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Abstract 

We examined the mechanisms of the inhibitory effects of calcitonin gene-related peptide (CGRP) on substance-P-induced superoxide 
anion (O~-) production in human neutrophils. Substance P (30 IxM) caused O~- production associated with an inositol-l,4,5-trisphosphate 
(IP3)-induced transient increase in intracellular Ca 2÷ concentrations ([Ca2+]i). CGRP (10 I~M) significantly inhibited substance-P 
-induced O~- production and transient increase in [Ca 2+ ]i' but it only slightly suppressed IP 3 formation. In addition, CGRP inhibited 
IP3-induced O~- production and transient increase in [Ca2+]i caused by exogenous addition of IP 3 in saponin-permeabilized neutrophils. 
These findings suggest that CGRP inhibits the response of neutrophils to substance P through the inhibition of IP3-induced Ca z+ release 
from intracellular Ca 2+ stores. The inhibitory effects of CGRP on substance P- or IP3-induced O~- production and increases in [Ca 2+ ]i 
were abolished by pretreating the neutrophils with a CGRP receptor antagonist, CGRP-(8-37), or cyclic AMP (cAMP)-dependent protein 
kinase inhibitors, N-[2-(methylamino) ethyl]-5-isoquinoline-sulfonamide dihydrochloride (H-8) and 9-n-hexyl ester derivative of K-572a 
(8 R ,9S,1 1 S)-( - ) -9 -hydroxy-9 -me thoxyca rbony l -8 -me thy l -2 ,3 ,9 ,10 - t e t r ahydro -8 ,1  1-epoxy-  1 H,8 H,1 1 H-2,7b,1 la-  
triazadibenzo(a,g)cycloocta(cde)trinden-l-one (KT5720). We concluded that CGRP receptor stimulation reduces substance-P-induced Oy 
production by the inhibition of IP3-induced transient increase in [Ca2+]i, probably via the phosphorylation of IP 3 receptor by 
cAMP-dependent protein kinase. 
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1. Introduct ion 

The role of  neuropeptides in inflammatory reactions has 
been observed in the last few years. For example, sub- 
stance P, which is released from the sensory C-fiber 
endings in response to noxious stimuli, induces the release 
of  histamine and prostaglandin E 2 from synoviocytes and 
leukocytes, thus it is a potent mediator of  inflammation 
(Lotz et al., 1987; Kimball,  1990). Stimulation of neu- 
trophils with substance P has been reported to induce 
hydrogen peroxide (H202)  and superoxide anion (O~-) 
production associated with the accumulation of inositol 
phosphates, and this results in Ca 2+ mobilization from 
intracellular Ca 2÷ stores (Serra et al., 1988; Tanabe et al., 
1996). 

* Corresponding author. Tel.: (81-6) 992-1001, Ext. 2465; Fax: (81-6) 
992-2940. 

Another sensory neuropeptide, calcitonin gene-related 
peptide (CGRP), a 37-amino-acid peptide formed by alter- 
native processing of a primary calcitonin gene product, 
co-localizes with substance P in sensory C-fibers, and is 
co-released with this peptide from the nerve endings 
(Goodman and Iversen, 1986). Besides CGRP ' s  own ef- 
fect, such as vasodilation (Brain and Williams, 1988; 
Edwards et al., 1991) and stimulation of endothelial cell 
proliferation (Wang and Fiscus, 1989), interactions be- 
tween substance P and CGRP in physiological responses 
have recently been studied. For example, CGRP was 
demonstrated to antagonize substance-P-induced bron- 
choconstriction, leukocyte aggregation and increase in ar- 
teriolar diameter (Ohlen et al., 1988; Gatto et al., 1989). 
CGRP has also been shown to increase intracellular cyclic 
AMP (cAMP) levels in several tissues such as human 
endothelial cells and atria (Wang and Fiscus, 1989; 
Hegerstrand et al., 1990). Elevation of intracellular cAMP 
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levels and the following activation of a cAMP-dependent 
protein kinase is known to interfere with phosphoinositide 
metabolism (Kim et al., 1989; Lazarowski and Lapetina, 
1989; Murthy et al., 1993), inhibiting inositol-l,4,5-tris- 
phosphate (IP 3) production and subsequent Ca 2 ÷ mobiliza- 
tion (Smith and Snydermann, 1987; Supattapone et al., 
1988). These findings raised the possibility that CGRP 
modulates neutrophil responses to substance P through 
cAMP-dependent signalling pathways. This study was de- 
signed to examine the effects of CGRP on substance-P 
-induced 0 2 production in human neutrophils by fo- 
cussing on the ability of CGRP/cAMP-dependent protein 
kinase to inhibit IP3-induced Ca 2+ release from intra- 
cellular Ca 2÷ stores. 

2. Materials and methods 

2.1. Materials 

Substance P and calcitonin gene-related peptide (CGRP) 
were obtained from Peptide Institute (Osaka, Japan). Inosi- 
tol-l,4,5-trisphospate (IP3), ferricytochrome C (Type 3), 
superoxide dismutase, leupeptin, phenylmethyl-sulphonyl 
fluoride, aprotinine, dibutyl cAMP, 1,2-bis(2- 
aminophenoxy)e thane-N,N,N ' ,N ' - t e t r aace t i c  acid 
(BAPTA)-AM, nicotinamide adenine dinucleotide phos- 
phate (NADPH) oxidase and heparin were purchased from 
Sigma (St. Louis, MO, USA). CGRP-(8-37) was kindly 
donated from Toyo Jozo (Shizuoka, Japan), and used as a 
CGRP receptor antagonist (Chiba et al., 1989). N-[2- 
(Methylamino)ethyl]-5- isoquinolinesulfon-amide dihydro- 
chloride (H-8) and N-(6-aminohexyl)-5-chloro-l-naph- 
thalenesulfonamide hydrochloride (W-7) were purchased 
from Seikagaku Kogyo (Tokyo, Japan). The 9-n-hexyl 
ester derivative of K-572a (8 R,9S ,11S) - ( - ) -9 -hydroxy-  
9-methoxy-carbonyl-8-methyl-2,3,9,10-tetrahydro-8,1 l- 
epoxy- 1 H,8 H, 11 H-2,7b, 11 a-triazadibenzo(a,g)cycloocta- 
(cde)trinden-l-one (KT5720), an antagonist of cAMP-de- 
pendent protein kinase (Kase et al., 1987), was obtained 
from Ky0wa Medex (Tokyo, Japan) and fura-2-AM was 
obtained from Dojindo Laboratories (Kumamoto, Japan). 

2.2. Preparation o f  neutrophils 

Neutrophils were isolated from the heparinized venous 
blood of seven healthy donors by dextran sedimentation 
and centrifugation in a Ficoll-Hypaque gradient (Serra et 
al., 1988; Hasui et al., 1989). Neutrophils were washed 
three times in Hanks' balanced salt solution (HBSS, pH 
7.4) containing 136.8 mM NaC1, 5.0 mM KC1, 1.0 mM 
CAC12,0.8 mM MgSO 4, 0.3 mM Na2HPO 4, 0.4 mM 
KH2PO4, 4.1 mM NaHCO3, 5.5 mM glucose and 20.0 
mM Hepes. Contaminating erythrocytes were disrupted by 
hypotonic lysis for 40 s with 5 ml of ice cold distilled 
water, and then the same volume of 2-fold concentrated 
HBSS was added to restore isotonicity. After centrifuga- 

tion, the resulting pellet was suspended in HBSS contain- 
ing 2 mM NaN 3, a superoxide dismutase inhibitor, and 
was used as a purified neutrophil preparation (96% purity). 
The viability of neutrophils after isolation was found to be 
greater than 98% by Trypan blue exclusion. 

The cells (106 cells/ml) were allowed to equilibrate for 
10 min at 37°C in the presence of three kinds of protease 
inhibitors, 20 I~g/ml leupeptin, 0.5 mM phenylmethyl- 
sulphonyl fluoride and 200 units/ml aprotinine. CGRP 
and several other kinds of inhibitors examined were added 
to the buffer 10 rain before the addition of substance P. 

2.3. Determination o f  O f  production 

O 2 production was assayed spectrophotometrically by 
recording the reduction of ferricytochrome c (Type 3), 
using a double wavelength double beam spectrophotometer 
(model 557, Hitachi, Japan) equipped with a thermostati- 
cally controlled cuvette holder, as described by Cohen and 
Chovaniec (1978). The cell suspension (final concentration 
of 10  6 cells/ml) was added to a cuvette with 1 ml HBSS 
containing 60 ~zM ferdcytochrome c and 1 mM KCN, and 
the cuvette was put into a cuvette holder (37°C) in the 
spectrophotometer. After a 10 min equilibration period at 
37°C, the cells were pretreated with test agents or a vehicle 
for the indicated periods, and then the reaction was started 
by the addition of substance P. Changes in the rate of 
ferricytochrome c reduction following the administration 
of substance P or IP 3 were measured at 550 nm with a 
reference wavelength of 540 nm, and the absorbance dif- 
ference (absorbance at 550 nm minus that at 540 nm) was 
continuously monitored on a pen-chart recorder. The 
amount of 0 2 produced by the administration of sub- 
stance P or IP 3 was calculated by subtracting the amount 
of reduced cytochrome c in the resting state from the 
amount obtained 5 min after the addition of each agent, 
using an extinction coefficient of 21 .1 /mM/cm (Cohen 
and Chovaniec, 1978). 

2.4. Measurement o f  intracellular C a  2 + levels ([Ca 2 + ]i ) 

The neutrophils were incubated in HBSS containing 3 
IzM fura-2-AM (Dojindo Co., Japan) for 20 rain at 3°C. 
The cells were centrifuged (100 × g, 8 min) twice, and 
resuspended in HBSS. Fura-2 fluorescence measurements 
were performed at 37°C using a spectrofluorimeter (Type 
F-2000, Hitachi) equipped with a thermostatically con- 
trolled cuvette holder and a stirring apparatus at dual 
excitation wavelengths of 340 and 380 nm, and an emis- 
sion wavelength of 510 nm. Intracellular Ca 2÷ levels 
([Ca2+] i) were determined using the equation: [ C a 2 + ]  i = 

K d X ~ (R  - Rrnin)/(Rma x - R), here Rma x represents the 
maximum ratio of both fluorescences (F340/F380) after 
the lysis of cells with 25 I~M digitonin, and Rmi n repre- 
sents the minimum ratio of both fluorescences after the 
addition of 12.5 mM EGTA, 13 represents the 'scaling 
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factor' defined as the ratio of fluorescence at 380 nm with 
0 Ca 2+ (F380mi n) to saturating Ca 2÷ (F340ma x) conditions, 
and K d is the dissociation constant for fura-2-Ca 2÷, which 
is 224 nM (Borzak et al., 1990). 

2.5. Measurement of inositol-l,4,5-trisphospate (IP 3) for- 
mation 

The neutrophils suspended in 2 ml of HBSS medium at 
a concentration of 2 X 107 cells/ml were incubated with 
different concentrations of substance P in the presence of 
10 mM LiCI, an inihibitor of inositol phosphatase, to 
prevent IP 3 recycling. Thirty seconds after the addition of 
substance P, the reaction was terminated by the addition of 
the same volume of ice-cold 15% (w/v )  trichloroacetic 
acid, and the cell debris was removed by centrifugation. 
The resulting supernatants were extracted three times with 
diethylether, and neutralized with NaHCO 3 to pH 7.5. IP 3 
levels in the neutralized aqueous samples were measured 
using an IP 3 radioreceptor-assay kit obtained from Amer- 
sham (Amersham, UK). 

lized cell decreased with higher rates as compared with 
those in non-permeabilized cells during the same periods, 
reaching values below 25% of respective original intensi- 
ties at 50 min (Fig. 5, inset). Such augmented decreases in 
fluorescence intensities were probably caused by the dye 
leakage out of the cells. Thus, the permeabilized cells were 
considered to stably retain the dye for 30 min and to be 
well suited to the [Ca2+] i measurement. Each experiment 
was finished within 25 min after permeabilization. 

2.7. Statistical analysis 

Student's t-test was used for statistical analysis. The 
differences between mean values with P values less than 
0.05 were considered significant. 

3. Results 

3.1. Effects of CGRP on substance-P-induced 0~- produc- 
tion, changes in [Ca 2 + ]i and IP 3 formation 

2.6. Permeabilization of neutrophils and determination of 
IP3-induced responses 

When studying the responses of neutrophils to mem- 
brane impermeable agents such as IP 3 and heparin, the 
neutrophils have to be permeabilized with saponin. The 
cells were exposed to a permeabilization buffer which 
contained 140 mM KC1, 1 mM MgC12, 1 mM EGTA, 10 
mM Hepes-K (pH 7.0), 1 mM ATp, 10 mM glucose, 2 
mM NADPH, CaC12 to achieve pCa 7, and 85 Ixg/ml 
saponin for 10 rain (Smith and Snydermann, 1987; Meyer 
and Stryer, 1990). After the following wash out, the cells 
were resuspended in the same buffer without saponin to a 
final concentration of 106 cells/ml. After an equilibration 
period of 10 rain, the cells were pretreated with test agents 
or a vehicle for 10 min at 37°C, and then the reaction was 
started by the addition of IP 3. Changes in the rate of 
ferricytochrome c reduction and fura-2-AM fluorescence 
were determined as described above. Every experiment 
was thus performed in the absence of saponin, and saponin 
itself did not induce either [Ca 2+ ]i elevation or O~- pro- 
duction in the intracellular environment. We checked the 
changes in intracellular fura-2 fluorescence intensity of 
single saponin-permeabilized neutrophils using an ultra- 
sensitive fluorescence counting imaging camera (C-2400- 
08H, Hamamatsu Photonics, Hamamatsu, Japan) equipped 
with a computer-assisted image processor. In the permeabi- 
lized neutrophils, both fluorescence intensities at 340 and 
380 nm showed gradual decreases in parallel with those in 
non-permeabilized cells during the first 30 rain of resus- 
pension (about 24% loss at 30 min), representing the 
naturally occurring dye quenching without changing the 
fluorescence ratio (340 nm/380  nm). After 30 min, fluo- 
rescence intensities at 340 and 380 nm in the permeabi- 

Human neutrophils treated with 30 ixM substance P 
produced O~ as measured by ferricytochrome c reduction 
(Fig. 1 A, control). The reduction of ferricytochrome c was 
abolished in the presence of superoxide dismutase (400 
units/ml), showing that reduction is an indicator of O~- 
production (Fig. 1A). After the stimulation of neutrophils, 
the amounts of O~- produced increased rapidly during the 
first 3 min and then slowly, reached a plateau level within 
5 min. Therefore, in the following experiments the amounts 
of O~- released during the first 5 min was determined. 
Treatment of neutrophils with 10 txM CGRP for 10 min 
reduced substance-P-induced O~- production to approxi- 
mately 56% of the control level (Fig. 1A). When the 
neutrophils were pre-exposed to a CGRP receptor antago- 
nist, 10 IxM CGRP-(8-37) (Chiba et al., 1989), the in- 
hibitory effect of CGRP was abolished (Fig. 1A). 

Fig. 1B shows the typical changes in [Ca2+]i in neu- 
trophils during exposure to 30 IxM substance P. The basal 
level of [Ca2+]i was estimated to be 98.5 + 7.8 nM (mean 
_ S.E.M., n = 6-10) in normal HBSS medium. Addition 
of substance P immediately increased [Ca 2+ ]i to a peak 
level (241.0 _ 12.9 nM, n = 6-10) within 40 s. The [CaZ÷ ] i 
then rapidly decreased to nearly the basal level (103.0 + 6.5 
nM, n = 6-10) 70-90 s after stimulation. CGRP (10 IxM) 
completely inhibited this substance-P-induced transient el- 
evation of  [Ca2+]i, and CGRP-(8-37) abolished the in- 
hibitory effects of CGRP. 

Fig. 1C shows the time-course of substance-P-induced 
IP 3 formation in the presence or absence of 10 IxM CGRP. 
In 30 s after exposure to 30 IxM substance P, the IP 3 levels 
in neutrophils transiently increased from the basal level of 
0.5 + 0.3 pmol /2  X 10 7 cells (n = 8) to a maximal level 
of 5.7 _ 1.1 pmol /2  × 10 7 cells (n = 15). The time-course 
of IP 3 production induced by substance P was almost the 
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Fig. 1. Effects of CGRP on substance-P-induced 0 2  production (A), changes in [Ca2+]i (B) and IP 3 formation (C) in human neutrophils. (A) A 
representative time-course of O~- production. 0 2  production was monitored spectrophotometrically as described in Materials and methods. Cells were 
equilibrated for 10 min in HBSS medium with or without (control) test reagents; 10 IxM CGRP, 10 ~M CGRP plus a CGRP receptor antagonist, 10 ~M 
CGRP-(8-37),or 400 units/ml of superoxide dismutase (SOD), and then exposed to 30 IxM substance P. (B) A representative trace of [Ca 2+ ]i- Cells 
loaded with.fura-2-AM were equilibrated for 10 min in HBSS medium with or without (control) test reagents; 10 IxM CGRP or 10 I~M CGRP plus 10 I~M 
CGRP-(8-37), and then exposed to 30 IxM substance P. (C) A representative time-course of IP 3 formation. IP 3 formation was measured by using an IP 3 
radioreceptor-assay kit as described in Materials and methods. Cells were equilibrated for 10 min in HBSS medium with or without (control) test reagents; 
10 tzM CGRP, and then exposed to 30 IxM substance P. 

same as that observed for [Ca 2 + ]i elevation. The formation 
of IP 3 by substance P was not inhibited by pretreatment 
with CGRP (10 IxM). 

Fig. 2 shows the dose-dependent effects of CGRP on 
substance-P-induced O~- production, [Ca 2 + ]i elevation and 
IP 3 formation. CGRP (10 and 20 ~M) inhibited both 
substance P (30 ixM)-induced O~- production and [Ca 2+ ]i 
changes in a dose-dependent manner, without affecting IP 3 
production. These findings suggest that CGRP may inhibit 
substance-P-induced O 2 production by inhibiting IP3-tri- 
g g e r e d  C a  2+ mobilization rather than IP 3 formation. To 
test this possibility, the next experiment was done to 
examine the effect of CGRP on IP3-induced responses, 
using saponin-permeabilized human neutrophils. 

3.2. Effect of CGRP on IP3-induced 0~- production in 
permeabilized neutrophils 

In saponin-permeabilized human neutrophils, IP 3 (from 
1 nM to 1 ~M) dose dependently produced 0 2  with a 
plateau level at IP 3 concentrations over 100 nM (Fig. 3), 
though it caused no 0 2 production in normal (non-per- 
meable) neutrophils (data not shown). Such responses were 
abolished in the presence of an IP 3 receptor antagonist, 
heparin (2 p.g/ml) (Meyer and Stryer, 1990), suggesting 
that IP 3 stimulates its receptors on intracellular Ca 2 + stores 
to produce O~- in the permeabilized neutrophils. Fig. 4A 
shows a representative trace of IP 3 (10 nM)-induced 02  
production in the presence or absence of 10 IxM CGRP. 
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Fig. 2. Dose-dependent effects of CGRP on O~- production, A[Ca 2+ ]i and IP 3 formation in neutrophils stimulated with substance P. Human neutrophils 
were preincubated for 10 min with HBSS medium with or without 1, 10 or 20 wM CGRP, and then exposed to 30 IxM substance P. Each symbol 
represents the mean + S.E. for 16-20 preparations. * * P < 0.01 compared with the value without CGRP. 

After the stimulation of permeabilized neutrophils with 10 
nM IP 3, the amounts of 0 2 produced increased rapidly 
during the first 2 min and reached a plateau level within 3 
min. Ferricytochrome c reduction was abolished in the 
presence of superoxide dismutase (400 units/ml), showing 
that this reduction is an indicator of O~- production (Fig. 
4A). CGRP significantly inhibited IP3-induced 0 2 produc- 
tion with an apparent half maximal inhibition at 8 izM 
(Fig. 4A,B), and this inhibitory effect was abolished by 
pretreating the neutrophils with a CGRP receptor antago- 
nist, CGRP-(8-37) (10 tzM) (Fig. 4A). Since stimulation 
of the CGRP receptor inhibited IP3-induced O~- produc- 
tion, the effects of CGRP on IP3-induced Ca 2 ÷ mobiliza- 
tion was then examined. 

3.3. Effects of CGRP on IP3-induced changes in [Ca2+] i 
in permeabilized neutrophils 

Fig. 5 shows the typical changes in [Ca 2÷ ]i in saponin- 
permeabilized neutrophils during exposure to 10 nM IP 3. 
The basal [Ca2+] i level of permeabilized cells was esti- 
mated to be 104.5 + 10.0 nM (mean _+ S.E.M., n = 15) in 
a permeabilization buffer. Addition of IP 3 caused an im- 
mediate and transient increase in [Ca 2÷ ]i, with a peak level 
of 207.1 _ 31.1 nM (n = 10) being reached within 30 s. 
[Ca2+]i then decreased to nearly the basal level of 122_ 
13.9 nM (n = 10), 40-50 s after stimulation. Such an 
IP3-induced increase in [Ca2+]i was not observed in nor- 
mal (non-permeabilized) neutrophil (data not shown) as in 
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Fig. 3. The concentration-response curve for 0 2  production in permeabilized neutrophils stimulated with IP 3. The saponin-permeabilized human 
neutrophils were preincubated for l0 min with ( O )  or without ( 0 )  an IP 3 receptor antagonist, heparin (2 Ixg/ml),  and then exposed to various 
concentrations of IP 3. The production of O~ was calculated from the amounts of cytochrome c reduced 3 min after the addition o f  IP 3. Each symbol with 
a bar represents the mean + S.E. for 10-12 preparations. 
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Fig. 4. Effects of CGRP on IP3-induced O 2 production in permeabilized 
human neutrophils. (A) A representative time-course of O~- production. 
O~ production was monitored spectrophotometrically as described in 
Materials and methods. Saponin-permeabilized cells were preincubated 
for 10 min with or without (control) 10 v.M CGRP, 10 IxM CGRP plus a 
CGRP receptor antagonist, 10 v,M CGRP-(8-37) or 400 units/ml of 
superoxide dismutase (SOD), and then exposed to 10 nM IP 3. (B) 
Dose-dependent effects of CGRP on IPa-induced O~ production. The 
permeabilized cells were preincubated for 10 min with or without differ- 
ent concentrations of CGRP ( 0 )  or CGRP plus 10 IxM CGRP-(8-37) 
(O), and then exposed to 10 nM IP 3. Each symbol with a bar represents 
the mean + S.E. for 16-20 preparations. * * P < 0.01 compared with the 
value of without CGRP. 

the case of  O~- production,  and this response was attenu- 
ated by the pretreatment  with heparin. These results sug- 

gest that IP 3 directly s t imulated IP 3 receptors on the intra- 
cel lular  Ca 2+ stores in the permeabi l ized neutrophils .  

C G R P  (10 IxM) completely  i n h i b i t e d  this IP3-induced 
[Ca2÷]i increase, however,  the effects of  C G R P  were 
reduced again in the presence of  C G R P - ( 8 - 3 7 ) ,  suggest ing 
that s t imulat ion of  C G R P  receptors inhibits  IP3-induced 
Ca 2+ mobil izat ion.  Fig. 5 (inset) shows the t ime-course of  
the changes in intracel lular  fura-2 f luorescence intensi ty of  

the single saponin-permeabi l ized  neutrophil  us ing an ultra- 
sensit ive f luorescence count ing  imaging camera.  Dur ing  
the first 30 min,  degree and t ime-course of  the dye leakage 

in the permeabi l ized cells were almost  the same as those in 
control (saponin-untreated)  one. Therefore,  the permeabi-  

l ized cells were considered to stably retain the dye for 30 

m in  and to be well  applicable for the [Ca 2÷ ]i measure-  
ment .  The measurements  of  IPs-induced changes in [Ca 2÷ ]i 
were f inished within  25 min  after permeabil izat ion.  

3.4. Effects o f  inhibitors o f  cAMP-dependent protein ki- 
nase on the inhibitory effects o f  CGRP 

It has been  proposed that C G R P  activates adenylate  
cyclase (Takenawa et al., 1986; K im  et al., 1989; 
Lazarowski  and Lapetina,  1989). We  recently reported that 
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Fig. 5. Representative traces of IP3-induced changes in [Ca 2+ ]i in permeabilized human neutrophils. [Ca 2+ ]i was measured fluorometrically as described in 
Materials and methods. Saponin-permeabilized and fura-2-AM-loaded cells were preincubated for 10 min with or without (control) 10 tzM CGRP, 10 txM 
CGRP plus an CGRP receptor antagonist, 10 I.LM CGRP-(8-37), or IP 3 receptor antagonist, 2 ~.g/ml heparin, and then exposed to 10 nM IP 3. Inset: the 
time-course of changes in resting fura~2 fluorescence intensities at 340 nm (Q, O) and 380 nm (A, zx) of the single saponin-permeabilized (O, A) and 
non-permeabilized (0,  • ) cells were checked by using an ultrasensitive fluorescence counting imaging camera as described in Materials and methods. 
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Fig. 6. Effects of cAMP-dependent protein kinase inhibitors on the inhibitory effects of CGRP and dibutyl cAMP in IP3-induced O~ production and 
[ Ca2+ ]i changes. Saponin-permeabilized human neutrophils were pretreated for 10 min with or without (control) 10 txM CGRP or 10 wM CGRP plus 
either of the cAMP-dependent protein kinase inhibitors, 10 IzM H-8 (A,B) or 50 nM KT5720 (C,D), and then exposed to 10 nM IP 3. Same experiments 
carried out by using 1 mM dibutyl cAMP (E,F). O[ production (A,C,E) and changes in [Ca 2+ ]i (B,D,F) were measured as described in Materials and 
methods. 

CGRP elevated intracellular cAMP levels in human neu- 
trophils (Tanabe et al., 1994). In addition, dibutyl cAMP 
(1 mM) also gave the similar inhibitory effects (85% 
inhibition) on IP3-induced O [  production as CGRP did. 
Therefore, whether or not the activation of  cAMP-depen-  
dent protein kinase plays a key role in the inhibitory 

Table 1 
Effects of cAMP-dependent protein kinase inhibitors on the inhibitory 
effects of CGRP and dibutyl cAMP in IP3-induced 0 2 production and 
[ Ca2 + ]i changes 

02 (nmol/3 min A[ Ca2+]i (nM) 
per 107 cells) 

IP3 (10 nM) (control) 9.8 +0.8 102.6+ 10.1 
CGRP(10/.tM)+IP 3 3.44-1.9 a 25.94- 9.8 a 

H-8 (10/xM)+IP 3 9.1 4-0.8 95.7+ 9.6 
H-8 (10/xM)+CGRP+IP 3 8.64- 1.2 84.0+ 5.1 
KT5720 (50 nM)+ IP 3 9.64- 1.5 98.1 4- 10.4 
KT5720(50nM)+CGRP+IP 3 9.24-0.9 91.54- 6.5 

Dibutyl cAMP (l mM)+IP 3 1.5+0.4 a 14.34- 3.1 ~ 
KT5720 (50 nM) + dibutyl 7.7 4- 1.3 78.3 4- 2.5 
cAMP + IP 3 

Each value represents the mean+S.E.M, for 6-12 preparations, a p < 
0.01 compared with IP 3 alone. Cells described in Materials and methods. 
The production of O~- was estimated from the amounts of cytochrome c 
that had been reduced 3 min after the addition of IP 3. Changes in [Ca 2+ ]i 
were determined as A increases above the values obtained before IP 3 
exposure as described in Results. 

effects of  CGRP was examined (Fig. 6). Permeabil ized 
neutrophils were pretreated with either cAMP-dependent  
protein kinase inhibitor, 10 txM H-8 or 50 nM KT5720, 
for 10 min, then treated with 10 IxM CGRP for an 
additional 10 min, and finally exposed to 10 nM IP 3. Both 
inhibitors abolished the inhibitory effects of  CGRP on 
IP3-induced 0 2 production (Fig. 6A,C) and elevation of  
[Ca2+]i (Fig. 6B,D). In addition, 1 mM dibutyl cAMP 

inhibited IP3-induced O [  production and IP3-induced 
[ Ca2 + ]i elevation in the permeabil ized neutrophils as CGRP 
did, and both dibutyl cAMP-induced inhibitory effects 
were also inhibited by pretreatment of  50 nM KT5720 
(Fig. 6E,F). As summarized in Table 1, cAMP-dependent  
protein kinase inhibitors, H-8 (10 IxM) and KT5720 (50 
nM) significantly reduced the inhibitory effects of  CGRP 
and dibutyl cAMP on both IP3-induced O [  production and 
IP3-induced increase in [Ca 2+ ]i, without any significant 
effect on the IP3-induced response itself. These findings 
suggest that CGRP inhibits IP3-induced 0 2 production 
and IP3-induced increase in [Ca 2÷ ]i through the stimulation 
of cAMP-dependent  protein kinase. 

4. Discussion 

Substance P and CGRP are known to be co-released 
from nerve endings in response to noxious stimuli, result- 
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ing in various inflammatory responses (McGillis et al., 
1990; Goodman and Iversen, 1986). We previously re- 
ported that 0 2 is produced in human neutrophils through 
IP3-induced transient increases in [Ca 2÷ ]i (Tanabe et al., 
1996). In this study, another neuropeptide, CGRP, inhib- 
ited substance-P-induced O~- production (Fig. 1A). A 
specific CGRP receptor antagonist, CGRP-(8-37), abol- 
ished the inhibitory effects of CGRP, suggesting the in- 
volvement of CGRP receptor stimulation in the inhibitory 
effect. Such interference by CGRP has also been observed 
in the substance-P-induced increase in guinea-pig airway 
tone (Gatto et al., 1989), as well as in arteriolar dilatation 
and leukocyte aggregation in the rabbit (Ohlen et al., 
1988). Conversely, CGRP has been reported to potentiate 
the actions of substance P, such as biting and scratching 
behavior in rats (Hylden and Wilcox, 1981; Piercey et al., 
1981; Seybold et al., 1982), probably via the inhibition of 
substance P degradation (Greves et al., 1985). Thus, the 
modes of interaction between substance P and CGRP 
differ depending on the cell type or tissue type. 

In this study on neutrophils, CGRP also abolished 
substance-P-induced transient increases in [Ca2+] i (Fig. 
1B). While this finding raised the possibility that CGRP 
inhibits substance-P-induced IP 3 formation or IP3-induced 
Ca 2+ mobilization from the interacellular Ca 2+ stores, 
CGRP did not inhibit IP 3 production (Fig. 2). Therefore, 
we examined the effects of CGRP on IP3-induced Ca 2+ 
mobilization using saponin-permeabilized neutrophils. 

In saponin-permeabilized neutrophils, IP 3 at concentra- 
tions ranging from 1 nM to 1 IxM dose dependently 
produced 02 ,  with a half maximal concentration of 8 nM 
(Fig. 3). This reaction was inhibited in the presence of 2 
p~g/ml heparin, which is reported to competitively block 
IP 3 binding to its receptors localized on the surface of 
intracellular Ca 2+ stores (Meyer and Stryer, 1990). In 
addition, such an IP 3 response was not observed in normal 
(non-permeabilized) cells. These findings suggest the in- 
volvement of the direct binding of IP 3 to its receptors in 
IP3-induced O 2 production. Beside the IP 3 receptor block- 
ing effect, however, heparin has been reported to react 
with a variety of proteins including a neutrophil adhesion 
molecule, selectin. Since K i for heparin in IP 3 receptor 
blocking and EDs0 for heparin in selectin binding have 
been reported to be 15 txg/ml (Timothy et al., 1987) and 
200-800 txmol/1 (approximately 100-400 Ixg/ml, 
Richard et al., 1993), respectively, such inhibitory actions 
appear to be mediated by blocking IP 3 receptor. When 
neutrophils were stimulated with substance P (30 IxM) to 
produce 02 ,  the amounts of IP 3 formed were 5.7 _+ 1.1 
pmol IP3/2 _ 107 neutrophils (Fig. 2). Assuming a single 
cell volume as (1 .0-3 .0)× 10 9 c m  3, this corresponds to 
an intracellular IP 3 concentration of 100-300 nM. IP 3 (100 
nM)-induced 0 2  production in permeabilized neutrophils 
thus appears to reflect the amount of O~- produced by 30 
txM substance P. Since 100 nM IP 3 produced the maximal 
response in permeabilized neutrophils (Fig. 3), we chose a 

submaximal concentration of IP 3 (10 nM) in this study. 
IP3-induced O~- production was completely inhibited by 
the pretreament of neutrophils with an intracellular Ca 2+ 
chelator, 10 t~M BAPTA-AM (75% inhibition), and there- 
fore, we concluded that this is a Ca2+-dependent response. 
Although the exact mechanism linking the IP 3 receptor to 
NADPH oxidase is still unknown,calmodulin is now con- 
sidered to be one of candidates for Ca2+-dependent modu- 
lator of this oxidase (Tauber, 1987). In fact, 0 2  produc- 
tion in response to IP 3 as well as substance P was inhibited 
by a calmodulin inhibitor, W-7 (data not shown), and thus 
compatible with the Tauber report. CGRP inhibited IP 3 (10 
nM)-induced 0 2 production (Fig. 4A,B), and transient 
Ca 2+ elevation (Fig. 5). These results indicate that CGRP 
interfered with IP3-induced Ca 2÷ mobilization from the 
intracellular Ca 2÷ stores. In the present permeabilized cell 
system, the saponin-pretreated neutrophils were capable of 
retaining fura-2 within the cells, despite of being perme- 
able for IP 3. Although the exact reason for such an appar- 
ent discrepancy is unclear, one possible explanation is that 
fura-2 may bind to intracellular proteins (Konishi et al., 
1988) and form a larger molecule than the membrane- 
spanning pore made by saponin. 

CGRP has been shown to increase intracellular levels of 
cAMP, a putative second messenger linked to the final 
effects of CGRP in several tissues (Wang and Fiscus, 
1989; Hegerstrand et al., 1990). Elevation of intracellular 
cAMP levels by CGRP activates cAMP-dependent protein 
kinase (Wang and Fiscus, 1989; Hegerstrand et al., 1990), 
and the activation of cAMP-dependent protein kinase re- 
portedly inhibits a signal transduction pathway linked to 
phosphoinositide hydrolysis in a number of cell types 
including neutrophils (Takenawa et al., 1986; Kim et al., 
1989; Lazarowski and Lapetina, 1989). In addition, acti- 
vated cAMP-dependent protein kinase has been shown to 
phosphorylate inositol trisphosphate receptors with a con- 
comitant decrease in Ca 2+ release from rat brain micro- 
somes (Supattapone et al., 1988). In this study, dibutyl 
cAMP (1 mM) inhibited both IP3-induced O 2 _ production 
and [Ca 2+ ]i elevation as CGRP did. Furthermore, cAMP- 
dependent protein kinase inhibitors, H-8 (I0 IxM) and 
KT5720 (50 nM), attenuated the inhibitory effects of CGRP 
and dibutyl cAMP on IP3-induced 0 2 production and 
[Ca2+] i mobilization (Fig. 6). KT5720 was used as a 
specific cAMP-dependent protein kinase inhibitor with a 
low K i for cAMP-dependent protein kinase (60 nM) as 
compared with those for cyclic GMP (cGMP)-dependent 
protein kinase (>  2 IxM) and for Ca2+-dependent protein 
kinase C (>  2 I~M) (Kase et al., 1987), although H-8 is a 
rather non-specific inhibitor with K i values for the follow- 
ing kinases, cAMP-dependent protein kinase, cGMP-de- 
pendent protein kinase and protein kinase C at 1.2 IxM, 
0.43 txM and 14.4 IxM, respectively (Hidaka et al., 1984)~ 
Thus, CGRP appears to inhibit IP3-induced 0 2 production 
by interfering with IP3-induced Ca 2+ mobilization from 
intracellular stores probably through IP 3 receptor phospho- 
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ry la t ion  v ia  the  ac t iva t ion  o f  c A M P - d e p e n d e n t  p ro te in  

k inase .  

In s u m m a r y ,  this  p a p e r  desc r ibes  for  the  f i rs t  t ime  tha t  

C G R P  inh ib i t s  s u b s t a n c e - P - i n d u c e d  O ~  p r o d u c t i o n  in hu-  

m a n  neu t roph i l s  v ia  C G R P  recep to r  s t imu la t ion  resu l t ing  

in the  a t t enua t ion  o f  IP3- induced  C a  2÷ mob i l i za t ion .  As  for  

the  m a i n  m e c h a n i s m  invo lved ,  IP3-IP 3 r ecep to r  coup l ing  

a n d / o r  s u b s e q u e n t  IP3- induced  t r ans ien t  Ca  2 ÷ re lease  f rom 

in t race l lu la r  Ca  2÷ s tores  are a f fec ted  b y  C G R P  p r o b a b l y  

via  c A M P - d e p e n d e n t  p ro te in  k i n a s e - m e d i a t e d  p h o s p h o r y -  

la t ion  o f  IP 3 receptors .  Thus ,  C G R P ,  w h e n  co - re l eased  

wi th  subs t ance  P ,or  e v e n  w h e n  e x o g e n o u s l y  appl ied ,  m a y  

play  an  i m p o r t a n t  role  in  r egu la t ing  the  i n f l a m m a t o r y  

r e sponse  o f  neu t roph i l s  to s u b s t a n c e  P. 
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