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Marked dissociation between intracellular Ca2q level and contraction on
exposure of rat aorta to lysophosphatidylcholine
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Abstract

2q Žw 2qx .We investigated the relationship between tension development and the cytosolic free Ca level Ca on exposure of thei

endothelium-denuded isolated rat aorta to palmitoyl-L-a-lysophosphatidylcholine. Lysophosphatidylcholine concentration-dependently
w 2qx y4induced a gradual increase in Ca . Application of 10 M lysophosphatidylcholine induced a large and sustained tonic increase ini

w 2qx Ž w 2qx q . ŽCa the peak Ca was 125.2"11.5% of the 80 mM K -induced response but only a small contraction 4.0"1.4% of the 80i i
q . w 2qx 2qmM K induced contraction . The sustained increase in Ca was attenuated when extracellular Ca was removed but it wasi

Ž . Ž .unaffected by verapamil or 1- 5-isoquinolinesulphonyl -2-methylpiperazine dihydrochloride H-7 . Digitonin also produced a gradual
w 2qx Ž . w 2qxincrease in Ca but with a pronounced contraction. Triton X-100 0.1% produced a marked elevation in Ca with no detectablei i

contraction. Triton X-100, however, caused a rapid leakage of fura PE-3. Treatment with 10y4 M lysophosphatidylcholine for 1 or 2 h
did not affect the contractile response induced by 80 mM Kq and this treatment did not release lactate dehydrogenase from the rat aorta.
Treatment with lysophosphatidylcholine did not affect either the cyclic AMP level or the cyclic GMP level in endothelium-denuded aortic

w 2qx Žtissues. These results show that in the rat aorta lysophosphatidylcholine produces a large increase in Ca possibly in a non-contractilei
. w 2qx Ž .compartment which does not induce contraction. Thus, the increase in Ca induced by lysophosphatidylcholine i requires externali

2q 2q 2q Ž .Ca but is not due to an increased Ca influx through voltage-dependent L-type Ca channels, ii is not primarily due to protein
Ž . Ž .kinase C activation and iii is probably not due to a detergent action like those of digitonin and triton X-100 . The relative lack of a

contractile response to lysophosphatidylcholine is not due to formation of cyclic AMP or cyclic GMP. q 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Lysophosphatidylcholine is considered to play a
causative role in the development of atherosclerosis and

Žischaemic heart disease Corr et al., 1984; Das et al., 1986;
.Steinberg et al., 1989 . It has been reported that this

substance is transferred from oxidatively modified low-
Ž .density lipoprotein LDL to the endothelial surface mem-

brane and that both lysophosphatidylcholine and oxidized
LDL impair endothelium-dependent relaxation in isolated

Žarteries Kugiyama et al., 1990, 1992; Rajavashisth et al.,
.1990; Witztum and Steinberg, 1991; Flavahan, 1992 .

) Corresponding author. Tel.: q81-3-5498-5856; fax: q81-3-5498-
5856; E-mail: kamata@hoshi.ac.jp

Lysophosphatidylcholine accumulates in myocardial tissue
Ž .during ischaemia Corr et al., 1982; Kinnaird et al., 1988

and exogenous application of lysophosphatidylcholine pro-
duces Ca2q overload in isolated or cultured ventricular

Žmyocytes Liu et al., 1991; Ver Donck et al., 1992; Chen
. 2qet al., 1996 . Lysophosphatidylcholine also causes Ca

Žinflux in cultured vascular smooth muscle cells Locher et
al., 1992; Stoll and Spector, 1993; Tokumura et al., 1994;

.Chen et al., 1995 .
It is well known that protein kinase C mediates the

signal transduction underlying a variety of cellular func-
Ž .tions Nishizuka, 1986; Asaoka et al., 1992 and that

activation of protein kinase C produces contraction in
Žseveral arteries Danthuluri and Deth, 1984; Rasmussen et

al., 1984, 1987; Itoh and Lederis, 1987; Bazan et al., 1993;
.Suenaga et al., 1993 . Lysophosphatidylcholine is capable

0014-2999r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
Ž .PII: S0014-2999 99 00458-6



( )H. Suenaga, K. KamatarEuropean Journal of Pharmacology 378 1999 177–186178

of activating protein kinase C, and protein kinase C activa-
tion is involved in the mechanism leading to endothelial

Ž .dysfunction Kugiyama et al., 1992 . Moreover, it has also
been reported that in the permeabilized small mesenteric
artery, lysophosphatidylcholine increases Ca2q sensitivity

Ž .via protein kinase C activation Jensen et al., 1996 .
Since lysophosphatidylcholine produces a Ca2q influx

and activates protein kinase C, it would be expected to be
Ž .a strong vasoconstrictor. Indeed, Murohara et al. 1994

reported that lysophosphatidylcholine elicited a further
contraction during the plateau contraction evoked by
prostaglandin F in the pig coronary artery. However, this2 a

contraction was found to be caused by a lysophosphatidyl-
choline-mediated inhibition of endothelium-derived nitric
oxide release.

Few studies have assessed the effect of lysophosphati-
dylcholine on an endothelium-denuded artery. Recently,
we reported that lysophosphatidylcholine potentiated the
vascular contractile responses induced by high Kq,

Ž w xUK14,304 5-bromo-6- 2-imidazolin-2-ylamino -quinoxa-
. Ž .line a selective a -adrenoceptor agonist and phorbol2

Žester in the endothelium-denuded rat aorta Suenaga and
.Kamata, 1998 . However, in that study, we noted that

lysophosphatidylcholine did not produce a contraction
when given alone. The aim of the present study was to
determine whether lysophosphatidylcholine itself produces

w 2qxan increase in Ca in the isolated rat aorta, as it does ini

cultured vascular smooth muscle cells, and to examine the
relationship between intracellular free Ca2q and contractile
force during exposure to lysophosphatidylcholine.

2. Materials and methods

This study was conducted in accordance with the Guide
for the Care and Use of Laboratory Animals adopted by
the Committee on the Care and Use of Laboratory Animals

Žof Hoshi University which is accredited by the Ministry
.of Education, Sciences, Sports and Culture, Japan .

2.1. Preparation of aortic strips

Male Wistar rats, 8–10 weeks old, were anaesthetized
Ž .with sodium pentobarbitone 50 mgrkg, i.p. , then killed

by decapitation. The thoracic aorta was rapidly dissected
out and placed into modified Krebs–Henseleit solution
ŽKHS, composition in mM: NaCl 118; KCl 4.7; CaCl 1.8;2

.NaHCO 25.0; MgSO 1.2; NaH PO 1.2; dextrose 11.0 .3 4 2 4

It was then cleaned of loosely adhering fat and connective
tissue and cut into helical strips 2 mm in width and 10 mm
in length. The endothelium was removed by rubbing the
intimal surface with a cotton swab, successful removal
being functionally confirmed by the absence of a relax-
ation to 10 mM acetylcholine.

2.2. Measurement of intracellular free Ca2 q and tension

2q Žw 2qx .Tension and cytosolic free Ca Ca were mea-i
Ž .sured by the method of Sato et al. 1988 with the minor
Žmodifications described previously Suenaga and Kamata,

. y51998 . The aortic strips were exposed to 10 M fura
Ž .PE3-acetoxymethyl ester fura PE3-AM in the presence of

0.04% cremophor EL in the dark for 5 h at 268C. The
tissue was then rinsed with normal KHS and placed in the

Žorgan bath of a fluorometer Japan Spectroscopic, CAF
.110, Tokyo, Japan containing KHS at 378C. The tissue

was held in a horizontal configuration under a resting
Žtension of 0.5 g which is the optimal tension for inducing

.a maximal contraction and equilibrated for 30 min. One
end of the tissue was connected to a force transducer for

Žthe measurement of isometric tension Nihon Kohden,
.TB-611, Tokyo, Japan and the other end was fixed. The

intimal surface of the fura-PE3-loaded tissue was alter-
Ž .nately frequency, 128 Hz subjected to excitation wave-

lengths of 340 and 380 nm. The fluorescence emissions at
a wavelength of 500 nm for each excitation light were
separated by means of a dichroic mirror and measured

Ž .with the aid of a photomultiplier. The ratio F rF of340 380

the emitted fluorescence signals was used to provide an
w 2qxindex of Ca . The contractile responses and the emittedi

fluorescence signals were displayed on a pen recorder
Ž .Yokogawa, Model 3021, Tokyo, Japan .

After equilibration, each aortic strip was first exposed
q Žto 80 mM K made by iso-osmotic substitution for

. Ž .NaCl . The fluorescence ratio F rF in the resting340 380

muscle and that in muscle depolarized by 80 mM Kq were
taken as 0 and 100%, respectively. After washing, the
aortic strips were exposed to lysophosphatidylcholine, digi-
tonin, triton X-100 or 80 mM Kq. To exclude the possible
influence of extracellular Ca2q, some preparations were
exposed for 5 min to Ca2q-free or low Ca2q KHS each

Žsolution containing 0.5 mM ethylene glycol-bis- beta-
. X X Ž .aminoethyl ether N, N, N , N -tetra-acetic acid EGTA ,

before lysophosphatidylcholine was added to the bath.
When the response to lysophosphatidylcholine had stabi-

2q Ž .lized, Ca 2 mM was added. Calculations of the con-
centration of extracellular free Ca2q were made with
allowance being made for the temperature and pH of the

Ž .solution Goldstein, 1979 .

2.3. Influence of lysophosphatidylcholine on Õascular con-
traction, and assessment of cytotoxicity

Endothelium-denuded aortic strips were first contracted
by 80 mM Kq and these responses were taken as 100%.
After washing and equilibrating for 1 h, the aortic strips
were incubated for 1, 2 or 24 h with or without 10y4 M
lysophosphatidylcholine. After the incubation period, the
aortic strips were washed with fresh KHS and then ex-
posed to 80 mM Kq. In this study, aortic strips were
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pretreated with 3=10y4 M N v-nitro-L-arginine to avoid
the influence of inducible NO synthase.

The cytotoxic effect of lysophosphatidylcholine on the
aortic strips was assessed by measuring lactate dehydroge-

Ž .nase LDH release. For this, we used a commercially
Ž .available method LDH-UV test kit; Wako, Osaka, Japan

based on the procedure described by Wrobleski and LaDue
Ž . Ž .1955 . Aortic strips 2 mm in width and 40 mm in length
were put into a test tube containing 3 ml KHS at 378C and
incubated for 1, 2 or 24 h with or without 10y4 M
lysophosphatidylcholine. After the incubation period, 0.05
ml of the incubation solution was removed and the LDH in
the solution determined. The aortic strip itself, in the

Ž .remaining incubation solution 2.95 ml , was treated with
1% triton X-100 for 30 min to enable total LDH activity to
be measured.

2.4. Assay of cyclic nucleotides

Endothelium-denuded aortic tissues were equilibrated in
KHS for 1 h, then incubated with lysophosphatidylcholine,

sodium nitroprusside or forskolin for 1 or 10 min. After
incubation, the preparations were quickly frozen in liquid
nitrogen, then homogenized in ice-cold 6% trichloroacetic
acid containing 10y4 M 3-isobutyl-1-methyl-xanthine
Ž .IBMX in a Potter glass–glass homogenizer. The ho-
mogenates were centrifuged at 3000 rpm for 10 min at 48C
and the supernatants were extracted with three volumes of
water-saturated ether. Cyclic AMP and cyclic GMP were
measured by radioimmunoassay using Yamasa cyclic AMP
and cyclic GMP kits. Protein was determined by the

Ž .method of Lowry et al. 1951 with bovine serum albumin
as standard. The amount of each cyclic nucleotide was
expressed as pmolrmg protein.

2.5. Drugs

Ž .Bovine serum albumin Fraction V , cremophor EL,
digitonin, EGTA, forskolin, H-7, IBMX, L-a-lysophospha-

Ž . vtidylcholine palmitoyl , N -nitro-L-arginine, noradrena-
line, triton X-100 and verapamil were purchased from

Ž .Fig. 1. Typical traces showing changes in fluorescence ratio F340rF380 and force development induced by various concentrations of lysophosphatidyl-
Ž . Ž . Ž . q Ž . y4choline LPC in the rat aorta A–C . D The aortic strip was exposed to 80 mM K second application in the continued presence of 10 M

Ž . y4lysophosphatidylcholine. E The aortic strip was exposed to 10 M lysophosphatidylcholine for 15 min, then washed with flash solution for 15 min
before 10y4 M lysophosphatidylcholine was applied again. The resting level is taken as 0% and the 80 mM Kq-stimulated level as 100%.
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Ž .Sigma St. Louis, MO, USA . Acetylcholine chloride was
Ž .purchased from Daiichi Pharmaceuticals Tokyo, Japan .

Fura PE3-AM and sodium nitroprusside were purchased
Ž .from Wako Pure Chemical Industries Osaka, Japan . Fura

Ž .PE3-AM was dissolved in dimethylsulfoxide DMSO and
mixed with cremophor EL. The final concentrations of
DMSO and cremophor EL were 1% and 0.04%, respec-
tively. At these concentrations, DMSO and cremophor EL

w 2qxhad no detectable effect on Ca or tension in the aortici

strips. Forskolin was dissolved in DMSO and diluted in
distilled water. All the other drugs were dissolved in
distilled water.

2.6. Statistics

The results shown in the text and figures are expressed
as the mean"S.E. Statistical differences were assessed by
Dunnett’s multiple comparison test following a One-way
analysis of variance.

3. Results

3.1. Intracellular free Ca2 q and tension deÕelopment in
response to lysophosphatidylcholine

Typical changes evoked by palmitoyl-L-a-lysophospha-
tidylcholine in muscle tension development and intra-
cellular free Ca2q in fura-PE3-loaded aortic strips are
illustrated in Fig. 1. Lysophosphatidylcholine concentra-

w 2qxtion-dependently induced a gradual increase in Ca ini

normal medium. The application of 10y4 M lysophospha-
tidylcholine induced a large and sustained increase in
w 2qx Ž w 2qxCa the peak Ca was 125.2"11.5% of the 80i i

q .mM K -induced response . However, this concentration of
lysophosphatidylcholine produced only a slight contraction
Ž q .4.0"1.4% of the 80 mM K -induced contraction . Dur-
ing the lysophosphatidylcholine response, a second appli-
cation of 80 mM Kq induced a contraction that was

Ž .98.2"2.5% ns4 of that induced by the first applica-
q Ž .tion of 80 mM K Fig. 1D . The second application of 80

q w 2qxmM K also elicited a further increase in Ca on topi
w 2qxof the increase in Ca evoked by lysophosphatidyl-i

choline. As a comparison, in lysophosphatidylcholine-
untreated aortic strips, a second application of 80 mM Kq

induced a contraction that was 99.9"0.5% of the contrac-
q Ž .tion evoked by the first application of 80 mM K Fig. 2 .

Ž y4 .In contrast, lysophosphatidylcholine 10 M reduced the
contractile response to 10y5 M noradrenaline by 15%
Ž qfrom 103.4"2.1% to 88.0"5.7% of the 80 mM K -in-

.duced response; p-0.05, ns4 . The lysophosphatidyl-
w 2qxcholine-evoked increase in Ca was repeatable follow-i

Ž .ing a washout Fig. 1E , the second administration of
Ž y4 .lysophosphatidylcholine 10 M evoking a substantial

w 2qx Ž w 2qxincrease in Ca the peak Ca was 79.9"7.2% ofi i

w 2q xFig. 2. Changes in Ca level and contraction induced by variousi
Ž .concentrations of lysophosphatidylcholine LPC in the rat aorta. The

w 2q xpeak increase in Ca evoked by lysophosphatidylcholine was taken toi

be the response. For comparison, the cross-hatched columns show the
w 2q xchanges in Ca level and contraction induced by a second applicationi

of 80 mM Kq in the absence of lysophosphatidylcholine. The resting
q Žlevel is taken as 0% and the 80 mM K -stimulated level first applica-

.tion as 100%. Values represent the mean"S.E. for 4–5 smooth muscle
preparations, each isolated from a different animal.

q .the 80 mM K -induced response . When a lower concen-
Ž y5 .tration of lysophosphatidylcholine 3=10 M was used

Ž .as the first administration , it evoked a substantial in-
w 2qx Ž w 2qxcrease in Ca the peak Ca was 44.9"5.5% of thei i

q .80 mM K -induced response with no contraction at all
Ž .Fig. 1B . These results are summarized in Fig. 2.

w 2qxTo test whether the increase in Ca induced byi

lysophosphatidylcholine depended on Ca2q influx, we in-
vestigated the relationship between the extracellular free
Ca2q concentration and the lysophosphatidylcholine-

w 2qx y4induced increase in Ca . The magnitude of the 10 Mi

lysophosphatidylcholine-evoked sustained increase in
w 2qx 2qCa was proportional to the concentration of Ca ini

Ž . 2qthe extracellular medium Fig. 3 . In Ca -free solution,
10y4 M lysophosphatidylcholine induced only a small and

w 2qx Žvery transient increase in Ca 9.1"1.7% of the 80i
q .mM K -induced response followed by a return to the

Ž .resting level, and no detectable contraction Fig. 4A .
2q Ž . 2qAddition of Ca 2 mM to the Ca -free solution in the

continued presence of lysophosphatidylcholine induced a
w 2qx Žsustained increase in Ca 80.5"8.2% of the 80 mMi

q . ŽK -induced response with a slight contraction 4.3"0.6%
q . Ž .of the 80 mM K -induced response Fig. 4A . Verapamil

Ž y5 . w 2qx10 M did not affect the increase in Ca induced byi

10y4 M lysophosphatidylcholine, but it strongly inhibited
q Ž .the 80 mM K -induced contraction Fig. 4B . The protein

Ž .kinase C inhibitor, 1- 5-isoquinolinesulphonyl -2-methyl-
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Fig. 3. Effect of varying the concentration of extracellular Ca2q on the
y4 w 2q x10 M lysophosphatidylcholine-evoked sustained increase in Ca .i

The resting level is taken as 0% and the 80 mM Kq-stimulated level as
100%. When aortic strips were exposed to lysophosphatidylcholine in

y6 2q w 2q x10 M Ca Krebs solution, a sustained increase in Ca was noti

obtained. Values represent the mean"S.E. for 4 smooth muscle prepara-
tions, each isolated from a different animal.

Ž .piperazine dihydrochloride H-7 at a concentration of
y5 w 2qx10 M also failed to affect the increase in Ca i

induced by 10y4 M lysophosphatidylcholine. These results
are summarized in Fig. 5.

3.2. Influence of detergent action on intracellular free
Ca2 q and tension

It seemed possible that the dissociation between the
intracellular Ca2q level and contraction on exposure of the

Fig. 5. Effects of removal of extracellular Ca2q, application of 10y5 M
y5 w 2q xverapamil and application of 10 M H-7 on changes in Ca leveli

and contraction induced by 10y4 M lysophosphatidylcholine in the rat
aorta. ‘‘Control’’ represents response to 10y4 M lysophosphatidylcholine
in normal medium. The resting level is taken as 0% and the 80 mM
Kq-stimulated level as 100%. Values represent the mean"S.E. for 4–5
smooth muscle preparations, each isolated from a different animal.

rat aorta to lysophosphatidylcholine could be due to a
detergent action. The application of detergent may produce
morphological changes such as cytoplasmic vacuolation
and an abrupt leakage of some of the cytosolic proteins
that are related to the contractile response. Under these
conditions, leakage of fluorescence dye may also occur.

Ž y4 .Lysophosphatidylcholine 10 M caused an increase
in the 500 nm fluorescence emission at 340 nm excitation
and a simultaneous decrease in the 500 nm fluorescence

2q Ž . y5 Ž .Fig. 4. Typical traces showing effects of removal of extracellular Ca A or application of 10 M verapamil B on changes in fluorescence ratio
Ž . y4 Ž .F340rF380 and force development induced by 10 M lysophosphatidylcholine LPC in the rat aorta. In panel A, lysophosphatidylcholine was still

2q Ž . qpresent when Ca 2 mM was added. The resting level is taken as 0% and the 80 mM K -stimulated level as 100%.
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y4 Ž . y6Fig. 6. Typical traces showing changes in fluorescence and force development induced by 10 M lysophosphatidylcholine LPC , 3=10 M digitonin
Ž . Ž .and 0.1% triton X-100 in the rat aorta. The traces show changes in fluorescence intensity obtained at 340 nm F340 and 380 nm F380 excitation and the

Ž . qratio F340rF380 . The resting levels of both tension and fluorescence ratio are taken as 0% and the 80 mM K -stimulated levels as 100%.

Ž .emission at 380 nm excitation Fig. 6A . The ratio of the
fluorescence emissions at these two wavelengths was sub-

Ž . Ž y6 .stantially increased Fig. 6A . Digitonin 3=10 M also
caused an increase in the 500 nm fluorescence emission at
340 nm excitation and a simultaneous decrease in the 500
nm fluorescence emission at 380 nm excitation, so the

Ž .ratio showed a substantial increase Fig. 6B . However,

w 2q xFig. 7. Changes in Ca level and contraction induced by variousi

concentrations of digitonin in the rat aorta. The resting level is taken as
0% and the 80 mM Kq-stimulated level as 100%. Values represent the
mean"S.E. for 5 smooth muscle preparations, each isolated from a
different animal.

digitonin produced a pronounced contraction that was con-
Ž . Ž .centration-dependent Figs. 6B and 7 . Triton X-100 0.1%

w 2qx Žinduced a large increase in Ca increase in the ratio ofi
.the fluorescence signals with no detectable contraction

Ž . w 2qxFig. 6C . However, following the peak of the Ca i

response, the fluorescence level decreased rapidly and
dropped to a level lower than that seen prior to the
administration of triton X-100. During this period, the
fluorescence intensities obtained at 340 nm and 380 nm
excitation each showed a decrease. When an aortic strip

Ž y5 .was exposed to a high dose 10 M of digitonin, the
fluorescence ratio also dropped to a level lower than that

Ž .seen prior to its administration data not shown . In the
q Ž .presence of 0.1% triton X-100, a high K 80 mM -in-

Ž .duced contraction was not observed ns3 .

3.3. Influence of lysophosphatidylcholine on Õascular con-
traction, and assessment of cytotoxicity

Treatment with 10y4 M lysophosphatidylcholine for 1
or 2 h did not significantly attenuate the contractile re-

q Ž .sponse induced by 80 mM K Fig. 8A . However, long-
Ž . y4term exposure 24 h to 10 M lysophosphatidylcholine

strongly attenuated the 80 mM Kq-induced contraction.
Treatment with 10y4 M lysophosphatidylcholine for 1

or 2 h also caused no significant increase in the LDH
Ž .activity in the incubation solution Fig. 8B . Long-term

Ž . y4exposure 24 h to 10 M lysophosphatidylcholine caused
a significant release of LDH activity, the level in the
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y4 Ž . q Ž .Fig. 8. Time-dependent effects of 10 M lysophosphatidylcholine LPC on 80 mM K -induced contractile responses A and release of lactate
Ž . Ž .dehydrogenase LDH from rat aorta B . ‘‘Control’’ represents responses recorded in the absence of lysophosphatidylcholine. Values represent the

mean"S.E. for 4–5 smooth muscle preparations, each isolated from a different animal. Values are expressed as a percentage of the tension developed as a
q Ž .result of pretreatment with 80 mM K in each strip A or expressed as a percentage of the total LDH activity released from each tissue after treatment

Ž . UUwith 1% triton X-100 B . P-0.01 vs. control in the absence of lysophosphatidylcholine.

incubation solution reaching 75.1"2.2% of the total LDH
activity in the aortic strip.

3.4. Influence of lysophosphatidylcholine on cyclic nu-
cleotide leÕels in aortic strips

The basal levels of cyclic AMP and cyclic GMP in
endothelium-denuded aortic strips were 3.70 " 0.18
pmolrmg protein and 0.33"0.01 pmolrmg protein, re-

Ž . y4spectively Table 1 . Treatment with 10 M lysophospha-
tidylcholine for 10 min or with 3=10y5 M lysophosphati-
dylcholine for 10 min had no effect on either the cyclic

ŽAMP level or the cyclic GMP level. A short exposure 1
. y4min to 10 M lysophosphatidylcholine also failed to

Ž y5 .affect the cyclic GMP level. Forskolin 10 M signifi-
cantly increased the cyclic AMP content, while sodium

Ž y6 .nitroprusside 10 M significantly increased the cyclic
GMP content.

4. Discussion

In the present study, lysophosphatidylcholine produced
w 2qxa sustained increase in Ca in the endothelium-denudedi

rat aorta. The magnitude of the sustained increase in
w 2qx 2qCa was proportional to the concentration of Ca ini

the extracellular medium and no increase was evoked in
Ca2q-free solution. However, verapamil had no effect on

w 2qxthe sustained increase in Ca . These results suggest thati
w 2qxwhile the increase in Ca induced by lysophosphatidyl-i

choline requires external Ca2q, it is not due to an increased
Ca2q influx through voltage-dependent L-type Ca2q chan-
nels. These results are similar to those obtained previously

Table 1
Ž . Ž .Effects of lysophosphatidylcholine LPC , sodium nitroprusside SNP and forskolin on cyclic nucleotide content of endothelium-denuded rat aorta

NT, not tested.

Ž ŽTreatment Incubation cAMP pmolr cGMP pmolr
Ž . . .time min mg protein mg protein

Control 3.70"0.18 0.33"0.01
y5LPC 3=10 M 10 3.98"0.07 0.34"0.03
y4LPC 1=10 M 1 NT 0.33"0.01
y4LPC 1=10 M 10 3.71"0.09 0.35"0.02
y6 aSNP 1=10 M 1 NT 115.76"12.47

y5 aForskolin 1=10 M 10 88.06"14.77 NT

a p-0.01 significantly different from control value.
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Žin cultured rat aortic smooth muscle cells Chen et al.,
.1995 . In the present study, lysophosphatidylcholine pro-

w 2qxduced a gradual increase in Ca in normal solution.i

However, in Ca2q-free solution addition of Ca2q in the
Žpresence of lysophosphatidylcholine the aortic strip was
.exposed to the compound for 20 min induced a rapid

w 2qxincrease in Ca . These results suggest that lysophos-i

phatidylcholine may gradually induce an increase in Ca2q

permeability.
w 2qxDespite the large increase in Ca it evoked, lyso-i

phosphatidylcholine induced only a small contraction. To
our knowledge, this is the first report showing a lack of
correlation between the rise in intracellular free Ca2q and
the contractile response on exposure of the isolated rat
aorta to lysophosphatidylcholine.

w 2qxOne explanation for the dissociation between Ca i

and contraction on exposure to lysophosphatidylcholine is
that it is due to some injury to the contractile apparatus.
Since lysophosphatidylcholine is an amphiphilic metabo-
lite, it can exist in fluids as monomers or micelles, or both.
Although the critical micelle concentration for amphiphiles
is dependent on the type of solution, the critical micelle
concentration for lysophosphatidylcholine in a physio-

Žlogical solution is reported to be 40–50 mM Bergmann et
.al., 1981 . In the present study, the lysophosphatidyl-

choline might have existed in the Krebs solution as both
monomers and micelles when 100 mM lysophosphatidyl-
choline was applied. However, low concentrations of lyso-

Ž .phosphatidylcholine 10 or 30 mM also produced an
w 2qxincrease in Ca in the present experiments, suggestingi

w 2qxthat the increase in Ca is probably not due to somei

non-specific detergent effects of lysophosphatidylcholine
micelles.

Cell injury is often assessed by measuring the release of
intracellular LDH. It has been reported that 100 mM
lysophosphatidylcholine causes a time-dependent release

Žof LDH from vascular smooth muscle cells Tokumura et
. Ž .al., 1994 . We found Fig. 8 that treatment with 100 mM

Žlysophosphatidylcholine for 1 or 2 h much longer than the
time for which it was normally applied in the present

.study did not cause a release of LDH from the aorta,
w 2qxsuggesting that the dissociation between Ca and thei

contractile response evoked by lysophosphatidylcholine
may not be due to a cytotoxic effect. In the present study,
lysophosphatidylcholine inhibited the noradrenaline-
induced contraction, a result consistent with our previous

Ž .data Suenaga and Kamata, 1998 . However, we consider
that this effect is unlikely to be due to a cytotoxic action
since the noradrenaline-induced contraction was almost
restored following removal of the lysophosphatidylcholine
Ž . qthe previous study and the 80 mM K -induced contrac-

Žtion was not affected by lysophosphatidylcholine the pre-
.sent study .

Triton X-100 has a pronounced detergent action and is
widely used to produce chemical skinning of muscle
preparations. In the present study, triton X-100 also pro-

w 2qx Žduced a marked elevation in Ca increase in the ratioi
.of the fluorescence signals with no contraction. However,

w 2qxfollowing the peak in the Ca response, a markedi

decrease in fluorescence occurred. This decrease may have
been the result of a leak of fluorescent dye from the aorta
since the fluorescence dropped to a level lower than that
seen prior to the administration of triton X-100. In the
triton X-100-treated aorta, high Kq failed to produce a
contraction, suggesting that triton X-100 may induce a leak
of some of the cytosolic proteins involved in contractile
responses. In contrast, lysophosphatidylcholine induced a

w 2qxslow but progressive increase in Ca with a subsequenti

return towards the level seen prior to its administration.
These observations suggest that lysophosphatidylcholine
may not cause a leakage of fluorescent dye and that the

w 2qxdissociation between Ca and contraction seen withi

this compound may not be due to a detergent action like
that of triton X-100. Digitonin also has a detergent action.

Ž .In the present study, a high dose 10 mM of digitonin
evoked a leakage of fluorescent dye from the aorta. How-

Ž .ever, a low concentration of digitonin 1 mM produced an
w 2qxincrease in Ca without such a leak and it may havei

mimicked the dissociative effect of lysophosphatidyl-
choline, although it is difficult to be sure because the

w 2qx Ževoked increase in Ca was quite small 16.9"7.7%i
q . Ž .of the 80 mM K -induced response . Ishida et al. 1993

Ž .also reported that a low dose 0.2 mM of digitonin caused
w 2qx Žan increase in Ca without a leakage of dye in theiri

. Žcase, from cardiac cells . However, digitonin at 3 or 5
.mM , unlike lysophosphatidylcholine, simultaneously pro-

duced a contractile response in the present study. We
consider that a low concentration of digitonin may selec-
tively increase Ca2q permeability and that this concentra-
tion of digitonin may not cause leakage of fluorescent dye
or of cytosolic proteins involved in producing contractile
responses. The above results also suggest that the observed
dissociative effect of lysophosphatidylcholine may not be
due to a digitonin-like action.

It needs to be considered whether the dissociation be-
w 2qxtween Ca and contraction seen with lysophosphatidyl-i

choline might be due to a decrease in Ca2q-sensitivity.
Increases in cyclic AMP and cyclic GMP levels in vascu-
lar smooth muscle are both known to cause a decrease in

2q ŽCa -sensitivity Karaki et al., 1988, 1997; Balwierczak,
.1991 . However, in the present study, lysophosphatidyl-

choline did not increase either the cyclic AMP or cyclic
GMP level in the rat aorta.

Another possibility we need to consider is that lyso-
w 2qxphosphatidylcholine might evoke an increase in Ca ini

a non-contractile Ca2q compartment within the rat aortic
smooth muscle cell. Indeed, recent studies have suggested
that the distribution of intracellular free Ca2q is not uni-

w 2qxform and that a lack of association between the Ca i

measured with a Ca2q indicator and the contractile re-
w 2qxsponse might result from a local increase in Ca . Ini

Ž .fact, a few years ago Abe et al. 1995 were able to
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demonstrate the existence of just such a non-contractile
Ca2q compartment in vascular smooth muscle. This non-
contractile Ca2q compartment may not contain contractile
elements and it may be separated from the contractile
Ca2q compartment by a diffusion barrier. Reports that
cyclopiazonic acid and ATP can evoke an increase in
w 2qxCa with little or no contraction also suggest that ai

non-contractile Ca2q compartment is present in vascular
Žsmooth muscle cells Abe et al., 1996; Kitajima et al.,

.1996 . This potential mechanism seems at present to pro-
vide the most plausible explanation for the absence of
contraction during the lysophosphatidylcholine-evoked in-

w 2qxcrease in Ca seen in the present study. At present, iti

seems most likely that it is due to the evoked increase in
w 2qxCa being confined to a non-contractile componenti

within the smooth muscle cell. Whatever the underlying
mechanism might actually be, the present study demon-

w 2qxstrates that the large increase in Ca evoked by lyso-i

phosphatidylcholine differs in some way from those in-
duced by high Kq and other vasoconstrictors.

Lysophosphatidylcholine is considered to play a role in
signal transduction via a regulation of protein kinase C
Ž .Bells and Burns, 1991 . However, in the present study,

w 2qxH-7 did not inhibit the increase in Ca evoked byi

lysophosphatidylcholine in the rat aorta, suggesting that
w 2qxthe observed effect of lysophosphatidylcholine on Ca i

may not be due to protein kinase C activation. Moreover,
lysophosphatidylcholine produced only a small contrac-
tion. This result suggests that lysophosphatidylcholine
probably does not strongly activate the protein kinase C
that mediates vascular contraction in rat aortic smooth
muscle.

Since the concentration of lysophosphatidylcholine is
Žincreased in atherosclerotic arterial walls Portman et al.,

.1970; Vidaver et al., 1985 , atherosclerotic arteries are
presumably chronically exposed to a high concentration of
lysophosphatidylcholine. We recently reported that 10 mM
lysophosphatidylcholine potentiated a vascular contractile

Ž .response without affecting the maximal contraction by
w 2qxenhancing the vasoconstrictor-induced increase in Ca i

and that this augmentation effect was strongly inhibited by
2q Ž .Ca -channel blockade Suenaga and Kamata, 1998 . In

Ž .the present study, a high dose 100 mM of lysophosphati-
w 2qxdylcholine given alone produced a large increase in Ca i

w 2qxin the rat aorta. Since the increase in Ca was noti

inhibited by verapamil and did not lead to contraction, the
effect observed with lysophosphatidylcholine in the pre-
sent study and the augmentation effect of lysophosphati-
dylcholine on vascular contractile responses may be medi-
ated by different mechanisms.

In conclusion, in endothelium-denuded rat aortic strips
lysophosphatidylcholine produces a large increase in
w 2qxCa which does not induce the expected contraction.i

w 2qx 2qAlthough the increase in Ca requires external Ca , iti

is not due to an increased Ca2q influx through voltage-de-
pendent L-type Ca2q channels. The effect of lysophospha-

w 2qxtidylcholine on Ca is not due to any extent to proteini

kinase C activation, nor does it seem to be due to a
detergent action like that of digitonin and triton X-100.
The relative lack of a contractile response to lysophospha-
tidylcholine is not due to a decrease in Ca2q sensitivity
secondary to the formation of cyclic AMP or cyclic GMP.
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