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Abstract

Bioactive lysophospholipids (LPLs) are released by blood

cells and can modulate many cellular activities such as angi-

ogenesis and cell survival. In this study, the effects of

sphingosine-1-phosphate (S1P) and lysophosphatidic acid

(LPA) on excitability and exocytosis in bovine chromaffin cells

were investigated using the whole-cell configuration of the

patch-clamp. Voltage-gated Ca2+ current was inhibited by

S1P and LPA pre-treatment in a concentration-dependent

manner with IC50s of 0.46 and 0.79 lmol/L, respectively.

Inhibition was mostly reversible upon washout and prevented

by suramin, an inhibitor of G-protein signaling. Na+ current

was inhibited by S1P, but not by LPA. However, recovery of

Na+ channels from inactivation was slowed by both LPLs. The

outward K+ current was also significantly reduced by both

LPLs. Chromaffin cells fired repetitive action potentials in

response to minimal injections of depolarizing current.

Repetitive activity was dramatically reduced by LPLs. Con-

sistent with the reduction in Ca2+ current, exocytosis elicited

by a train of depolarizations and the ensuing endocytosis were

both inhibited by LPL pre-treatments. These data demonstrate

the interaction between immune and endocrine systems

mediated by the inhibitory effects of LPLs on the excitability of

adrenal chromaffin cells.
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Sphingosine-1-phosphate (S1P) and lysophosphatidic acid
(LPA) are two lysophospholipids (LPLs) secreted by platelets
and macrophages during blood clotting and inflammation,
respectively (Xiao et al. 2000; Okajima 2001). They have
been reported to be involved in Ca2+ mobilization, cell
survival and wound healing (Panetti 2002; Xu et al. 2003).
These LPL-related responses are mainly mediated by cell
surface G-protein coupled receptors (GPCRs) (Taha et al.
2004; Rosen and Goetzl 2005). At least five receptor
subtypes have been linked to S1P signaling and three have
been linked to signaling by LPA (Anliker and Chun 2004).

Several lines of evidence have demonstrated that S1P and
LPA regulate the activities of ion channels. Most of these
studies focused on endothelial, neuronal or fibroblast cells.
S1P has been found to activate non-selective cation channels
and large-conductance Ca2+-activated K+ channels (BK) in
human endothelial cells (Muraki and Imaizumi 2001; Kim
et al. 2006). It has also been reported that S1P inhibits
voltage-gated K+ current (IK) in rat cerebral artery (Coussin
et al. 2003) and LPA activates BK current in microglial cells

(Schilling et al. 2004). Both S1P and LPA have been found to
activate Cl- current in cultured corneal keratinocytes (Wang
et al. 2002) and myofibroblasts (Yin and Watsky 2005). In
dorsal root ganglion neurons, LPA inhibits tetrodotoxin
(TTX)-sensitive sodium current (INa) but enhances TTX-
insensitive INa (Seung Lee et al. 2005). The exposure of rat
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sensory neurons to S1P enhances the frequency of action
potential (AP) firing (Zhang et al. 2006). However, there is
little information concerning the regulatory roles of LPLs in
neurotransmitter release and AP firing.

A variety of voltage-gated ion channels can be identified
on the plasma membrane of adrenal chromaffin cells, which
secrete catecholamines in response to splanchnic nerve
stimulation under physiological conditions. Calcium influx
through calcium channels is the main factor responsible for
catecholamine release from chromaffin cells (Douglas and
Rubin 1961; Douglas and Poisner 1962; Boarder et al.
1987). In addition, APs can be evoked in cultured chromaffin
cells (Kidokoro and Ritchie 1980). Therefore, it is an
excellent model for studying electrical excitability and
associated exocytosis (Winkler 1993). In addition, modula-
tion of stimulus-secretion coupling in chromaffin cells by
LPLs may play an important role in the interaction between
immune and endocrine systems.

This study was designed to determine: (a) whether S1P
and LPA affect calcium currents (ICa), IK, and INa in cultured
bovine adrenal chromaffin cells; (b) the effects of LPLs on
AP firing and (c) how LPLs modulate stimulus-secretion
coupling. Our results suggest that LPLs attenuate the
activities of voltage-gated cationic channels, reduce AP
firing and play an important role in modulating the release of
catecholamines from chromaffin cells.

Materials and methods

Chemicals

Oleoyl-L-a-lysophosphatidic acid (LPA, C18:1, 1-oleoyl-sn-gly-
cerol-3- phosphate), D-erythro-sphingosine-1-phosphate (S1P) and

suramin sodium salt were purchased from Sigma (St. Louise, MO,

USA). Pertussis toxin (PTX) and U73122 were obtained from

CalBiochem (EMD Biosciences, San Diego, CA, USA). Dulbecco’s

modified Eagle’s medium, fetal bovine serum, and Hank’s balanced

salt solution (HBSS) were purchased from Invitrogen Corp

(Carlsbad, CA, USA). All other chemicals were commercially

available and of reagent grade from Sigma. S1P and LPA were

dissolved in chloroform : methanol/1:19 solution to a concentration

of 1 mmol/L. It was then air-dried and redissolved in ethanol to

make a stock of 1 mmol/L and stored at )20�C.

Solutions

The composition of normal HBSS bath solution for recording was as

follows (in mmol/L): 138 NaCl, 5.3 KCl, 1.8 CaCl2, 0.5 MgCl2, 0.4

MgSO4, 4 NaHCO3, 0.34 Na2HPO4, 0.44 KH2PO4, 10 Hepes, 5.6

glucose, pH 7.3. In some experiments, the concentration of CaCl2
was changed as indicated. To isolate INa, Ca

2+-free HBSS solution

was used; to isolate ICa, cells were incubated in N-methyl-D-

glucamine (NMG) solution (in mmol/L): 130 NMG, 2 KCl, 5 CaCl2,

1 MgCl2, 5.6 glucose, 10 Hepes, pH 7.3. For measuring INa or ICa,
the patch pipette was filled with a Cs+-containing solution (in mmol/

L): 130 Cs-aspartate, 20 KCl, 1 MgCl2, 0.1 EGTA, 3 Na2ATP, 0.1

Na2GTP and 20 Hepes, pH 7.3. To record membrane potential or IK,

cells were incubated in HBSS and the patch pipette was filled with a

K+-containing solution (in mmol/L): 130 K-aspartate, 20 KCl, 1

MgCl2, 0.1 EGTA, 3 Na2ATP, 0.1 Na2GTP and 20 Hepes, pH 7.3.

To characterize the long-term effects of LPLs on inward currents,

cells were incubated in HBSS containing LPL of different

concentrations for 1 h before the start of recording. To identify

the involvement of G-protein signaling pathway, cells were pre-

treated with PTX (0.1 lg/mL) overnight; suramin (0.1 mmol/L) or

U73122 (0.1 mmol/L) for 1 h. These chemicals were present before

the establishment of the whole-cell configuration of patch-clamp

technique and remained in the bath buffer during recording. For

short-term treatment, S1P and LPA were added into the bath after a

cell has already been whole-cell patched.

Cell preparation

Chromaffin cells were prepared by digestion of bovine adrenal gland

obtained from local slaughterhouses with collagenase (0.5 mg/mL)

and purified by density gradient centrifugation at 200 g as

previously described (Pan et al. 2002). In brief, cells were plated

at a density of 2 · 105 cells per 35-mm culture dish on poly L-

lysine-coated coverslips and cultured in Dulbecco’s modified

Eagle’s medium supplemented with 10% of fetal bovine serum.

The medium was replaced every two days. All experiments were

carried out between 5 and 10 days after cells were isolated.

Electrophysiological measurements

Cells were transferred to a recording chamber mounted on the stage

of an inverted microscope and bathed in HBSS at 25�C. Patch

pipettes were pulled from thin-wall capillaries with filament

(Catalog 617000, A-M Systems Inc., Everett, WA, USA) using a

two-stage microelectrode puller (P-97, Sutter Inc., Novato, CA,

USA), and fire-polished with a microforge (MF-830, Narishige,

Japan). When filled with pipette solution, the resistance ranged

between 3–5 MW. To monitor the change in membrane capacitance,

electrodes were coated with Sylgard (Catalog 184 Silicone

Elastomer Kit, Dow Corning Co., Midland, MI, USA) to reduce

nonspecific noise. Ionic currents, membrane capacitance, and APs

were measured from whole-cell patch-clamped cells using

an EPC10 patch-clamp amplifier (HEKA GmbH, Lambrecht,

Germany) and controlled by Pulse software (HEKA GmbH).

For capacitance measurements, cells were whole-cell voltage

clamped at )70 mV and depolarized with a train of 10 depolari-

zations to + 10 mV for 150 ms with an interval of 200 ms between

the start of two consecutive depolarizations. A 10-ms sinewave with

a frequency of 1 kHz and amplitude of 20 mV was applied just

before the start of each depolarization to monitor the membrane

capacitance. After the end of this train of depolarizations, the same

sinewave was applied continuously and the capacitance measured

was averaged every 100 ms. The membrane capacitance was

obtained by the Lock-in amplifier using sine + dc mode in the

Pulse software program.

To monitor the whole-cell inward INa and ICa, cells were voltage-
clamped at a holding potential of )70 mVand depolarized to various

potentials for 30 ms once every 15 s. The maximal inward current

obtained during the first 5 ms was identified as INa and the current

recorded between 18 and 27 ms of depolarization as ICa. For outward
IK, cell was depolarized to various potentials for 0.4 s the current

during the last 100 ms of depolarization was averaged. To evoke
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APs, cells were current clamped and adequate current was injected to

bring the membrane potential slightly above threshold for 1.6 s.

To wash LPL out of the bath buffer, cell was placed in a perfusion

chamber (JG-23 N/LP, Warner Instrument, US) containing 250 lL
of NMG solution and patched with Cs+-containing pipette solution

to isolate the ICa. The cell was depolarized with 30 ms pulses

to + 10 mVapplied every 20 s from a holding potential of )70 mV.

S1P or LPA was added directly to the bath to achieve a final

concentration of 1 lmol/L. Five minutes later, the chamber was

perfused continuously with NMG buffer containing no LPLs at a

speed of 1 mL/min.

Data analysis

Signals were low-pass filtered at 3 kHz and stored in a Pentium III-

based computer. Data are presented as mean ± SEM. For long-term

LPL treatment, one-way analysis of variance with a least-signifi-

cance difference method for multiple comparisons and unpaired

Student’s t test were used for statistical evaluation of differences

among means. For short-term treatment, paired Student’s t test was
used to compare the results before and after the LPL addition. A

value of p < 0.05 was considered to be statistically significant. The

distributions of data were homogeneous as examined by Shapiro-

Wilk Normality Test at 0.05 level.

The concentration-dependent inhibitory effects of LPLs on ICa
and INa were fitted to a Hill function where percent of remaining

current ¼ 1� ðEmax �½C�nÞ=ðICn
50 þ ½C�

nÞ; ½C� represents the con-

centration of LPL; IC50 and n are the concentration of LPL required

for 50% inhibition and the Hill coefficient, respectively; Emax is the

LPL-induced maximal percent inhibition of ICa, with a non-linear

least-squares fitting algorithm.

Normalized inactivation curves were fit to a Boltzmann function,

using the least-squares method according to I ¼ 1= ð1þ exp

½V � a=b�Þ; where V is the conditioning potential in mV, a is the

membrane potential for half-maximal inactivation, and b is the slope

factor of the inactivation curve.

Results

S1P inhibits both INa and ICa

To examine long-term effects of LPLs on inward currents, cells
were incubated inHBSS containing different concentrations of
S1P for 1 h before starting patch-clamp recording. Using this
protocol, peak inward current (due largely to INa) and sustained
inward current (due largely to ICa) from representative cells
were both inhibited by S1P after 1 h pre-treatment (Fig. 1a).
Concentration-response curves (Fig. 1b) obtained using
depolarizations from a holding potential of )70 mV
to + 10 mV gave concentrations for half-maximal inhibition
(IC50) of INa and ICa of 0.57 and 0.46 lmol/L, respectively.
However, even at 0.01 lmol/L, about 20% of the INa was
inhibited (p < 0.05). Application of 1 lmol/L S1P reduced
mean INa from )1343.8 ± 204.7 to )684.1 ± 87.5 (Fig. 1c;
n = 11 each; p < 0.05) and mean ICa from )265.4 ± 33.2
to )75.8 ± 13.5 pA (Fig. 1d; p < 0.05). Thus, long-term
treatment with physiological concentrations of S1P in bovine
chromaffin cells strongly reduces both INa and ICa.

LPA inhibits ICa but not INa

Unlike S1P, short-term LPA treatment inhibits ICa but not INa
in chromaffin cells (Pan et al. 2006). A similar result was
obtained for long-term treatment with LPA (Figs 2a–d).
When depolarized to + 10 mV, the IC50 for the inhibitory
effects of LPA on ICa was 0.79 lmol/L (Fig. 2b). At
+10 mV, ICa was significantly decreased from )278.5 ±
44.7 to )149.8 ± 20.9 pA (n = 11 each, p < 0.05) by pre-
treatment with 2.5 lmol/L LPA. Inhibition of mean INa was
not insignificant ()1.34 ± 0.20 to )1.14 ± 0.16 nA). These
results indicate that long-term treatment with LPA produces a
concentration-dependent inhibition of ICa, but not INa, in
bovine chromaffin cells.

S1P, not LPA, negatively shifts the steady-state

inactivation of INa

Changes in the steady-state inactivation of INa affect cell
excitability (Fernandez et al. 2005). To isolate effects of
LPLs on cell excitability that are INa-dependent, cells were
bathed in Ca2+-free HBSS solution to avoid the influence of
ICa and inactivation was studied using paired depolarizations.
The first depolarization was a 100 ms conditioning pre-pulse
to various potentials from the holding potential of )70 mV
and was followed immediately by a second 20 ms test
depolarization to + 10 mV. As the pre-pulse became more
positive, INa in response to the second depolarization became
smaller (Fig. 3a). Normalized steady state inactivation curves
obtained by plotting INa of the second depolarization versus
pre-pulse potential were fit with a Boltzmann function as
described in the Materials and methods (Figs 3b and c). For
control cells (n = 7), the pre-pulse potential for half inacti-
vation (a) was )34.5 ± 0.3 mV and with slope factor (b) of
7.4 ± 0.26 mV; in presence of S1P, a is negatively shifted to
)41.9 ± 0.53 mV (n = 7, p < 0.01) but b was not signifi-
cantly changed (7.8 ± 0.4 mV). This contrasts with LPA
pre-treatment which produced no significant effects on
steady-state inactivation (Control (n = 8): a = )34.6 ± 0.4,
b = 8.8 ± 0.38 mV; 2.5 lmol/L LPA (n = 8): a = )38.1 ±
0.36 mV; b = 8.6 ± 0.32 mV). Thus, S1P, but not LPA,
shifts the voltage-dependence of Na+ channels to more
negative potentials.

Both S1P and lysophosphatidic acid prolong recovery of

INa from inactivation

The rate at which Na+ channels recover from inactivation
determines the maximum frequency of AP firing (Lou et al.
2003). Recovery rate was measured using two depolariza-
tions to + 10 mV separated by different time intervals
(Fig. 4a). INa of the second pulse was normalized to that of
the first pulse and plotted against the recovery interval
(Figs 4b and c). For control cells, INa recovered almost
completely after about 30 ms (Figs 4a–c). Pre-treatment with
1 lmol/L S1P prolonged recovery (Fig. 4b), as did pre-
treatment with 2.5 lmol/L LPA (Fig. 4c). Fits of recovery
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times with a single-exponential function showed that S1P
pre-treatment increased the time constant of the exponential
from 8.1 ± 0.2 to 14.9 ± 0.6 ms (n = 6, p < 0.001) and LPA
pre-treatment increased it from 7.8 ± 0.1 to 12.1 ± 0.3 ms
(n = 6, p < 0.01). These results indicate that both LPA and
S1P slow the recovery of INa from inactivation.

Pre-pulse cannot rescue the inhibited Ca2+ current

Application of strong depolarizing pre-pulses often reverses
inhibition of ICa that is due to G-protein bc subunits (Li et al.
2004). To determine whether ICa inhibited by LPLs could be
rescued by such a protocol, cells were incubated in NMG
buffer to isolate ICa. In control cells, a strong pre-pulse
increased ICa recorded during a test pulse to + 10 mV. When
the same protocol was repeated 2 min after addition of S1P,
ICa was inhibited as described in Fig. 1 and no facilitation
was observed (Fig. 5a). The mean results show that the ICa
was facilitated by a strong pre-pulse from )226.3 ± 22.3 to
)266.3 ± 29.5 pA in control (n = 8, p < 0.05), but not after
addition of S1P, where an insignificant decrease from
)161.5 ± 15.9 to )152.6 ± 15.5 pA was observed (Fig. 5b).

Similarly, a conditioning pre-pulse increased ICa from
)209.8 ± 21.9 to )258.2 ± 26.6 pA (n = 8, p < 0.05) before
LPA treatment, but not after LPA treatment (from
)161.7 ± 12.4 to )166.2 ± 13.7 pA) (Fig. 5c). These results
indicate that the inhibitory effects of LPLs on ICa are not
relieved by strong depolarizations, suggesting that inhibition
is not mediated by the binding of Gbc subunits to Ca2+

channels in bovine chromaffin cells.

ICa recovers from inhibition after lysophospholipid

washout

The concentration of LPLs in serumwill eventually decrease to
basal level after wounding. To ask whether the inhibition
induced by both S1P and LPA is reversible, the LPLs in the
recording chamber were washed out by continuous perfusion
(Fig. 6). After beginning whole-cell recording in NMG buffer,
ICa in cells was monitored every 20 s with a depolarization
from a holding potential of )70 mV to + 10 mV. There was
little rundown during the first 3 min of recording. S1P
(1 lmol/L) or LPA (1 lmol/L) were then added directly to
the chamber. The magnitude of ICa decreased slowly and

(a) (b)

(c) (d)

Fig. 1 Inhibitory effects of S1P on inward currents. Cells were

bathed in Hank’s balanced salt solution containing different concen-

trations of S1P for 1 h before and during whole-cell voltage-clamp

recording using a Cs+-containing pipette solution. Depolarizations

(30 ms) to various potentials were applied once every 15 s from a

holding potential of )70 mV. The inward maximal peak current was

recorded as the Na+ current (INa); the current between the 18th and

27th ms of the depolarization was averaged and recorded as the Ca2+

current (ICa). The concentration of CaCl2 in the bath solution was

6.8 mmol/L. (a) Representative current traces during depolarizations

to + 10 mV from untreated cells (Control) or treated with S1P

(1 lmol/L) (S1P). (b) Concentration-dependent inhibitory effects of

S1P on INa and ICa. The INa (j) and ICa (d) were acquired by a step-

depolarization from a holding of )70 mV to + 10 mV for 30 ms under

different concentrations of S1P. The currents were normalized to the

averages obtained from control cells without S1P treatment. The

concentration response was fit as described in Materials and methods.

Sample number was at least 10 for each concentration. (c and d)

Average I–V relations of INa and ICa, respectively, acquired in the

absence (empty symbols) and presence (gray symbols) of 1 lmol/L

S1P. Data are mean ± SEM from 11 cells each. *Student’s t-test

p < 0.05 when comparing to cells without S1P treatment.
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continuously. Five min after addition of S1P or LPA, currents
had decreased to 61.5 ± 0.4 and 72.8 ± 1.2%, respectively, of
their initial levels. Washout of the compounds resulted in
recovery to 88.5 ± 5.2 and 93.0 ± 2.9% of their initial levels,
after 9 min for S1P and LPA, respectively. These results
suggest that inhibition of ICa by short-term treatment with LPL
is reversible.

Suramin antagonizes the inhibitory effects of S1P and

lysophosphatidic acid

To define the involvement of GPCR pathways in the
inhibitory effects of S1P and LPA on ICa, cells were
pre-treated with U73122, an inhibitor of phospholipase C
(PLC) (Noh et al. 1998), PTX, an inhibitor of Gi/o (van
Corven et al. 1989); or suramin, a general inhibitor of GPCR
activation (Ancellin and Hla 1999) (Table 1). Though basal
ICa was significantly inhibited by PTX and U73122 pre-
treatments, application of S1P or LPA for 5 min further
reduced the ICa. On the contrary, basal ICa was significantly
and slightly elevated by suramin. In addition, in the presence

of suramin, application of S1P or LPA only marginally
inhibited ICa. These results suggest that LPL may inhibit the
ICa through activation of GPCRs, but PLC and Gi/o pathways
may not be involved.

S1P and lysophosphatidic acid inhibit outward currents

Action potential repolarization is mostly due to activation
of K+ channels. To characterize the effects of LPLs on
chromaffin cells, whole-cell outward IK was monitored. After
the incubation of chromaffin cells in S1P- or LPA-containing
bath solution for one hour, IK was inhibited when depolarized
from a holding potential of )70 mV to various potentials
(Fig. 7a). Averaged I–V relationships (Fig. 7b) show that IK
was inhibited at all potentials. At + 50 mV, the magnitude of
IK was significantly reduced by S1P and LPA to 52.1 ± 6.6
(n = 6, p < 0.01) and 44.5 ± 5.7% (n = 6, p < 0.01) of
the current measured from cells without LPL treatment
(n = 8), respectively (Fig. 7c). Inhibition of IK was rapid,
being decreased to 67.4 ± 12.1 or 57.6 ± 11.7% of the
initial current by S1P (1 lmol/L) or LPA (2.5 lmol/L)

(a) (b)

(c) (d)

Fig. 2 Inhibitory effects of lysophosphatidic acid (LPA) on inward

currents. Cells were bathed in Hank’s balanced salt solution containing

different concentrations of LPA for 1 h before and during whole-cell

voltage-clamp recording using a Cs+-containing pipette solution.

Depolarizations (30 ms) to various potentials were applied once every

15 s from a holding potential of )70 mV. The inward maximal peak

current was recorded as the Na+ current (INa); the current between the

18th and 27th ms of the depolarization was averaged and recorded as

the Ca2+ current (ICa). The concentration of CaCl2 in the bath solution

was 6.8 mmol/L. (a) Representative current traces from cells treated

without (Control) or with 2.5 lmol/L LPA when depolarized

to + 10 mV. (b) Concentration-dependent inhibitory effects of LPA on

INa and ICa. Patched cells were depolarized to + 10 mV; INa (j) and

ICa (d) acquired under different concentrations of LPA were normal-

ized to the averages of cells not treated with LPA. The concentration

response was fit as described in Methods. Sample number is at least

12 for each concentration. (c and d) Average I–V relations of INa and

ICa, respectively, acquired in the absence (empty symbols) and pres-

ence (black symbols) of 2.5 lmol/L LPA. Data are mean ± SEM from

11 cells each. *Student’s t-test p < 0.05 when compared to cells

without LPA treatment.
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(n = 10, p < 0.01 for both), respectively, just 2 minutes
after their application. These results indicate that voltage-
gated IK is also inhibited by LPL treatment.

(a)

(b)

(c)

Fig. 3 Effects of lysophospholipids on the steady-state inactivation

of INa. Cells were bathed in Ca2+-free Hank’s balanced salt solution

and treated with S1P (1 lmol/L) or LPA (2.5 lmol/L) for 1 h before and

during whole-cell voltage-clamp recording using a Cs+-containing

pipette solution. Cells were depolarized with a conditioning pulse to

various potentials for 100 ms followed by a 20 ms depolarization

to + 10 mV. The peak inward current during the second depolarization

was measured as a function of conditioning pulse potential. (a) Rep-

resentative traces from a control cell with conditioning pulses to )80,

)40, and + 10 mV as indicated. (b and c) Normalized amplitude of INa

(I/IMax) plotted against the conditioning pre-pulse for cells treated with

S1P and LPA, respectively. Data are mean ± SEM and fit to the

Boltzmann equation as described in Materials and methods (n = 7–8

for each point).

(a)

(b)

(c)

Fig. 4 Effects of lysophospholipids on the recovery rate of INa. Cells

were bathed in Ca2+-free Hank’s balanced salt solution and pre-trea-

ted with S1P (1 lmol/L) or LPA (2.5 lmol/L) for 1 h before and during

whole-cell voltage-clamp recording using a pipette filled with a Cs-

containing solution. Cells were first depolarized to )10 mV for 10 ms

from a holding potential of )70 mV. After a variable interval, a second

pulse to )10 mV for 20 ms was applied. (a) Overlapping representa-

tive current traces from a control cell with different interpulse intervals

from 1 to 46 ms. (b and c) INa ratio (I2nd/I1st) plotted against interpulse

intervals for cells treated with S1P & LPA, respectively. Curves were

fitted by a first-order exponential growth equation. Data are

mean ± SEM (n = 6 for each treatment).
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S1P and LPA decrease the firing frequency of action

potentials

The above results showing that the both voltage-gated INa
and IK are inhibited by LPLs suggested that AP firing will
also be modulated by LPLs. To verify this, cells were
recorded in whole-cell configuration under current clamp
mode and APs were evoked by minimal current injection.
Representative results (Fig. 8a) showed that multiple AP
could be elicited from cells in control, but only one AP could
be elicited from cells pre-treated with LPLs for 1 h. An
average of 4.4 ± 0.4 spikes/s (n = 8) could be elicited by a
1.6-s suprathreshold depolarizing current injection in cells
without LPL treatment (Fig. 8b). However, after being
incubated in buffer containing S1P (1 lmol/L, n = 6) or
LPA (2.5 lmol/L, n = 6) for 1 h., only a single AP could be
evoked, no matter how much current was injected. A similar
reduction in the frequency of AP firing was also observed

(a)

(b)

(c)

Fig. 5 Effect of LPLs on facilitated ICa. Cells were bathed in NMG

solution containing 5 mmol/L CaCl2 and whole-cell voltage -clamped

with a Cs+-containing pipette solution. Cells were depolarized

to + 10 mV for 20 ms with or without a 100 ms conditioning pre-pulse

to + 100 mV that preceded the test pulse by 5 ms. After recording a pair

of basal (without pre-pulse) and facilitated (with pre-pulse) currents, S1P

(1 lmol/L) or lysophosphatidic acid (LPA) (2.5 lmol/L) was added to the

recording chamber. Two minutes later another pair of basal and facili-

tated currents was recorded. (a) Representative basal and facilitated

current traces from a cell before (Control) and 2 min after (S1P) the

addition of S1P. (b and c) Averaged baseline and facilitated ICa treated

with S1P and LPA, respectively. Data are Mean ± SEM (n = 8 for each

treatment). *Student’s t-test p < 0.05; **p < 0.01.

(a)

(b)

Fig. 6 Inhibition of ICa is reversible. Cell was bathed for 15 min in NMG

buffer and voltage-clamped with Cs+-containing buffer to isolate ICa. ICa

was measured by a 30 ms step depolarization from )70 to + 10 mV

applied once every 15 s. Three min after beginning whole-cell recording,

1 lmol/L of S1P (a) or lysophosphatidic acid (b) was added to the bath

(gray or black bar above each graph). Five min later the recording

chamber was continuously perfused with NMG buffer to wash out LPLs.

The measured ICa was plotted against time. The current traces on the

right were recordings before the addition of LPLs (i); before the perfu-

sion (ii) and the last recording (iii) from a representative cell. Data pre-

sented are mean ± SEM; sample numbers are 3 for each group.
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2 minutes after the addition of LPL. The firing frequency
was significantly reduced by S1P (n = 7) and LPA (n = 6)
from 4.6 ± 0.4 and 4.2 ± 0.3 to 2.4 ± 0.3 and 2.7 ± 0.2
spikes/s, respectively, in 2 min.

The peak membrane potential reached by the first evoked
AP (approximatedly + 44 mV) was not significantly chan-
ged by long- or short-term treatments with LPL. However,
after being incubated in LPL-containing buffer for 1 h, the

(a) (b)

(c)

Fig. 7 Inhibitory effects of lysophospholipid (LPLs) on outward IK.

Cells were bathed in normal Hank’s balanced salt solution and whole-

cell voltage-clamped with a K+-containing pipette solution. Cells were

step depolarized to various potentials for 0.4 s and the outward current

between 0.3 and 0.4 s during depolarization was averaged as IK. For

long-term treatment, cells were pre-treated with S1P (1 lmol/L, n = 6),

LPA (2.5 lmol/L, n = 6) or without treatment (Control, n = 8) for 1 h

before the establishment of whole-cell patch and same concentration

of LPLs were used during the recording. For short-term treatment, S1P

(1 lmol/L, n = 10) or LPA (2.5 lmol/L, n = 10) was added into the

bath after the cell was whole-cell patched; the voltage-dependent IK

was recorded before (Control) and 2 min again after the addition of

LPLs. (a) Representative IK from cells pre-treated with LPLs as indi-

cated for 1 h and step-depolarized to various potentials from a holding

potential of )70 mV. (b) Averaged voltage-dependent IK pre-treated

with S1P (d) or LPA (j) for 1 h. (c) Normalized IK acquired by step

depolarization to + 50 mV from cells treated with LPL for long-term

(1 h) or short term (2 min). Data are mean ± SEM. **Student’s t-test

p < 0.01 when comparing to control cells without (long-term) or before

(short-term) LPL treatment.

Table 1 Effects of G protein coupled

receptor signaling antagonists on Ca2+

currents

Pre-treatment )S1P +S1P )LPA +LPA

Control )226.3 ± 22.3 )161.5 ± 15.6** )209.7 ± 21.8 )161.7 ± 10.3**

PTX )174.9 ± 23.9* )110.6 ± 19.8** )179.9 ± 12.9* )125.6 ± 19.2**

U73122 )103.1 ± 10.3* )60.1 ± 7.5** )109.5 ± 13.5* )83.1 ± 10.7**

Suramin )283.3 ± 20.9* )251.3 ± 20.6 )265.0 ± 23.8* )215.8 ± 25.8

Unit, pA.

Cells were bathed in HBSS and whole-cell voltage-clamped. ICa was obtained by step depolar-

ization form )70 to + 10 mV for 20 ms before ()) and 5 min after (+) the addition of LPLs.

*Student’s t-test p < 0.05 when compared with the current without antagonist pre-treatment.

**Paired Student’s t-test p < 0.01 when compared with the currents before the addition of S1P or

LPA.
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difference (Fig. 8d) between the baseline potential during
current injection and the maximal hyperpolarization potential
following the AP (afterhyperpolarization potential, AHP)
was strongly decreased from 10.7 ± 0.4 of control cells to
2.9 ± 2.0 and 3.2 ± 1.3 mV by long-term treatments with
S1P and LPA, respectively. The AHP was slightly but
significantly decreased by short-term treatment with S1P and
LPA to 9.3 ± 0.3 and 9.6 ± 0.7 from 10.9 ± 0.8 and
11.2 ± 1.1 mV, respectively. The half-width duration (Th)
(Fig. 8e) of the first evoked AP was significantly increased
from 3.0 ± 0.1 to 4.4 ± 0.4 and 3.9 ± 0.3 ms by long-term

S1P and LPA treatment, respectively. Similarly, the Th could
also be significantly increased to 3.8 ± 0.3 and 4.0 ± 0.4
from 2.9 ± 0.3 and 3.0 ± 0.2 ms by short-term S1P and LPA
treatment, respectively. These results illustrate that LPLs
reduce repetitive AP firing, decrease AHPs and increase the
width of APs in chromaffin cells.

S1P and LPA inhibit both exocytosis and endocytosis

To investigate whether the inhibition of ICa by LPLs leads to
the modulation of exocytosis and endocytosis, the change in
membrane capacitance evoked by a train of depolarizations

(a) (c)

(d)

(e)

(b)

Fig. 8 Inhibitory effects of lysophospholipids (LPLs) on the firing

frequency of action potentials (AP). Cells were bathed in normal

hank’s balanced salt solution and whole-cell recorded in the current-

clamp mode with a K+-containing pipette solution. For long-term

treatment, cells were treated with S1P (1 lmol/L, n = 6), LPA

(2.5 lmol/L, n = 6) for 1 h or without treatment (Control, n = 8) before

the establishment of the whole-cell configuration and during record-

ing. For short-term treatment, S1P (1 lmol/L, n = 7) or LPA

(2.5 lmol/L, n = 6) was added into the bath after the cell was whole-

cell clamped and the AP were evoked before (Control) and again

2 min after the application of LPLs. Cells were current clamped and

injected with the minimal depolarizing current required to trigger

AP for 1.6 s. (a) Representative membrane potential traces from

long-term LPL-treated cells. Cells were current clamped and injected

with 1 pA of current for 1.6 s as indicated. (b) Averaged frequency of

AP (firing from cells long- (1 h) or short-term (2 min) treated with

LPLs. (c) The first APs from a control (solid line) and a S1P (dotted

line) long-term treated cells. The magnitude of the AHP, the differ-

ence between the lowest hyperpolarization potential and the nor-

malized membrane potential (dashed line) during current injection;

and half amplitude duration (Th, double-arrow) were analyzed. (d) The

averaged AHP from cells long- (1 h.) or short-term (2 min) LPL-

treated cells. (e) The averaged Th from long- (1 h.) and short-

term(2 min) LPL-treated cells. Data are mean ± SEM. *Student’s t-

test p < 0.05 when comparing to that of control cells without (long-

term) or before (short-term) LPL treatments.
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was monitored (Fig. 9a). When exocytosis is evoked by
membrane depolarization, the fusion of the secretory vesicles
to the plasma membrane increases the surface area which is
reflected in an increase in the membrane capacitance. On the
contrary, the occurrence of endocytosis decreases the surface
area and membrane capacitance. In a control cell, a train of 10
depolarizations resulted in a rapid increase in membrane
capacitance. The increase declined to a level similar to that
before stimulation in about 30 s (Fig. 9a). In cells pre-treated
with LPLs for 1 h, the increase was small and did not decline
after the stimulation. Average increases in capacitance during
the train of depolarizations was 293.6 ± 37.6 fF for untreated

cells (n = 10) but was significantly reduced to 93.2 ± 49.1 and
115.3 ± 15.5 fF after long-term treatment with S1P (1 lmol/L,
n = 12) and LPA (2.5 lmol/L, n = 15), respectively (Fig. 9b).
The capacitance measured 20s after stimulation relative to that
before the train of depolarizations was )64.1 ± 75.2 fF for the
control cell, and significantly increased to 146.4 ± 50.7 and
261.9 ± 48.1 fF for cells pre-treated with S1P and LPA,
respectively. These results indicate that both exocytosis and
endocytosis are suppressed by LPLs.

Discussion

Our study identified effects of LPLs on INa, ICa, and IK, as
well as on catecholamine secretion. We found that both S1P
and LPA inhibit ICa in a concentration-dependent manner in
isolated bovine chromaffin cells. These inhibitory effects of
LPLs are mediated by GPCRs but Gbc may not be involved.
In contrast to ICa, only S1P inhibits INa. However, both LPLs
prolong the recovery rate of INa. Finally, both LPLs reduce
IK. We also showed that LPLs reduce repetitive firing of APs
and inhibit both exocytosis and endocytosis. These results
indicate that S1P and LPA at physiological concentrations
attenuate the excitability of chromaffin cells and hint at the
possible blockade of catecholamine secretion induced by
sympathetic neurons.

The IC50 of S1P and LPA for inhibiting the inward
currents are both well below 1 lmol/L. It has been reported
that S1P concentrations in plasma and serum are about 0.2
and 0.5 lmol/L, respectively (Yatomi et al. 1997); the LPA
concentration in serum is even higher, ranging between 1 and
10 lmol/L (Panetti et al. 2001). Our data show that
approximately 20% of the INa is inhibited by S1P even at
0.01 lmol/L, implying that INa in chromaffin cells is partially
modulated even in healthy people in the absence of
stimulation. Further inhibition of Na+ channels would occur
when S1P is released from platelets during wounding or by
macrophages during inflammation. On the contrary, basal
levels of LPA (5 lmol/L) would have little effect on INa, but
ICa would be inhibited by 80%.

Concentration-dependent inhibition of INa and ICa were
both measured from the same traces but at different times
during the trace. However, when INa was measured
independently using Ca2+-free HBSS buffer (Figs 3 and 4)
or ICa was isolated using NMG buffer (Figs 5 and 6), the
concentration-dependence of inhibition was approximately
the same. The ability to approximate inhibition of INa and ICa
separately from individual traces probably results from their
different time courses. ICa activates slowly and reaches a
maximum only after 5 ms (Fig. 5) whereas peak INa occurs
in < 3 ms and then inactivates (Figs 3 and 4). The fact that
LPA inhibited the ICa, but not INa, provides further evidence
that INa is not contaminated by ICa.

Our results show that a strong depolarization pre-pulse
cannot rescue the inhibition of ICa induced by LPLs.

(a)

(b)

Fig. 9 Effects of lysophospholipids (LPLs) on depolarization-evoked

exocytosis and endocytosis. Cells were bathed in normal HBSS con-

taining 6.8 mmol/L CaCl2 and pre-treated with S1P (1 lmol/L) or LPA

(2.5 lmol/L) for 1 h. Same concentrations of LPLs were present in the

recording bath. Cells were whole-cell patched with a Cs+-containing

pipette solution and stimulated with a train of 10 depolarizations

to + 10 mV from a holding potential of )70 mV for 150 ms gapped

with an interval of 50 ms. The membrane capacitance during and after

the depolarizations was recorded. (a) Representative capacitance

traces from cells not treated with LPL (Control), treated with S1P

(S1P) or LPA (LPA). The black bar under each trace indicates the

period of depolarizations. (b) Averaged changes in membrane capa-

citance at 2nd and 20th s after the start of the depolarization train.

Data are mean ± SEM; sample numbers are 10, 12, and 15 for Con-

trol, S1P and LPA, respectively. *Student’s t-test p < 0.05 when

comparing to Control group.
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Increased current following such a pre-pulse is a signature of
inhibition that is due to binding of G protein bc subunits to
high voltage-activated calcium channels (Currie and Fox
2000; Li et al. 2004). Since we did not see an LPL-induced
increase, it is unlikely that ICa inhibition was due to bound
Gbc subunits that resulted from activation of GPCRs by
LPLs. Consistent with this view, the facilitated currents
observed following a strong pre-pulse in control cells are
blocked by LPLs. The failure of the pre-pulse to facilitate
current in LPL-treated cells may hint at a loss of intrinsic
binding of Gbc subunits to Ca2+ channels (De Waard et al.
2005). However, how LPLs interfere with Gbc inhibition of
Ca2+ channels requires further investigation.

U73122 completely prevents the elevation in [Ca2+]i
whereas PTX treatment inhibits only half of this elevation
when stimulated by both LPLs (Pan et al. 2006). In addition
to being an effective inhibitor of PLC, U73122 has multiple
side effects by alkylation of various proteins (Horowitz et al.
2005) and block the voltage-gated Ca2+ channels on the
differentiated NG108-15 cells (Jin et al. 1994). We found
that U73122 by itself inhibits basal ICa (Table 1). It is unclear
whether this is a specific effect due to inhibition of PLC, or a
non-specific one, and was not investigated further. Whatever
the non-specific effects, S1P or LPA inhibit the same fraction
of ICa, whether or not cells have been pre-treated with
U73122 or PTX. Therefore, it is unlikely that elevation in
[Ca2+]i is necessary for inhibition of ICa by LPLs.

We found that suramin largely blocked effects of LPLs on
ICa, but also increased basal ICa. It has been reported that ICa can
be inhibited by an autocrine mechanism through the activation
of opioid and purinergic receptors mediated byGbc subunits in
chromaffin cells (Albillos et al. 1996; Carabelli et al. 2001).
Suramin functions not only as a GPCR uncoupler (Chung and
Kermode 2005) but also as a P2 purinoreceptor blocker
(Hoiting et al. 1990). This other effect of suramin may explain
why suramin enhances the basal current in addition to
antagonizing the inhibitory effect of LPLs. Therefore, our
results with suramin indicate that activation of GPCRs is
required for inhibition of ICa by LPLs. However, suramin may
also affect other signaling pathways affecting ICa.

We show that IK is reduced in the presence of LPLs. As
measured here using conditions designed to minimally buffer
intracellular Ca2+, IK in chromaffin cells consists of a voltage-
dependent component as well as a Ca2+-activated component
that includes current through BK and small conductance Ca2+-
activated K+ channels (SK) calcium channels (Marty 1981;
Marty and Neher 1985; Artalejo et al. 1993). Inhibition of IK
by LPLs may be due to direct effects on any or all of the
potassium channel types contributing to the total current. It is
also possible that reduction in IK may be secondary to reduced
total amount of Ca2+ by inhibiting calcium entry via ICa as
demonstrated here.

The original studies of chromaffin cell electrophysiology
showed that the run-down in ICa leads to the decline of BK and

thatmuch of the outward IK is carried byBK in cultured bovine
chromaffin cells (Marty 1981; Marty and Neher 1985). In GH3

pituitary cells, BK andCa2+ currents have been suggested to be
functionally coupled (Wu et al. 2001). Recently, Berkefeld
et al. (2006) show that the antibody-purified BK channels
from rat brain and chromaffin cells are assembledwith voltage-
gated L-, N-, and P/Q-type Ca2+ channels into a macromolec-
ular complex; inhibiting the L- and P/Q-typeCa2+ currents also
suppresses the BK currents in chromaffin cells (Berkefeld
et al. 2006). The Ca2+ influx through the Ca2+ channels may
therefore form a ‘‘Ca2+ microdomain’’ that activates the BK
currents. Themodulation of calcium channels by LPLs that we
show is likely to modulate such a complex between BK
channels and voltage-gated Ca2+ channels.

Ca2+-activated IK can also be activated by the release ofCa
2+

from intracellular Ca2+ stores. Since LPLs release Ca2+ from
intracellular stores (Pan et al. 2006), the resulting increase in
intracellular calcium may activate BK and/or SK. In fact,
histamine was shown to activate small conductance Ca2+-
activated K+ channels (SK) in bovine chromaffin cells
(Artalejo et al. 1993) and muscarinic stimulation activates
BK and/or SK in guinea pig chromaffin cells (Ohta et al.
1998). These effects on Ca2+-activated IK may have been
minimized in our study due to the use of the whole-cell patch
configuration, the release ofCa2+ from intracellular Ca2+ stores
by LPLs may not be able to activate most of the BK on the
plasma membrane (Prakriya et al. 1996). Such increases in
Ca2+-activated IK would counteract the reduction in IK
identified in the present study. Perforated whole-cell patch
and [Ca2+]i imaging studies in conjunction with specific toxins
against BK and SK will be needed to clarify the roles that BK
and SK play in the LPL-mediated modulation of stimulus-
secretion coupling under physiological conditions.

Despite this caveat, our results are consistent with previous
reports that the inhibition of BK will decrease the AHP,
widen the spike, and attenuate repetitive AP firing in rat and
bovine chromaffin cells (Lovell and McCobb 2001; Lovell
et al. 2004). The delay in Na+ channel recovery will further
decrease the availability of Na+ channels for repetitive AP
firing. Therefore, after the first AP in LPL-treated cells, the
membrane potential may not hyperpolarize strongly enough
to allow inactivated Na+ channels to recover from inactiva-
tion. These effects on Na+ and K+ channels will contribute to
the suppression of AP firing that is observed after LPL
treatment. Specific inhibitors against BK channels will be
important for future study to verify how LPLs affect the IK
and AP firing in bovine chromaffin cells.

Propagation of APs in neurons is mainly determined by the
cooperation of voltage-gated Na+ and K+ channels (Debanne
2004). Though our results show that the activities of these two
channels in bovine chromaffin cells are both suppressed by
LPLs; S1P has been reported to increase TTX-resistant INa and
inhibits outward IK in small diameter sensory neurons (Zhang
et al. 2006). In these neurons, S1P results in sensitization by
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increasing AP firing to transmit the inflammatory response.
LPA has also been shown to enhance the AP firing of dorsal
horn neurons by intraplantar injection to modulate the
nociceptive processing (Elmes et al. 2004). These results
contrast with ours and suggest that the excitability of different
cells is differentially modulated by LPLs depending on their
physiological activities. This differential modulation is likely
to depend on different complements of ion channels and/or
different regulatory cascades.

One of the most important characteristics of a chromaffin
cell is to release catecholamines into the blood stream to
modulate the fight-or-flight response. Ca2+ influx through the
voltage-gatedCa2+ channels is themain pathway for triggering
catecholamine secretion (Douglas and Rubin 1961; Douglas
and Poisner 1962). Therefore, the decrease in exocytosis
evoked by a train of depolarizations can be attributed to the
inhibitory effects of LPLs on voltage-gated ICa. However, the
totalmembrane capacitance does not decline to the level before
the train of depolarizations suggesting that the endocytosis
may be also blocked byLPLs. Endocytosis is also related to the
changes in [Ca2+]i (Schweizer and Ryan 2006) and the amount
of membrane retrieval is normally proportional to the level of
exocytosis to support future stimulation (Smith and Neher
1997; Engisch and Nowycky 1998). The decrease in Ca2+

influx by LPLs may affect both the machineries of exocytosis
and endocytosis; however, it is also possible that LPLs
modulate the cytoskeleton (Donati and Bruni 2006) or other
proteins involved in exo-endocytosis to modulate stimulus-
secretion coupling. Further experiments will be pursued to
characterize how LPLs modulate the exo-endocytosis.

Macrophages synthesize over 100 distinct compounds
including S1P and LPA (Nathan 1987). In rat and human
adrenal glands, a population of macrophages distributed
throughout the cortex and medulla (Schober et al. 1998) may
provide a paracrine modulation pathway. Physiologically, the
release of catecholamines from the adrenal glands is a signal to
prepare the body for fight-or-flight response. The circulation
system will be boosted to energize the muscle cells. However,
when the body is hurt, the concentration of LPLs in blood will
also be increased. At the beginning, more catecholamines will
be released by the direct stimulatory effects of the LPLs on
[Ca2+]i in chromaffin cells as reported previously (Pan et al.
2006). Several minutes later, the Ca2+ channels are inhibited
and the exocytosis will be suppressed as well. Meanwhile,
acetylcholine released by the sympathetic neurons to stimulate
the chromaffin cells will evoke less catecholamine secretion
into the circulation system. When the concentrations of LPLs
in serum return to normal levels, chromaffin cells will recover
from the inhibition and their ability to secrete enough
catecholamines to fully modulate physiological responses will
return. Thus, the LPLs released by wounding or inflammatory
response may modulate the physiological response to cate-
cholamine secretion and ultimately, the status of the body,
through their effects on the adrenal medulla.
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