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Abstract

The present experiments were designed to explore the role of the brain phospholipase A -arachidonic acid cascade in the activation of2
Ž .central sympatho-adrenomedullary outflow in rats, using melittin an activator of phospholipase A and arachidonic acid. Intracerebro-2

Ž . Ž .ventricularly administered melittin 2.5, 10, and 25 mgranimal or arachidonic acid 75, 150, 300 mgranimal effectively and dose
Ždependently elevated plasma levels of adrenaline and noradrenaline. The elevation of both catecholamines induced by melittin 10

. Ž . Žmgranimal was abolished by centrally administered mepacrine an inhibitor of phospholipase A , but not by neomycin an inhibitor of2
. Ž . Žphospholipase C . However, mepacrine had no effect on the increase induced by arachidonic acid 150 mgranimal . Indomethacin an

. Žinhibitor of cyclooxygenase abolished all responses induced by melittin and arachidonic acid. Furegrelate an inhibitor of thromboxane
.A synthase abolished the elevation of adrenaline induced by melittin and arachidonic acid, but had no effect on the elevation of2

noradrenaline induced by these compounds. These results suggest that activation of the brain phospholipase A -arachidonic acid cascade2

facilitates the central sympatho-adrenomedullary outflow in rats. Brain thromboxane A is involved in the activation of central2

adrenomedullary outflow and an active metabolite of arachidonic acid other than thromboxane A may be involved in activation of the2

central sympathetic outflow. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Phospholipase A hydrolyzes the sn-2 ester bond of2

membrane phospholipids with the release of arachidonic
Žacid Flower and Blackwell, 1976; Irvine, 1982; Axelrod,
.1990 . In addition, phospholipase C cleaves the phosphodi-

ester bond, resulting in the formation of a 1,2-diglyceride;
arachidonic acid is then released from the diglyceride by

Žthe sequential actions of diglyceride lipase Bell et al.,
.1979 . A portion of the released arachidonic acid is metab-

olized rapidly to oxygenated products by several distinct
enzyme systems, including cyclooxygenase, and the prod-
ucts of the arachidonic acid cascade may act as intra-
cellular or intramembrane signaling molecules.

Previously we reported that intracerebroventricularly
administered prostaglandin E activates the central sympa-2

) Corresponding author. Tel.: q81-88-880-2328; fax: q81-88-880-
2328.

thetic outflow by activation of brain prostanoid EP recep-3
Ž .tors in rats Yokotani et al., 1988, 1995a, 1996 . Further-

more, intracerebroventricularly administered interleukin-1b

activates the central sympathetic outflow in rats and this
response is attenuated by centrally administered indo-

Žmethacin, an inhibitor of cyclooxygenase Yokotani et al.,
.1995b; Murakami et al., 1996 . Interleukin-1 has been

shown to interact with phospholipase A thereby increas-2
Žing prostaglandin synthesis in rabbit chondrocytes Chang

.et al.,1986; Kerr et al., 1989 . This evidence suggests that
the brain phospholipase A -arachidonic acid cascade plays2

a role in the activation of central sympathetic outflow.
The present study was, therefore, designed to further

explore the relationship between brain phospholipase A -2

arachidonic acid cascade and central sympatho-adren-
omedullary outflow in rats, using melittin. Melittin is a
polypeptide component of bee venom which activates
phospholipase A , thereby increasing arachidonic acid re-2

Žlease and prostaglandin synthesis Hassid and Levine,
.1977; Argiolas and Pisano, 1983; Churchill et al., 1990 .
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2. Materials and methods

2.1. Experimental procedures

Male Wistar rats weighing about 350 g were maintained
in a room at 22–248C under a constant day–night rhythm

Žfor more than 2 weeks and given food laboratory chow,
.CE-2; Clea Japan, Hamamatsu, Japan and water ad libi-

Ž .tum. Under urethane anesthesia 1.2 grkg, i.p. , the femoral
Ž .vein was cannulated for infusion of saline 1.2 mlrh , and

the femoral artery was cannulated for collecting blood
samples. After these procedures, the animal was placed in
a stereotaxic apparatus, as shown in our previous paper
Ž .Yokotani et al., 1995a .

Three hours after the animal was placed in the stereo-
Žtaxic apparatus, a stainless-steel cannula 0.35 mm outer

.diameter was inserted into the right lateral ventricle ac-
cording to the rat brain atlas of Paxinos and Watson
Ž .1986 . The stereotaxic coordinates of the tip of the can-

Ž .nula were as follows in mm : AP, y0.8; L, 1.5; H, 4.0
ŽAP, anterior from the bregma; L, lateral from the midline;

.H, below the surface of the brain . Melittin and arachi-
donic acid were dissolved in sterile saline and slowly
injected into the lateral ventricle in a volume of 10 ml
using a 50-ml Hamilton syringe. Mepacrine, neomycin and
indomethacin–Na were also dissolved in sterile saline and
administered into the right lateral ventricle 60 min before
the application of melittin or arachidonic acid.

2.2. Measurement of plasma catecholamines

Ž .Blood samples 250 ml were collected through an
arterial catheter. Catecholamines in the plasma were ex-

Ž .tracted by the method of Anton and Sayre 1962 with a
slight modification and were assayed electrochemically by

Žhigh performance liquid chromatography Yokotani et al.,
. Ž .1995a . Briefly, after centrifugation, the plasma 100 ml

was transferred to a centrifuge tube containing 30 mg of
activated alumina, 2 ml of double deionized water, 1 ng of
3,4-dihydroxybenzylamine as an internal standard and 1 ml

Ž .of 1.5 M Tris Buffer pH 8.6 containing 0.1 M disodium
EDTA. The tube was shaken for 5 min and the alumina
was washed three times with 4 ml of ice-cold double
deionized water. Then catecholamines adsorbed onto the
alumina were eluted with 300 ml of 4% acetic acid con-

Žtaining 0.1 mM disodium EDTA. A pump EP-300; Eicom,
. ŽKyoto, Japan , a sample injector Model-231XL; Gilson,

.Villiers-le-Bel, France and an electrochemical detector
Ž .ECD-300; Eicom equipped with a graphite electrode
were used with high performance liquid chromatography.
Analytical conditions were as follows: detector, q450 mV
potential against a AgrAgCl reference electrode; column,

Ž .Eicompack CA-50DS, 2.1=150 mm Eicom ; mobile
Ž .phase, 0.1 M NaH PO –Na HPO buffer pH 6.0 con-2 4 2 4

taining 50 mgrl EDTA dihydrate, 750 mgrl 1-octane
Ž .sulfate sodium Nacalai Tesque, Kyoto, Japan and 15%

methanol at a flow rate of 0.22 mlrmin. The amount of

Ž .Fig. 1. Effects of melittin and arachidonic acid on plasma levels of adrenaline and noradrenaline. Arrow indicates intracerebroventricular i.c.v.
Ž . Ž . Ž . Ž . Ž . Ž .administration of melittin MEL 2.5, 10 and 25 mgranimal in A and arachidonic acid AA 75, 150 and 300 mgranimal in B . DAd and DNA,

Ž . Ž . Ž .Ž . Ž . Ž .increase of adrenaline Ad and noradrenaline NA above basal. A: vehicle saline 10 mlranimal ns5 , 2.5 mg MEL ns4 , 10 mg MEL ns5
Ž . Ž . Ž . Ž . Ž . Ž . Ž .cited from Fig. 2A ; 25 mg MEL ns5 . B: vehicle ns5 , 75 mg AA ns4 , 150 mg AA ns5 cited from Fig. 2B , 300 mg AA ns5 . Each

) Ž .point represents the mean"S.E.M. Significantly different p-0.05 from vehicle-treated control. The actual values for Ad and NA at 0 min were
Ž . Ž . Ž . Ž .159.8"28.8 and 306.2"26.9 pgrml ns19 in A , 182.7"17.8 and 314.1"19.7 pgrml ns19 in B , respectively.
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Ž . Ž .Fig. 2. Effects of mepacrine and neomycin on the melittin- or arachidonic acid-induced elevation of plasma adrenaline Ad and noradrenaline NA .
Ž . Ž . Ž . Ž .Mepacrine MEP 500 mgranimal, i.c.v. or neomycin NEO 500 mgranimal, i.c.v. was administered 60 min before the administration of melittin

Ž . Ž . Ž . Ž . Ž . Ž . Ž .MEL 10 mgranimal, i.c.v. or arachidonic acid AA 150 mgranimal, i.c.v. . A MEPqvehicle ns5 , vehicleqMEL ns5 , MEPqMEL
Ž . Ž . Ž . Ž . Ž . Ž . ) Ž .ns5 , NEOqMEL ns4 . B MEPqvehicle ns4 , vehicleqAA ns5 , MEPqAA ns5 . Significantly different p-0.05 from animals

Ž . Ž .treated with vehicleqMEL in A or with vehicleqAA in B . Other conditions were the same as those in Fig. 1. The actual values for Ad and NA at 0
Ž . Ž .min were 261.2"54.9 and 488.9"48.1 pgrml ns10 in the MEP-pretreated group, 485.5"197.2 and 510.3"46.8 pgrml ns4 in the

Ž . Ž . Ž .NEO-pretreated group in A , 200.4"33.3 and 348.4"42.0 pgrml ns9 in the MEP-pretreated group in B , respectively.

Ž . Ž .Fig. 3. Effect of indomethacin on the melittin- or arachidonic acid-induced elevation of plasma adrenaline Ad and noradrenaline NA . Indomethacin
Ž . Ž . Ž .Ž . Ž . ŽIND 500 mgranimal, i.c.v. was administered 60 min before the administration of melittin MEL 10 mgranimal, i.c.v. or arachidonic acid AA 150

. Ž . Ž . Ž . Ž . Ž . Ž . Ž .mgranimal, i.c.v. . A INDqvehicle ns4 , vehicleqMEL ns5 cited from Fig. 2A , INDqMEL ns5 . B INDqvehicle ns4 ,
Ž . Ž . Ž . ) Ž . Ž .vehicleqAA ns5 cited from Fig. 2B , INDqAA ns5 . Significantly different p-0.05 from animals treated with vehicleqMEL in A or

Ž .with vehicleqAA in B . Other conditions were the same as those in Figs. 1 and 2. The actual values for Ad and NA at 0 min in IND-pretreated group
Ž . Ž . Ž . Ž .were 198.0"35.5 and 367.2"35.3 pgrml ns10 in A , 185.5"25.8 and 318.1"47.4 pgrml ns9 in B , respectively.
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catecholamines in each sample was calculated using the
peak height ratio relative to that of 3,4-dihydroxybenzyl-
amine, an internal standard. This assay method could
accurately determine 0.5 pg of adrenaline and noradrena-
line.

2.3. Treatment of data and statistics

All values are expressed as the means"S.E.M. The
data were analyzed by repeated-measure ANOVA using

Ž .Statview 4.0 Abacus Concept, CA, USA , followed by
post hoc analysis with the Bonferroni method for compar-

Ž .ing a control to all other means Fig. 1 . When only two
means were compared, an unpaired Student’s t-test was

Ž .used Figs. 2–4 . P values less than 0.05 were taken to be
significant.

2.4. Compounds

The following drugs were used: arachidonic acid sodium
Ž .and neomycin sulfate Sigma, St. Louis, MO, USA ; fure-

Žgrelate sodium Biomol Research Lab., Plymouth Meeting,
.PA, USA ; water-soluble indomethacin sodium trihydrate

Ž .Merck, Rahway, NJ, USA ; synthetic melittin and
Ž . Žmepacrine quinacrine dihydrochloride Research Bio-

.chemicals, Natik, MA, USA . All other reagents were the
Ž .highest grade available Nacalai Tesque, Kyoto, Japan .

3. Results

3.1. Effects of melittin and arachidonic acid on plasma
catecholamines

Ž .Intracerebroventricularly i.c.v. administered vehicle
Ž .10 ml salineranimal and blood sampling five times over

Ž . Ž .a 120-min period in A or a 60-min period in B did not
affect the basal plasma levels of either adrenaline or

Ž .noradrenaline Fig. 1A and B .
ŽAdministration of melittin 2.5, 10, and 25 mgranimal,

.i.c.v. dose dependently elevated plasma levels of
Ž .adrenaline and noradrenaline Fig. 1A . The plasma levels

of adrenaline and noradrenaline reached a maximum 30–60
min after the administration of melittin and then gradually
declined toward the basal level.

ŽAdministration of arachidonic acid 75, 150, 300
.mgranimal, i.c.v. rapidly and dose dependently elevated

Žthe plasma levels of adrenaline and noradrenaline Fig.
.1B . The levels of both catecholamines reached a maxi-

mum 20–30 min after the administration of arachidonic
acid and then declined toward the basal level.

Ž .Intravenous administration of melittin 10 mgranimal
Ž .or arachidonic acid 150 mgranimal had no effect on

Ž .plasma catecholamine levels data not shown .

Ž . Ž . Ž .Fig. 4. Effect of furegrelate on the melittin- or arachidonic acid-induced elevation of plasma adrenaline Ad and noradrenaline NA . Furegrelate FUR
Ž . Ž . Ž . Ž . Ž500 mgranimal, i.c.v. was administered 60 min before the administration of melittin MEL 10 mgranimal, i.c.v. or arachidonic acid AA 150

. Ž . Ž . Ž . Ž . Ž . Ž . Ž .mgranimal, i.c.v. . A FURqvehicle ns4 , vehicleqMEL ns5 cited from Fig. 2A , FULqMEL ns4 . B FURqvehicle ns4 ,
Ž . Ž . Ž . ) Ž . Ž .vehicleqAA ns5 cited from Fig. 2B , FURqAA ns5 . Significantly different p-0.05 from animals treated with vehicleqMEL in A or

Ž .with vehicleqAA in B . Other conditions were the same as those in Figs. 1–3. The actual values for Ad and NA at 0 min in FUR-pretreated group were
Ž . Ž . Ž . Ž .108.6"13.2 and 448.5"39.7 pgrml ns8 in A , 169.0"20.6 and 470.2"67.2 pgrml ns9 in B , respectively.
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3.2. Effects of mepacrine and neomycin on the melittin- or
arachidonic acid-induced eleÕation of plasma catechol-
amines

Ž .Administration of mepacrine 500 mgranimal, i.c.v.
did not affect the basal plasma levels of either cate-

Ž .cholamine, but neomycin 500 mgranimal, i.c.v. slightly
Ž .elevated the basal level of adrenaline Fig. 2A and B .

ŽMepacrine effectively reduced the melittin 10
.mgranimal, i.c.v. -induced elevation of plasma adrenaline

and noradrenaline, but neomycin had no effect on the
Žmelittin-induced elevation of both catecholamines Fig.

.2A . The levels of adrenaline and noradrenaline at 30 min
were 375.9 " 123.6 and 152.4 " 54.3 pgrml in the

Ž .mepacrine-plus melittin-treated group ns5 and 1210.9
"105.3 and 760.9"246.8 pgrml in the neomycin-plus

Ž .melittin-treated group ns4 . The former values were
significantly different from those for the vehicle-plus

Žmelittin-treated group 1444.7"90.4 and 599.3"53.0
. Ž .pgrml, ns5 Fig. 2A .

Ž .On the other hand, mepacrine 500 mgranimal, i.c.v.
had no effect on the increase in plasma catecholamines

Ž . Žinduced by arachidonic acid 150 mgranimal, i.c.v. Fig.
.2B .

3.3. Effect of indomethacin on the melittin- or arachidonic
acid-induced eleÕation of plasma catecholamines

Ž .Administration of indomethacin 500 mgranimal, i.c.v.
had no effect on the basal plasma levels of catecholamines
Ž .Fig. 3A and B .

Indomethacin completely abolished the elevation of both
Ž .catecholamines induced by melittin 10 mgranimal, i.c.v.

Ž .Fig. 3A . The levels of adrenaline and noradrenaline at 30
min were 91.2"28.4 and 161.3"92.4 pgrml in the

Ž .indomethacin-plus melittin-treated group ns5 . These
values were significantly different from those for the vehi-

Žcle- plus melittin-treated group 1444.7"90.4 and 599.3
."53.0 pgrml, ns5 .

Indomethacin also completely abolished the elevation of
Žboth catecholamines induced by arachidonic acid 150

. Ž .mgranimal, i.c.v. Fig. 3B . The levels of adrenaline and
noradrenaline at 20 min were 25.5"35.6 and y2.8"35.3
pgrml in the indomethacin-plus arachidonic acid-treated

Ž .group ns5 . These values were significantly different
from those for the vehicle-plus arachidonic acid-treated

Ž .group 780.4"155.2 and 985.3"111.6 pgrml, ns5
Ž .Fig. 3B .

3.4. Effect of furegrelate on the melittin- or arachidonic
acid-induced eleÕation of plasma catecholamines

Ž .Administration of furegrelate 500 mgranimal, i.c.v.
had no effect on the basal plasma levels of catecholamines
Ž .Fig. 4A and B .

Furegrelate completely abolished the elevation of
adrenaline, but not that of noradrenaline, induced by melit-

Ž . Ž .tin 10 mgranimal, i.c.v. Fig. 4A . The level of adrenaline
at 30 min was 298.7"152.8 pgrml in the furegrelate-plus

Ž .melittin-treated group ns4 . This value was significantly
different from that for the vehicle-plus melittin-treated

Ž .group 1444.7"90.4 pgrml, ns5 .
Furegrelate also completely abolished the elevation of

adrenaline, but not that of noradrenaline, induced by
Ž . Ž .arachidonic acid 150 mgranimal, i.c.v. Fig. 4B . The

levels of adrenaline at 20 min were 65.6"47.8 pgrml in
Ž .the furegrelate- plus arachidonic acid-treated group ns5 .

This values was significantly different from that for the
Žvehicle- plus melittin-treated group 780.4"155.2 pgrml,

.ns5 .

4. Discussion

Melittin activates phospholipase A by its interaction2

with the membrane bound phospholipid side chains
Ž .Nishiya, 1991 , which results in accelerated lipid hydroly-
sis of the phospholipase A -phospholipid complex and2

thereby increases arachidonic acid release. However, melit-
tin has also been shown to stimulate the breakdown of
phosphoinositides by activation of phospholipase C
Ž .Fletcher et al., 1991; Choi et al., 1992 . In the present
study, centrally administered melittin and arachidonic acid
effectively elevated plasma levels of catecholamines. The
melittin-induced response was not influenced by neomycin,
an inhibitor of phospholipase C, but was abolished by
mepacrine, which inhibits phospholipase A activity,2

thereby inhibiting the production of arachidonic acid
ŽHirata et al., 1979; Vallee et al., 1979; Vigo et al., 1980;

.Hofmann et al., 1982 . In addition, the arachidonic acid-in-
duced elevation of both catecholamines was not influenced
by mepacrine. These results suggest that the activation of
brain phospholipase A facilitates the central sympatho-2

adrenomedullary outflow by the release of arachidonic
acid. The ability of mepacrine to block the melittin-in-
duced effect is consistent with a previous finding that
mepacrine blocks melittin-stimulated prostaglandin E re-2

Ž .lease in renal cortex slices Churchill et al., 1990 .
Arachidonic acid itself has been implicated in physio-

logical processes such as modulation of ion channels and
regulation of the activity of many enzymes such as protein

Žkinase A, protein kinase C and NADPH oxidase Katsuki
.and Okuda, 1995 . The reactions of the prostaglandin

biosynthesis from arachidonic acid are catalyzed by cyclo-
oxygenase, which is inhibited by indomethacin. In the
present study, the centrally administered arachidonic acid-
induced elevation of plasma catecholamines was attenu-
ated by indomethacin. The elevation of plasma catechol-
amines induced by melittin was also attenuated by this
reagent. From these results, it seems likely that cyclooxy-
genase-generated active metabolites of arachidonic acid
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may be involved in the melittin-and arachidonic acid-in-
duced facilitation of central sympatho-adrenomedullary
outflow.

The elevation of plasma adrenaline levels caused by
centrally administered melittin or arachidonic acid was
abolished by indomethacin and also by furegrelate, an
inhibitor of thromboxane A synthase. Recently, we re-2

ported that central thromboxane A may be involved in2

facilitation of the central adrenomedullary outflow, be-
Žcause the centrally administered nitric oxide donor 3-mor-

.pholino-sydnonimine -induced elevation of plasma
adrenaline was abolished by centrally administered throm-
boxane A synthase inhibitors or thromboxane A recep-2 2

Ž .tor antagonists in rats Murakami et al., 1998 . The present
results suggest that central thromboxane A is involved in2

the melittin-and arachidonic acid-induced facilitation of
central adrenomedullary outflow.

The elevation of plasma noradrenaline levels caused by
centrally administered melittin or arachidonic acid was
also attenuated by indomethacin, but was not influenced by
furegrelate. Therefore, it seems likely that the activation of
central sympathetic outflow evoked by these reagents is
mediated by an active metabolite of arachidonic acid other

Ž .than thromboxane A . Feuerstein et al. 1982 have al-2

ready shown that prostaglandin E injected into the lateral2

cerebral ventricle of the rat increases plasma levels of
catecholamines, especially noradrenaline. We also reported
that centrally administered prostaglandin E facilitates cen-2

tral sympathetic outflow by activation of brain prostanoid
Ž .EP receptors in rats Yokotani et al., 1988, 1995a, 1996 .3

From this evidence, it seems likely that the activation of
central sympathetic outflow caused by melittin or arachi-
donic acid is mediated by central prostaglandin E -media-2

ted mechanisms.
The central nervous system appears to contain multiple

Ž .phospholipases A Farooqui et al., 1997b . Six phospholi-2

pase A isoforms have been cloned in the rat: low molecu-2
Žlar weight secreted forms of phospholipase A types IB,2

. 2qIIA, IIC and V ; Ca -dependent high-molecular weight
Ž . 2qphospholipase A type IV ; Ca -independent high2

Ž .molecular weight phospholipase A type VI . Types IIC,2
ŽV and VI are expressed in the rat hypothalamus Molloy et

.al., 1998 , which is considered to be the center for central
Žsympatho-adrenomedulary outflow Swanson and

.Sawchenko, 1983 . Although the precise role of phospholi-
pase A in neural function is not fully understood, there is2

a growing body of evidence suggesting the involvement of
Žthese enzymes in neurotransmitter release Moskowitz et

.al., 1982 , in addition to the following, e.g., long-term
Ž .potentiation Williams et al., 1989 , membrane repair

Ž .Nakamura, 1993 and neurodegeneration during ischemia
Ž .Edgar et al., 1982 . Furthermore, several studies have
recently implicated phospholipase A in a variety of psy-2

Žchiatric diseases such as Alzheimer’s disease Stephenson
. Žet al., 1996 and schizophrenia Gattaz et al., 1995; Fa-

.rooqui et al., 1997a . The multiplicity of phospholipases

A may provide for diversity in function and for speci-2

ficity in the regulation of enzyme activity in response to a
wide range of extracellular signals. Further studies are
required to resolve the question of which type of brain
phospholipase A may be involved in the activation of the2

central sympatho-adrenomedullary outflow.
In summary, we demonstrated here that the activation

of the brain phospholipase A -arachidonic acid cascade2

facilitates the central sympatho-adrenomedullary outflow
in rats. Brain thromboxane A is involved in the activation2

of central adrenomedullary outflow. An active metabolite
Žof arachidonic acid other than thromboxane A probably2

.prostaglandin E may be involved in the activation of2

central sympathetic outflow.
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