sensitive to ChTX
(Fig. 3) and anICl,Ca, which could be inhibited by nif-
lumic acid (Fig. 4). However, niflumic acid only
blocked the LPA-induced activation of Ca2+-dependent
Cl− currents by approx. 80%, which could be due to
LPA-induced activation of niflumic acid-insensitive
Ca2+-activated Cl− channels. A niflumic acid-sensitive
ICl,Ca whole cell current has previously been shown to
become activated after even small increases in [Ca2+] i in
Ehrlich cells (Pedersen et al., 1998c). Interestingly, the
LPA-activatedICl,Ca seemed to oscillate, which might
reflect that the LPA-induced increase in [Ca2+] i in single
cells also is of an oscillatory nature, but this remains to
be investigated. This is taken to indicate that the LPA-
induced activation ofIK,Ca and ICl,Ca is secondary to an
increase in [Ca2+] i.

In several other cell types, LPA has been shown to
activate either Cl− or cation whole cell currents/
conductive pathways. LPA activated a Ca2+-activated
Cl− current, resulting in depolarization of the plasma
membrane inXenopusoocytes (Durieux et al., 1992),
and in corneal keratocytes (Watsky, 1995), LPA was
reported to activate a Cl− current. In addition, LPA ac-
tivated a Cl− conductance in Rat-1 fibroblasts (Postma et
al., 1996). However, LPA was recently reported to ac-
tivate a K+ current in NIH 3T3 mouse fibroblasts, lead-
ing to hyperpolarization of the plasma membrane (Repp
et al., 1998) and to activate a K+ current as well as a
nonselective cation current in retinal pigment epithelium
(Thoreson & Chacko, 1997). Thus, the present report is
the first to demonstrate co-activation of Ca2+-dependent
K+- and Cl− currents by LPA.

SHRINKAGE-INDUCED STIMULATION OF F-ACTIN

POLYMERIZATION AND A Na+/H+ EXCHANGER

Certain mitogens are known to cause cytoskeletal rear-
rangements, and in accordance with this, many of the
cellular effects of LPA have been shown to involve
changes in cytoskeletal elements, e.g., shape changes,
stress fiber formation, neurite retraction, and contraction
(seeMoolenaar et al., 1997; Goetzl & An, 1998). Sev-
eral of the LPA-induced effects on the cytoskeleton are
mediated via activation of rho, resulting in an increased
phosphorylation of myosin light chain (MLC) and an
increase in actomyosin contractility, leading to e.g., neu-
rite retraction and stress fiber formation (seeMoolenaar

Fig. 7. LPA-induced cell shrinkage activates an EIPA-sensitive Na+/
H+-exchanger. pHi was measured in BCECF loaded Ehrlich cells, as
described in Materials and Methods. (PanelA) pHi was measured over
time and 10mM LPA was added as indicated by the arrow either in the
absence (closed circles) or in the presence (open circles) of 10mM

EIPA. The data are representative of three independent experiments.
(PanelB) Concentration-response curve for the LPA-induced activation
of the Na+/H+-exchanger, measured as the slope of the linear fit ob-
tained 0–60 sec after the maximal acidification. Each data point rep-
resents three to six independent experiments. (PanelC) pHi was mea-
sured over time in Ehrlich cells suspended in standard Ringer (5 mM

[K+]o, filled circles) or in ‘high [K+]o’ Ringer (53 mM [K+]o, open
circles) to prevent cell shrinkage. The data represent three independent
experiments.

26 S. Pedersen et al.: LPA-induced Signaling in Ehrlich Cells



et al., 1997). Our group has previously reported that the
MLC kinase inhibitor ML-7 strongly inhibited shrinkage
activation of the Na+,K+,2Cl− cotransporter (Krarup et
al., 1998), but had no effect on the Na+/H+ activation
induced by hypertonic cell shrinkage (Varming et al.,
1998). In agreement with this, we find that ML-7 did not
prevent LPA-induced cell shrinkage (2mM, n 4 2, data
not shown). The majority of cell types in which the cyto-
skeleton-dependent effects of LPA have been investi-
gated are adherent, which is in contrast to Ehrlich cells
used in the present study. We found that stimulation of
Ehrlich cells with LPA induced an increase in the content
of F-actin (Fig. 4B), suggesting that LPA stimulates F-
actin polymerization in these cells. In a recent report
(Ren, Kiosses & Schwartz, 1999) it was demonstrated
that LPA stimulates monomeric G-protein rho equipo-
tently in adherent and suspended Swiss 3T3 cells, and
that rho activity remains elevated in detached
cells. Since rho activation induces polymerization of F-
actin (seeMackay & Hall, 1998), LPA-induced F-actin
polymerization in Ehrlich cells could be due to rho ac-
tivation.

Hypertonic shrinkage of the Ehrlich cells also leads
to an increase in F-actin content, which is most likely
secondary to cell shrinkage (Pedersen at al., 1999). This
supports the notion that addition of LPA stimulates the
signaling cascade involved in regulation of cell volume,
and that regulation of cell growth due to mitogenic
stimulation might be tightly coupled to cell volume regu-
lation.

In the present study we also found that the LPA-
induced activation of the Na+/H+ exchanger was second-
ary to cell shrinkage, since it was abolished when cell
shrinkage was prevented (Fig. 7C). Cell shrinkage has
previously been shown to be a potent stimulus for acti-
vation of the Na+/H+ exchanger in Ehrlich cells (Peder-
sen et al., 1996; Pedersen et al., 1998a, b) and in other
cell types as well (see Wakabayashi, Shigekawa &
Pouysse´gur, 1997). In the present report we demonstrate
that LPA had a biphasic effect on pHi in Ehrlich cells:
LPA induced an instant intracellular acidification fol-
lowed by an alkalinization (Fig. 7A). Ca2+-mobilizing
agonists have previously been demonstrated to affect pHi

in a biphasic manner in these cells (Pedersen et al.,
1998a, b), but the reason for the agonist-induced initial
acidification remains somewhat obscure. Since the ex-
periments in this study are performed in the absence of
HCO3

−, it seems unlikely that the LPA-induced acidifi-
cation is due to activation of a Cl−/HCO3

− exchanger.
Other mechanisms that might be involved in this acidi-
fication are discussed in (Pedersen et al., 1998b), of these
the most likely seems to be an increased H+ influx due to
the agonist-induced hyperpolarization of the plasma
membrane.

The LPA-induced alkalinization was inhibited by

EIPA (Fig. 7A) and in ‘high [K+]o’ medium (Fig. 7C),
suggesting that cell shrinkage activates a Na+/H+ ex-
changer of the NHE-1 and/or NHE-2 type (Wakabayashi
et al., 1997). Both NHE-1 and NHE-2 have been iden-
tified in Ehrlich cells using polyclonal antiserum raised
against these proteins (C. Varming, S.F. Pedersen and
E.K. Hoffmann,unpublished). In Ehrlich cells, earlier
findings have shown that an increase in [Ca2+] i does not
per se activate the Na+/H+ exchanger, but that the acti-
vation of the exchanger is secondary to Ca2+-induced cell
shrinkage (Pedersen et al., 1998a, b). Similar mecha-
nisms of activation of the Na+/H+ exchanger have also
been observed in other cell types after stimulation with
mitogens and growth factors, e.g., by bradykinin in NIH
3T3 cells (Ritter et al., 1992;see alsoWakabayashi et al.,
1997), suggesting that it reflects a general and funda-
mental type of activation. It is unknown at present why
the Na+/H+ exchanger remains activated even after cell
volume has recovered. However, this could be related to
the relatively slow reversibility of the shrinkage-induced
increase in cortical F-actin content in Ehrlich cells (Ped-
ersen et al., 1999).

To the knowledge of the authors, there are not yet
many studies dealing with LPA-induced effects on pHi.
However, in hamster lung fibroblasts, addition of LPA
led to intracellular alkalinization. This was found to be
due to LPA-induced activation of a NHE-1 type Na+/H+

exchanger, which was shown necessary for rhoA-
dependent LPA-induced stress fiber formation (Vexler,
Symons & Barber, 1996).

LPA has been demonstrated to induce tyrosine phos-
phorylation of e.g., the epidermal growth factor receptor
(Hackel et al., 1999). However, in Ehrlich cells it was
previously demonstrated that tyrosine kinase inhibition
had no effect on the Na+/H+ activation induced by hy-
pertonic cell shrinkage (Varming et al., 1998). Thus,
since hypertonic- and LPA-induced cell shrinkage seem
to activate similar mechanisms, it seems unlikely that
tyrosine kinase events induced by LPA should be up-
stream to activation of the Na+/H+ exchanger. Further-
more, LPA is known to activate the MAP kinase cascade,
however we found no inhibitory effect of various block-
ers of the MAP kinase cascade on the LPA-induced ef-
fects on [Ca2+] i and pHi, which could suggest that LPA-
induced MAP kinase activation is downstream to these
events.

In conclusion, the present study aimed at elucidating
the early LPA-induced signaling events in Ehrlich cells,
and we found that (i) LPA was able to induce an increase
in [Ca2+] i due to release as well as influx of Ca2+. The
LPA-induced increase in [Ca2+] i led to activation of a
ChTX-sensitive K+ efflux and a niflumic acid-sensitive
Cl− current, resulting in transient cell shrinkage. The
LPA-induced cell shrinkage activated a Na+/H+ ex-
changer which, in turn, led to intracellular alkalinization.

27S. Pedersen et al.: LPA-induced Signaling in Ehrlich Cells



The LPA-induced signaling in Ehrlich cells is very simi-
lar to that induced by hypertonic cell shrinkage, confirm-
ing the notion that regulation of these events are inter-
related (seeLang et al., 1998).
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