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Abstract

Ž .Pituitary adenylate cyclase activating polypeptide PACAP is a high-affinity ligand for at least two types of G-protein coupled
Ž .receptors, the PACAP type 1 and type 2 receptor. In this study it is demonstrated that the C-terminal PACAP-fragment PACAP 6–27

Ž .stimulates serotonin release from rat peritoneal mast cells with higher potency EC : 0.2 vs. 2.0 mM than the PACAP receptor ligand50
Ž .PACAP 1–27 . PACAP-induced degranulation of rat peritoneal mast cells was abolished by pertussis toxin and by benzalkonium chloride

Ž .IC : 9.1 mgrml indicating the involvement of heterotrimeric G-proteins of the G -type. The PACAP effect was also reduced by50 i
ŽŽ . Ž . .inhibitors of the phosphatidylinositol specific phospholipase C U73122 , IC : 4 mM; ET-18-O-CH , IC : 18 mM , by D609, a50 3 50

Ž .specific inhibitor of the phosphatidylcholine specific phospholipase C IC : 41 mM , by the protein kinase C-inhibitor staurosporine50
Ž . Ž .IC : 0.6 mM and by the lipoxygenase inhibitor nordihydroguaiaretic acid NGDA but not by indomethacin. It is concluded that50

PACAP peptides stimulate secretion in rat peritoneal mast cells in a PACAP receptor-independent manner, probably via direct activation
Žof heterotrimeric G-proteins of the G -type; these G-proteins may lead to a sequential activation of different signaling cascades seei

.above , which may converge at the level of one or more staurosporine-sensitive protein kinase. q 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction

ŽThe neuropeptide PACAP pituitary adenylate cyclase
.activating peptide exists in two molecular forms,

Ž . Ž .PACAP 1–27 and PACAP 1–38 , which have been found
throughout the peripheral and central nervous system
Ž .Arimura et al., 1991 . Two types of high-affinity PACAP

Ž .receptors type 1 and type 2 were initially characterized
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by their ability to recognize PACAP andror vasoactive
Žintestinal peptide in the nanomolar range Buscail et al.,

.1990 . These receptors were consecutively cloned and
identified as members of the large superfamily of G-pro-
tein coupled receptors with seven transmembrane domains
Ž .Spengler et al., 1993; Harmar and Lutz, 1994 .
Structure–activity studies revealed that the N-termini of
PACAP peptides are essential for their specific interaction

Žwith these high affinity receptors Schafer et al., 1991;¨
. Ž .Schmidt et al., 1993 . Recently, Mori et al. 1994 demon-
Ž . Ž .strated that PACAP 1–27 and PACAP 1–38 but also the

Ž .N-terminally truncated PACAP-fragment PACAP 16–38
stimulated histamine release from rat peritoneal mast cells
with low potency but high efficacy. This effect is appar-
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ently not mediated via a high-affinity PACAP receptor, but
may result from a direct activation of heterotrimeric G-pro-
teins.

Comparable high affinity receptor-independent atypical
responses in peritoneal mast cells have been documented
for a number of other neuropeptides and peptide hormones,
e.g., substance P, neuropeptide Y, kinins and others
ŽLagunoff and Martin, 1983; Mousli et al., 1990; Hi-

.gashijima et al., 1990 . The structural feature that corre-
lates best with the ability of these peptides to induce
degranulation in rat peritoneal mast cells is the number of
positively charged amino acid residues. The observation

Ž . Ž .that PACAP 1–38 10 basic amino acid residues is more
Ž Ž . Žpotent than PACAP 16–38 eight basic amino acid

. Ž . Žresidues , which is more potent than PACAP 1–27 four
.basic amino acid residues therefore fits well into this

concept. Other factors like a-helicity and amphipathicity
Ž .seem to be of lower importance Cross et al., 1995 . The

mechanism by which these basic molecules exert their
biological action in rat peritoneal mast cells involves a

Ž .direct activation of at least one pertussis toxin ptx - and
Ž .benzalkonium chloride BAC -sensitive, heterotrimeric G-

protein of the G -type, that is positively coupled to thei

inositide specific phospholipase C signal transduction cas-
Žcade Nakamura and Ui, 1985; Mousli et al., 1989; Hi-

gashijima et al., 1990; Bueb et al., 1990; Fischer et al.,
.1993 . The functional significance of this signaling cas-

cade for exocytosis was supported by the finding that an
introduction of the phospholipase C inhibitor neomycin
into the cytosol of rat peritoneal mast cells via a patch-
pipette or via ATP-induced membrane perforations com-
pletely prevents exocytosis stimulated by the basic non-

Žpeptide molecule compound 48r80 Penner, 1988; Aridor
.and Sagi-Eisenberg, 1990 . However, suppression of the

lipoxygenase signal transduction pathway by the lipoxyge-
Ž .nase-inhibitor nordihydroguaiaretic acid NGDA has also

been shown to completely prevent the compound 48r80
induced exocytotic response in rat peritoneal mast cells
Ž .Kuno et al., 1993 . The sequence of activation of both
signaling cascades is currently unknown. In contrast to the

Ž .immunoglobulin E IgE -induced exocytotic response in
mast cells, which has been shown to involve the phospho-
lipase D but not the phosphatidylcholine specific phosholi-

Žpase C signaling cascade Gruchalla et al., 1990; Dinh and
.Kennerly, 1991 , the role these enzymes play within the

peptidergic pathway of mast cell activation is yet not clear.
Therefore, the aim of the present study was to assess

the role of the above mentioned signaling cascades in the
secretory response of rat peritoneal mast cells when chal-

Ž .lenged with the basic peptide PACAP 1–27 . To achieve
Ž .this, two G-protein inhibitors ptx and BAC and various

cell-permeant signal-transduction inhibitors for the phos-
Žphatidylinositol-specific phospholipases C U73122, ET-

.18-O-CH , the phosphatidylcholine-specific phospholi-3
Ž . Žpase C D609 , the lipoxygenase nordihydroguaiaretic

. Ž .acid and the protein kinase C staurosporine were tested

Ž .for their ability to influence PACAP 1–27 -induced
w3 xH serotonin-release in rat peritoneal mast cells.

2. Materials and methods

2.1. Preparation of rat peritoneal mast cells

Rat peritoneal mast cells were obtained by peritoneal
lavage and purified using a bovine serum albumin gradient
Ž Ž ..0.2r40% wt.rvol. centrifugation procedure as recently

Ž .described Mousli et al., 1989 . This method yields mast
cells at an average purity of more than 90%. In general,
lavages from three rats were combined for one experiment
consisting of 20–40 samples. The buffer used for lavage
and secretion experiments contained 0.2% bovine serum

Ž .albumin g-globulin and protease-free; Sigma A-3059 and
w xmM : 137 NaCl, 2,7 KCl, 0,3 CaCl , 1 MgCl , 0.42 2

NaH PO , 10 HEPES and 5.6 glucose. Mast cells could2 4

easily be identified by their characteristic small
nucleusrplasma-relation and their highly contrasted, gran-
ule-filled three dimensional appearance when observed by
phase-contrast microscopy. These features were enhanced
by Alcian blue staining. For this purpose, cells were fixed
on cover slips by addition of ice cold methanol for at least
20 min. Subsequently, cover slips were transferred into 1%
acetic acid for another 10 min. Alcian blue staining was
carried out using a 1% aqueous solution. After a brief
wash in water, cells were transferred to 1% alkaline ethanol

Ž .for 10 min colour fixation . Finally, cells were counter-
stained with 1% aqueous Kernechtrot, dehydrated and
mounted.

2.2. Secretion experiments

Purified mast cells were incubated for 2 h at 378C with
w1 mCirml hydroxytryptamine creatine sulfate,5- 1,2-

3 Ž .x Ž .H N Serotonin . Subsequently, cells were washed by
Ž .centrifugation 5 min, 48C, 100=g and resuspended in

Ž .buffer final volume: 300 mlrvial . Secretion was usually
induced by incubating the cells for 10 min in the presence

Ž .5 mM PACAP 1–27 . The different signal-transduction
inhibitors were preincubated for the time periods indicated.
Incubations were stopped on ice followed by centrifuga-
tion. The activity of tracer released into the supernatant
divided by the total tracer activity in each individual
sample was taken as a measure of secretion. All concentra-
tions were determined in duplicate. Only experiments with

w3 x Ž .a basal release of H 5-HT below 5 percent of total were
used. Results are given as means"S.E.M. Statistical eval-
uations were made by means of the Wilcoxon test for

Ž .matched pairs ) P-0.05, )) P-0.005 .
Ž .D609 tricyclodecan-9-yl xanthate potassium , ET-18-
ŽOCH 1-O-octadecyl-2-O-methyl-sn-glycero-3-phos-3

. Ž Žphorylcholine , U73122 1-6- 17b-3-methoxyestra-
Ž . . . . .1,3,5 10 -trien-17-yl amino hexyl -1 H-pyrrole-2,5-dione
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w3 x Ž . Ž .Fig. 1. Effects of different secretagogues or inhibitors on H serotonin-release in rat peritoneal mast cells mean"S.E.M. : a Single representative
Ž . Ž . Ž . Ž .experiment, comparing the dose–response relationship of compound 48r80 inset and PACAP 1–27 . b Dose–response curves of PACAP 1–27 and

Ž . Ž . Ž . Ž . Ž .PACAP 6–27 ns4 . c Preincubation of rat peritoneal mast cells with 1 mgrml ptx for 120 min ns8; )) PF0.005 . d Effect of benzalkonium
Ž . w3 x Ž .chloride on 5 mM PACAP 1–27 induced H serotonin-release in rat peritoneal mast cells ns8 .

Žand U73343 were obtained from Biomol Hamburg, Ger-
. Ž .many . Staurosporine, benzalkonium chloride B6295 and

Žpertussis toxin were purchased from Sigma Deisenhofen,
. Ž . Ž .Germany . PACAP 1–27 and PACAP 6–27 were from
Ž .Bachem Heidelberg, Germany .

3. Results

( ) ( )3.1. Secretory effect of PACAP 1–27 , PACAP 6–27 and
compound 48r80 in RPMCs

Ž . Ž y7 y5 .PACAP 1–27 10 –10 M induced a dose-depen-
w3 x Ž y6dent release of H 5-HT EC : 2=10 M, basal: 1.1"50

.0.8, maximum: 72"2.8% of total, Fig. 1a in rat peri-
Ž .toneal mast cells. Compound 48r80 0.03–1 mgrml

w3 xstimulated H 5-HT-release dose-dependently, the maxi-
Ž .mal effect was 86.7% of total. Compared to PACAP 1–27 ,

Ž .PACAP 6–27 induced secretion with a slightly higher
Ž .potency EC : 0.2 mM; ns4; Fig. 1b . When incubated50

at 378C the secretory response of peritoneal mast cells
Ž .challenged with 5 mM PACAP 1–27 reached a maximum

w3 xafter 10 s of incubation. At 228C H serotonin-release
Ž .reached a maximum within 60 s ns2; data not shown .

3.2. Effects of different signal-transduction inhibitors on
PACAP-induced secretion

3.2.1. Pertussis toxin
Ž .Preincubation 120 min of rat peritoneal mast cells

Ž .with 1 mgrml ptx significantly P-0.004 reduced the
Ž . Ž Ž .secretory response to 5 mM PACAP 1–27 PA 1–27 :

Ž .58.4"3.0, basal: 1.7"0.2, PA 1–27 qptx: 4.2"0.2,
.ptx control: 2.1"0.3; ns8; Fig. 1c; Table 1 .

Table 1
ŽEffects of different signal-transduction inhibitors on 5 mM PACAP 1–

. w3 x27 -induced H serotonin release in rat peritoneal mast cells

Substance Site of action IC Inhibition n50

Pertussis toxin G-proteins y yes 8
Benzalkonium G-proteins 9.1 mgrml yes 8

Ž .chloride G rGi o
y6U73122 PI-PLC 4=10 M yes 4

y5ET-18-O-CH PI-PLC 1.8=10 M yes 43
y5D609 PC-PLCrPLD 4.1=10 M yes 4

y7Staurosporine PKC 6=10 M yes 4
Indomethacin Cyclooxygenase y no 4
NGDA Lipoxygenase y yes 4
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( )3.2.2. Benzalkonium chloride BAC12
Ž .The secretory response induced by 5 mM PACAP 1–27

Ž .could dose-dependently be lowered IC : 9.1 mgrml by50
Ž .preincubation 10 min with the alkylamine, benzalkonium

Ž .chloride BAC ; ns8; Fig. 1d; Table 1. At concentra-12

tions above 15 mgrml benzalkonium chloride by itself
w3 xstimulated the release of H serotonin.

3.2.3. U73122, U73343
Preincubation of rat peritoneal mast cells for 10 min

with the phospholipase C inhibitor U73122 dose-depen-
Ž .dently reduced the secretory effect of 5 mM PACAP 1–27

Ž .with an IC of 4 mM ns4 . Maximal inhibition oc-50
Ž Ž . Žcurred at 10 mM U73122 PA- 1–27 : 53.3"8.5; PA- 1–

. .27 q10 mM U73122: 10.9"5.5 . At concentrations
above 30 mM U73122 by itself stimulated the release of
w3 x Ž .H 5-HT Fig. 2a . U73343, a derivative of U73122,
showed a similar pattern of action. At concentrations up to
5=10y5 M U73343 dose-dependently reduced the secre-

Ž . Ž .tory effect of 5 mM PA- 1–27 IC : 20 mM; ns4 , at50

higher concentrations U73343 stimulated degranulation of
Ž .rat peritoneal mast cells Fig. 2b; Table 1 . Stimulation of

rat peritoneal mast cells with 10y4 M U73122 or U73343,

ŽFig. 3. Dose-dependent effect of staurosporine 20 min preincubation
. Ž . w3 x Žtime on 5 mM PACAP 1–27 -induced H serotonin-release mean"

. Ž .S.E.M. in rat peritoneal mast cells ns4 .

respectively, showed an effect-maximum after an incuba-
Ž . Ž .tion time 378C of 5 min data not shown .

3.2.4. ET-18-OCH3

Preincubation of rat peritoneal mast cells for 20 min
with the ether lipid ET-18-OCH dose-dependently re-3

Ž . Ž . Ž . w3 xFig. 2. Effects of different phospholipase inhibitors on unstimulated open symbols and 5 mM PACAP 1–27 stimulated closed symbols H serotonin-
Ž . Ž .release in rat peritoneal mast cells mean"S.E.M. . Each plot represent four independent experiments ns4 .
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Ž . w3 xFig. 4. Effect of NGDA on 5 mM PACAP 1–27 induced H serotonin
Ž .release in rat peritoneal mast cells ns4 .

duced the secretory response when challenged with 5 mM
Ž . Ž .PACAP 1–27 IC : 18 mM; ns4; Fig. 2c; Table 1 . At50

concentrations above 40 mM the phospholipase C-inhibitor
w3 xby itself stimulated the release of H 5-HT.

3.2.5. D609
D609, a selective inhibitor of phosphatidylcholine-

specific phospholipase C exerted dose-dependently an in-
hibitory influence on PACAP-induced degranulation of rat

Žperitoneal mast cells preincubation time: 20 min; IC :50
y5 .4.1=10 M or 10.9 mgrml; ns4; Fig. 2d; Table 1 .

3.2.6. Staurosporine
Preincubation of rat mast cells for 20 min with stau-

rosporine dose-dependently inhibited PACAP-induced de-
Ž y7 .granulation IC : 6=10 M; ns4; Fig. 3; Table 1 .50

Ž .The highest concentration of staurosporine tested 1 mM
Ž . Ž .reduced the effect of 5mM PA 1–27 51"3.1 to a value

Žof 19.1"4.3. Low concentrations of staurosporine 1.0=
y8 .10 M lead to a small, insignificant augmentation of the

Ž Ž .secretory PACAP effect PA 1–27 q 10 nM stau-
.rosporine: 60.1"2.8, staurosporine control: 3.5"1.9 .

3.2.7. NGDA, indomethacin
Preincubation of rat peritoneal mast cells for 60 min

Ž .with NGDA 10–50 mM significantly reduced the
ŽPACAP-response in a dose-dependent manner ns4; Fig.

.4; Table 1 . In the same series of experiments preincuba-
Ž . y4tion of mast cells 60 min with 10 M indomethacin

showed no effect on PACAP-stimulated tracer-release
Ž Ž . Ž .PACAP 1–27 control: 48.2 " 3.2, PACAP 1–27 q

.indomethacin: 38.1"3.8 .

4. Discussion

In the present investigation we have confirmed a recent
Ž .observation by Mori et al. 1994 that some N-terminally

Ž Ž .truncated PACAP-fragments PACAP 6 – 27 or
Ž ..PACAP 16–38 stimulate secretion in rat peritoneal mast

cells with higher potency and a similar efficacy than the
Ž Ž .naturally occurring PACAP-peptides PACAP 1–27 and

Ž ..PACAP 1–38 . This finding indicates a high-affinity
PACAP receptor-independent mechanism of action. Simi-
lar atypical high affinity receptor-independent effects have
been observed in rat peritoneal mast cells with a number of
other basic peptide hormones, neuropeptides and basic

Žrandom peptides Lagunoff and Martin, 1983; Repke et al.,
.1987; Mousli et al., 1995; Cross et al., 1995 . Basic

peptides, as well as some basic non-peptide molecules
Ž .e.g., compound 48r80 , seem to directly activate al least
one ptx-sensitive heterotrimeric G-protein of the G -type,i

which is coupled to the phosphatidylinositol-specific phos-
Žpholipase C signaling cascade Higashijima et al., 1990;

.Bueb et al., 1990; Fischer et al., 1993 . G -proteins havei

been demonstrated to be specifically inhibited by a number
Žof different alkylamines like benzalkonium chloride Read

and Kiefer, 1979; Higashijima et al., 1990; Fischer et al.,
.1993 . In line with these observations we demonstrated

that the PACAP-induced secretory response of rat peri-
toneal mast cells could be inhibited by preincubation with
ptx and BAC. If the main effects of ptx and BAC on the
peptidergic pathway of mast cell activation are due to the
inhibition of a phospholipase C-coupled G protein or ai

phospholipase C-independent Ga which is localized morei3

downstream in the signaling cascade is currently a matter
Žof controversy Lindau and Nuße, 1987; Fischer et al.,¨

.1993; Aridor et al., 1993 .
The impact of the phosphatidylinositol-specific phos-

pholipase C and the phosphatidylcholine-specific phospho-
lipases C and D in the exocytotic response of intact rat
peritoneal mast cells, when challenged by basic peptides,
is yet not fully understood. Therefore, we assessed the
influence of different cell-permeant inhibitors of these

Ž .enzymes U73122, ET-18-OCH and D609 on3
Ž .PACAP 1–27 -induced serotonin-release in rat peritoneal

mast cells.

4.1. U73122, U73343 and ET-18-OCH3

ŽIt was demonstrated in two preliminary reports Smith
.et al., 1990; Bleasdale et al., 1990 that the aminosteroid

ŽU73122 acts as a cell-permeant, rapidly acting within
.seconds and selective inhibitor of phosphatidylinositol-

specific phospholipase C in polymorphenuclear neu-
trophils, while its close derivative U73343 was ineffective,
and therefore recommended as a negative control. In a
number of studies, the inhibitory effect of U73122 on the
phosphatidylinositol-specific phospholipase C in different
cell types was confirmed showing most often a maximum

Ž .inhibition IC at 1–10 mM, while the IC values were100 50

in a range between 0.06–5 mM. Furthermore, a number of
phospholipase C-independent effects were observed for

ŽU73122 and also for U73343 Mogami et al., 1997; Muto
.et al., 1997 .
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The ether lipid ET-18-OCH has been shown to effec-3

tively inhibit the phosphatidylinositol-specific phospholi-
pase C and to exert only a weak inhibitory effect on the
phosphatidylcholine-specific phospholipases C and D. Un-
fortunately, a large number of other phospholipase C-inde-
pendent effects have also been reported for this compound
Ž .Heesbeen et al., 1991 . In this study we observed a

Ž .dose-dependent inhibition of PACAP 1–27 induced
w3 xH serotonin release by U73122 showing a maximum
effect at 10 mM. The IC value of 4 mM was in the same50

range as recently described for the inhibition on platelet
Ž . Ž .aggregation 1–5 mM by U73122 Bleasdale et al., 1990 .

Ž .U73343 also inhibited the response of PACAP 1–27 but
with a 5-fold lower potency. At concentrations above 10
mM both inhibitors themselves increased the extracellular

w3 xconcentration of H serotonin. A similar dual response
pattern was observed for ET-18-OCH , which reduced the3

PACAP-response only at concentrations below 30 mM.
Ž .The IC -value 17.7 mM obtained in this study for50

Ž . w3 xinhibition of PACAP 1–27 -induced H serotonin release
by ET-18-OCH was in a comparable range as previously3

Ž .described Stella et al., 1997 for phospholipase C-inhibi-
Ž .tion in cortical neurons IC : 5.0 mM . The fact that50

U73122 and ET-18-OCH reduced the PACAP-induced3

secretion, as well as the finding that U73122 showed a
relative higher potency than its inactive analogue U73343
can be taken as indirect evidence, that the phosphatidyli-
nositol-specific phospholipase C associated signaling cas-
cade is involved in the stimulus secretion coupling of basic
peptides in rat peritoneal mast cells. The mechanism that
leads to an increased extracellular concentration of sero-
tonin when higher concentrations of all three phospholi-
pase inhibitors were used was not further investigated in
this study; a possible explanation for this phenomenon

Žmay be an inhibition of amine-uptake transporters Purcell
.et al., 1989 .

4.2. D609

Ž .Tricyclodecan-9-ylxanthogenate D609 has been shown
to directly inhibit the enzymatic activity of the phos-
phatidylcholine-specific phospholipase C without affecting
the enzymatic activity of other phospholipases like phos-
p h o lip a se A 2 , p h o sp h o lip a se D o r th e

Žphosphatidylinositol-specific phospholipase C Schutze et¨
.al., 1992; Amtmann, 1996 . Recently, Kiss and Tomono

Ž .1995 reported that D609 exerted an inhibitory influence
on phospholipase D-activity in fibroblasts; but in this study
indirect effects due to activity of the phosphatidylcholine-
specific phospholipase C have not been excluded. In a

Ž .further study Powis et al. 1991 demonstrated that D609
exerts an inhibitory influence on the activity of purified
phosphatidylinositol-specific phospholipase C only at con-
centrations higher than 10y4 M. Thus D609, in concentra-
tions below 100 mM, can be considered as an selective
inhibitor of phosphatidylcholine-specific phospholipases.

It has been demonstrated in previous studies that the
phospholipase D-signaling pathway plays an important

Ž .role in the immunoglobulin E IgE -induced exocytotic
Žresponse of rat peritoneal mast cells Gruchalla et al.,

.1990; Yamada et al., 1991; Ishimoto et al., 1996 ; in
contrast the phosphatidylcholine-specific phospholipase C
does not seem to be involved in this signaling cascade
Ž .Dinh and Kennerly, 1991 . In the present study preincuba-
tion of rat peritoneal mast cells with D609 dose-depen-

Ž .dently reduced the PACAP 1–27 -induced release of
w3 x y5 Ž .H serotonin with an IC of 4.1=10 M 10.1 mgrml .50

y4 ŽA maximal inhibition was observed at 10 M f27
.mgrml . These data are in good agreement with the

recently reported inhibitory effects of D609 on TNFa-in-
duced activation of the phosphatidylcholine-specific phos-

Ž .pholipase C in jurkat cells IC f30 mgrml and on100
Ž .phospholipase D-activity IC s50 mgrml in fibrob-100

Ž .lasts Schutze et al., 1992; Kiss and Tomono, 1995 . At¨
concentrations above 10y4 M D609 itself induced a small

w3 xinsignificant, but discernible release of H serotonin. We
conclude, that an activation of phospholipase D andror
phosphatidylcholine-specific phospholipase C may con-
tribute to PACAP-induced signaling-processes in rat peri-
toneal mast cells.

4.3. Staurosporine

Diacylglyceroles are intracellular messenger molecules,
known to act via modulation of different important signal-

Žing enzymes e.g., protein kinase C, acidic sphinogomyeli-
. Ž .nase and others Quest et al., 1996 . Despite their genera-

tion by the phosphatidylinositol-specific phospholipase C,
diacylglycerols are also directly or indirectly produced by
the phosphatidylcholine-specific phospholipases C and D
Ž .Exton, 1997 . This tempted us to investigate the effect of

Ž .protein kinase C-inhibitor on PACAP 1–27 induced se-
cretion in rat peritoneal mast cells. Therefore, stau-
rosporine a protein kinase inhibitor with some specificity
for protein kinase C, which has previously been shown to
inhibit protein kinase C-effects in rat peritoneal mast cells
Ž .Koopmann and Jackson, 1990 was tested. Sixty-minute
preincubation of rat peritoneal mast cells with stau-
rosporine resulted in a dose-dependent reduction of

w3 x Ž .PACAP-induced H serotonin release IC : 600 nM .50
Ž .White and Zembryki 1989 have recently demonstrated

that the IgE-induced histamine-release in rat peritoneal
mast cells was inhibited by preincubation with stau-
rosporine with an IC value of 110 nM, while no effect50

on compound 48r80-induced secretion was observed.
Based on these data we cannot exclude that the effects

Ž .of staurosporine on PACAP 1–27 -induced serotonin-
release are due to protein kinase C-independent actions of
the drug. It was shown recently that staurosporine inter-
feres with purified protein kinase C with K values of 3i

Ž .nM Hidaka and Kobayashi, 1992 . Due to diffusional
barriers and degradation, the inhibition constants of stau-



( )J. Seebeck et al.rEuropean Journal of Pharmacology 352 1998 343–350 349

rosporine for inhibition of protein kinase C in intact cells
may probably be higher. The almost complete inhibition of
the PACAP-response by staurosporine in this study fits
well into the concept that within the phosphatidylinositol-
specific phospholipase C signaling cascade the protein
kinase C-pathway may be of greater importance than the
Ca2q-signal, which alone is neither sufficient nor neces-
sary for the induction of exocytotic responses in mast cells
Ž .Neher, 1988 .

4.4. Nordihydroguaiaretic acid

By means of the specific phospholipase A2-inhibitor
para-bromophenacylbromide it has been shown that this
enzyme is functionally involved in the immunoglobulin E
Ž .IgE - and compound 48r80-induced exocytotic response

Žof rat peritoneal mast cells Bronner et al., 1990; Kuno et
.al., 1993 . Free arachidonic acid, the product of phospholi-

pase A2 serves as substrate for two further enzymes,
namely lipoxygenase and cyclooxygenase. Recently, Kuno

Ž .et al. 1993 demonstrated that an inhibition of the lipoxy-
Ž .genase by nordihydroguaiaretic acid but not of the cyclo-

Ž .oxygenase by indomethacin prevents compound 48r80-
Žinduced histamine-release in rat peritoneal mast cells Kuno

.et al., 1993 . Therefore, the effect of NGDA on
Ž .PACAP 1–27 induced serotonin-release was also assessed

Ž .in the present study. NGDA inhibited PACAP 1–27 in-
duced secretion with the same potency that was recently

Ždescribed for compound 48r80 stimulated secretion IC50
.f20 mM . This finding indicates a functional involve-

ment of the lipoxygenase within the peptidergic pathway
of mast cell secretion. The mechanism by which an in-
creased lipoxygenase-activity promotes secretion in peri-
toneal mast cells is so far not understood. Extracellular
applied leukotrienes have been shown not to influence the
exocytotic responses of rat peritoneal mast cells and rat

Ž .basophilic leukaemia cells Conti et al., 1992 . Alterna-
tively, some lipoxygenase-products seem to act as intra-

Žcellular messenger molecules Campbell and Halushka,
.1995 . The finding that an inhibition of either of the

Žsignaling enzymes investigated lipoxygenase, phos-
phatidylcholine-specific phospholipase C, phospolipase C

.and D resulted in a nearly complete inhibition of
Ž .PACAP 1–27 induced exocytosis, may allow to conclude

that these pathways are activated in a sequential manner.
In summary, we have demonstrated in the present inves-

Ž .tigation that PACAP 1–27 stimulates secretion of
w3 xH serotonin in rat peritoneal mast cells in a high-affinity
PACAP receptor-independent manner, probably by direct
interaction with at least one G-protein of the G -type.i

Indirect evidence was presented, that this direct G-
protein-activation of PACAP may consecutively induce at

Žleast three different signaling enzymes phospatidylinosi-
tol-specific phospholipase C, phosphatidylcholine-specific

.phospholipase C andror D, and the lipoxygenase in a
sequential manner. The messenger molecules derived from

each of these pathways may converge at the level of one or
Ž .more staurosporine-sensitive protein kinase s .

Acknowledgements

ŽWe would like to thank W. Gloyna Dept. of Pharma-
.cology for expert technical assistance. This study was

supported by grants from the Deutsche Forschungsgemein-
Ž .schaft Schm 805r4-2; Schm 1223r4-1 .

References

Amtmann, E., 1996. The antiviral, antittumoural xanthate D609 is a
competitive inhibitor of phosphatidylcholine-specific phospholipase
C. Drugs Exp. Clin. Res. 22, 287–294.

Aridor, M., Sagi-Eisenberg, R., 1990. Neomycin is a potent secretagogue
of mast cells that directly activates a GTP-binding protein involved in
exocytosis. J. Cell Biol. 111, 534–536.

Aridor, M., Rajmilevich, G., Beaven, M.A., Sagi-Eisenberg, R.S., 1993.
Activation of exocytosis by the heterotrimeric G protein G 3. Sciencei

262, 1569–1572.
Arimura, A., Somogyvari-Vigh, A., Miyata, A., Mizuno, K., Coy, D.H.,

Kitada, C., 1991. Tissue distribution of PACAP as determined by
RIA: highly abundant in rat brain and testis. Endocrinology 129,
2787–2798.

Bleasdale, J.E., Thakur, N.R., Gremban, R.S., Bundy, G.L., Fitzpatrick,
F.A., Smith, R.J., Bunting, S., 1990. Selective inhibition of receptor-
coupled phospholipase C-dependent processes in human platelets and
polymorphonuclear neutrophils. J. Pharmacol. Exp. Ther. 255, 756–
768.

Bronner, C., Cothenet, V., Monte, D., Joseph, M., Landry, Y., Capron,
A., 1990. Role of phospholipase A2 and G-proteins in the IgE-depen-
dent activation of mast cells and macrophages. Agents Actions 30
Ž .1–2 , 95–97.

Bueb, J.L., Mousli, M., Bronner, C., Rouot, B., Landry, Y., 1990.
Activation of G -like proteins, a receptor-independent effect of kininsi

in mast cells. Mol. Pharmacol. 38, 816–822.
Buscail, L., Gourlet, P., Cauvin, A., De Neef, P., Gossen, D., Arimura,

A., Miyata, A., Coy, D.H., Robberecht, P., Christophe, J., 1990.
ŽPresence of highly selective receptors for PACAP pituitary adenylate

.cyclase activating peptide in membranes from the rat pancreatic
acinar cell line AR 4-2J. FEBS Lett. 262, 77–81.

Campbell, W.B., Halushka, P.V., 1995. Lipid-derived autacoids:
eicosanoids and platelet-activating factor. In: Hardmann, J.G., Lim-

Ž .bird, L.E. Eds. , The Pharmacological Basis of Therapeutics, 9th edn.
McGraw-Hill, New York, pp. 601–616.

Conti, P., Reale, M., Barbacane, R.C., Panara, M.R., Bongrazio, M.,
Theoharides, T.C., 1992. Role of lipoxins A4 and B4 in the genera-
tion of arachidonic acid metabolites by rat mast cells and their effect

w3 xon H serotonin release. Immunol. Lett. 32, 117–123.
Cross, M.L.J., Ennis, M., Krause, E., Dathe, M., Lorenz, D., Krause, G.,

Beyermann, M., Bienert, M., 1995. Influence of a-helicity, amphi-
pathicity and D-amino acid incorporation on the peptide-induced mast
cell activation. Eur. J. Pharmacol. 291, 291–300.

Dinh, T.T., Kennerly, D.A., 1991. Assessment of receptor-dependent
activation of phosphatidylcholine hydrolysis by both phospholipase D
and phospholipase C. Cell Regul. 2, 299–309.

Exton, J.H., 1997. Phospholipase D: enzymology, mechanisms of regula-
tion, and function. Physiol. Rev. 77, 303–320.

Fischer, T., Bronner, C., Landry, Y., Mousli, M., 1993. The mechanism
of inhibition of alkylamines on the mast-cell peptidergic pathway.
Biochim. Biophys. Acta 1176, 305–312.



( )J. Seebeck et al.rEuropean Journal of Pharmacology 352 1998 343–350350

Gruchalla, R.S., Dinh, T.T., Kennerly, D.A., 1990. An indirect pathway
of receptor-mediated 1,2-diacylglycerol formation in mast cells: I. IgE
receptor-mediated activation of phospholipase D. J. Immunol. 144,
2334–2342.

Harmar, T., Lutz, E., 1994. Multiple receptors for PACAP and VIP.
Trends Pharmacol. Sci. 15, 97–99.

Heesbeen, E.C., Verdonck, L.F., Heermans, S.W., van Heugten, H.G.,
Staal, G.E., Rijksen, G., 1991. Alkyllysophospholipid ET-18-OCH3
acts as an activator of protein kinase C in HL-60 cells. FEBS Lett.
290, 231–234.

Hidaka, H., Kobayashi, R., 1992. Pharmacology of protein kinase in-
hibitors. Annu. Rev. Pharmacol. Toxicol. 32, 377–397.

Higashijima, T., Burnier, J., Ross, E.M., 1990. Regulation of G and Gi o

by mastoparan, related amphiphilic peptides and hydrophobic amines:
mechanism and structural determinants of activity. J. Biol. Chem.
265, 14176–14186.

Ishimoto, T., Akiba, S., Sato, T., 1996. Importance of the phospholipase
D-initiated sequential pathway for arachidonic acid release and prosta-
glandin D2 generation by rat peritoneal mast cells. J. Biochem. 120,
616–623.

Kiss, Z., Tomono, M., 1995. Compound D609 inhibits phorbol ester-
stimulated phospholipase D activity and phospholipase C-mediated
phosphatidyethanolamine hydrolysis. Biochim. Biophys. Acta 1259,
105–108.

Koopmann, W.R., Jackson, R.C., 1990. Calcium- and guanine-
nucleotide-dependent exocytosis in permeabilized rat mast cells. Mod-
ulation by protein kinase C. Biochem. J. 265, 365–373.

Kuno, M., Kawawaki, J., Shibata, T., Gotani, H., 1993. Inhibitors of the
arachidonic acid cascade dissociate 48r80-induced Ca2q-influx
Ca2q-release in mast cells. Am. J. Physiol. 264, C912–C917.

Lagunoff, D., Martin, T.W., 1983. Agents that release histamine from
mast cells. Annu. Rev. Pharmacol. Toxicol. 23, 331–351.

Lindau, M., Nuße, O., 1987. Pertussis toxin does not affect the time¨
course of exocytosis in mast cells stimulated by intracellular applica-
tion of GTPg S. FEBS Lett. 222, 317–321.

Mogami, H., Mills, L., Gallacher, D.V., 1997. Phospholipase C inhibitor,
2q Ž .U73122, releases intracellular Ca , potentiates Ins 1,4,5 P3-media-

ted Ca2q-release and directly activates ion channels in mouse pancre-
atic acinar cells. Biochem. J. 324, 645–651.

Mori, T., Kawashima, T., Beppu, Y., Takagi, K., 1994. Histamine release
induced by pituitary adenylate cyclase activating polypeptide from rat
peritoneal mast cells. Arzneim.-Forsch. Drug Res. 44, 1044–1046.

Mousli, M., Bronner, C., Bueb, J.L., Tschirhart, E., Gies, J.P., Landry,
Y., 1989. Activation of rat peritoneal mast cells by substance P and
mastoparan. J. Pharmacol. Exp. Ther. 250, 329–335.

Mousli, M., Bueb, J.L., Bronner, C., Rouot, B., Landry, Y., 1990. G
protein activation: a receptor-independent mode of action for cationic
amphiphilic neuropeptides and venom peptides. Trends Pharmacol.
Sci. 11, 358–362.

Mousli, M., Tirifileff, A., Pelton, J.T., Gies, J.-P., Landry, Y., 1995.
Structural requirements for neuropeptide Y in mast cell and G protein
activation. Eur. J. Pharmacol. 289, 125–133.

Muto, Y., Nagao, T., Urushidani, T., 1997. The putative phospholipase C
inhibitor U73122 and its negative control, U73343, elicit unexpected
effects on the rabbit parietal cell. J. Pharamacol. Exp. Ther. 282,
1379–1388.

Nakamura, T., Ui, M., 1985. Simultaneous inhibition of inositol phospho-

lipid breakdown, arachidonic acid release, and histamine secretion in
mast cell by islet-activating protein, pertussis toxin. J. Biol. Chem.
260, 3584–3593.

Neher, E., 1988. The influence of intracellular calcium concentration on
degranulation of dialysed mast cells from rat peritoneum. J. Physiol.
395, 193–214.

Penner, R., 1988. Multiple signaling pathways control stimulus-secretion
coupling in rat peritoneal mast cells. Proc. Natl. Acad. Sci. USA 85,
9856–9860.

Powis, G., Lowry, S., Forrai, L., Secrist, P., Abraham, R., 1991. Inhibi-
tion of phosphoinositide phospholipase C by compounds U73122 and
D-609. J. Cell. Pharmacol. 2, 257–262.

Purcell, W.M., Cohen, D.L., Hanahoe, T.H.P., 1989. Contribution of
post-secretory mechanisms to the observed pattern of histamine and
5-hydroxytryptamine secretion from peritoneal rat mast cells in re-
sponse to compound 48r80. Int. Arch. Allergy Appl. Immunol. 90,
387–394.

Quest, A.F.G, Raben, D.M., Bell, R.M., 1996. Diacylglycerols. Biosyn-
thetic intermediates and lipid second messengers. In: Bell, R.M.,

Ž .Exton, J.H., Prescott, S.M. Eds. , Handbook of Lipid Research, Vol.
8. Plenum, New York, pp. 1–58.

Read, G.W., Kiefer, E.F., 1979. Benzalkonium chloride: selective in-
hibitor of histamine release induced by compound 48r80 and other
polyamines. J. Pharamacol. Exp. Ther. 211, 711–715.

Repke, H., Piotrowski, W., Bienert, M., Foreman, J.C., 1987. Histamine
Ž .release induced by Arg-Pro-Lys-Pro CH CH from rat peritoneal2 11 3

mast cells. J. Pharamacol. Exp. Ther. 243, 317–321.
Schafer, H., Schwarzhoff, R., Creutzfeldt, W., Schmidt, W.E., 1991.¨

Characterization of a guanosine-nucleotide-binding-protein-coupled
receptor for pituitary adenylate cyclase activating polypeptide on
plasma membranes from rat brain. Eur. J. Biochem. 202, 951–958.

Schmidt, W.E., Seebeck, J., Hocker, M., Schwarzhoff, R., Schafer, H.,¨ ¨
Fornefeld, H., Morys-Wortmann, C., Folsch, U.R., Creutzfeldt, W.,¨
1993. PACAP and VIP stimulate enzyme secretion in rat pancreatic
acini via interaction with VIPrPACAP-2 receptors: additive augmen-
tation of CCKrcarbachol-induced enzyme release. Pancreas 8, 476–
487.

Schutze, S., Potthoff, K., Machleidt, T., Berkovic, D., Wiegmann, K.,¨
Kronke, M., 1992. TNF activates NFk B by phosphatidylcholine-¨
specific phospholipase C-induced ‘acidic’ sphingomyelin breakdown.
Cell 71, 765–776.

Smith, J.R., Sam, L.M., Justen, J.M., Bundy, G.L., Bala, G.A., Bleasdale,
J.E., 1990. Receptor-coupled signal-transduction in human polymor-
phonuclear neutrophils: effects of a novel inhibitor of phospholipase
C-dependent processes on cell responsiveness. J. Pharmacol. Exp.
Ther. 253, 688–697.

Spengler, D., Waeber, C., Pantaloni, C., Holsboer, F., Bockaert, J.,
Seeburg, P., Journot, L., 1993. Differential signal transduction by five
splice variants of the PACAP receptor. Nature 365, 170–175.

Stella, N., Schweitzer, P., Piomelli, D., 1997. A second endogenous
cannabinoid that modulates long-term potentiation. Nature 388, 773–
778.

White, J.R., Zembryki, D., 1989. Differentiation of second messenger
systems in mast cell activation. Agents Actions 27, 410–413.

Yamada, K., Kanaho, Y., Miura, K., Nozawa, Y., 1991. Antigen-induced
phospholipase D activation in rat mast cells is independent of protein
kinase C. Biochem. Biophys. Res. Commun. 175, 159–164.


