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Abstract—Histamine produces a rapid and massive increase of the c-GMP level of guinea-pig lung
tissue. The ECsy value for this in vitro response is found to be 27 uM and the c-GMP level is maximally
9-fold elevated by 100 uM histamine. The response is stereoselectively inhibited by the enantiomers of
chlorpheniramine, indicating H,-receptor involvement. Preincubation of lung tissue with 200 yM NCDC,
a phospholipase C inhibitor, reduces the histamine (100 uM) responses to 16 = 3% (N = 6) of the
control c-GMP production. Inhibition of protein kinase C by 50 uM H-7 does not significantly attenuate
the H;-receptor response, whereas omittance of extracellular Ca?* results in almost complete inhibition
of the ¢c-GMP production. The histamine-induced ¢c-GMP response is inhibited by hemoglobin,
methylene blue and the antioxidants butylated hydroxytoluene and nordihydroguaretic acid, indicating
the involvement of a nitric oxide-dependent activation of soluble guanylate cyclase. This suggestion is
supported by the concentration-dependent inhibition of the ¢-GMP production by N®-monomethyl-L-
arginine (NMA). At a concentration of 20 uM NMA the histamine (100 uM) response is inhibited to
34 = 8% (N = 6) of the control response. This inhibition is reversed to 127 £ 20% (N = 6) by the
exogenous addition of 1 mM L-arginine. These findings show that after an initial H,-receptor-mediated,
phospholipase C-dependent, Ca?*-mobilization the enzymatic conversion of L-arginine to nitric oxide
is stimulated. This nitric oxide production is finally responsible for the activation of soluble guanylate
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cyclase, leading to the production of c-GMP.

In allergic subjects the exposure to specific allergens
causes an IgE-dependent degranulation of tissue
mast cells. Such a degranulation results in the release
of various biologically active agents, which are
responsible for most of the allergic symptoms. One
of the prominent compounds released from mast
cells in allergic conditions is histamine [1]. Release
of this biogenic amine has been shown to be involved
in the development of various asthmatic symptoms.
Interaction of histamine with the H;-receptor in the
airways is responsible for smooth muscle contraction
(1,2], increased pulmonary vascular resistance [3]
and increased production of prostaglandins [4].
Histamine seems also to be responsible for the
production of c-GMP in human lung tissue [4-6].
The exact role, localization and mechanism of this
response is however not yet elucidated. Kaliner
(7, 8] suggested that c-GMP might modulate the
immunologically-induced release of mediators from
mast cells through effects on the microtubular
assembly. However, such a mechanism has been
questioned to play any role in the anaphylactic
histamine release from rat mast cells [9]. Employing
monoclonal antibodies directed at c-GMP Sertl et
al. {6] observed an absence of muscular staining in
guinea-pig lung after histamine application. This
indicates that the c-GMP elevation is probably not
involved in the direct regulation of smooth muscle
contraction/relaxation mechanism. Yet, increased
staining was considerable in macrophages, endo-
thelium and epithelium [6].

* To whom correspondence should be addressed.
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Endothelium-dependent increases in tissue c-GMP
content is usually noticed in vascular preparations
and associated with vascular smooth muscle
relaxation [10-14]. In some vascular preparations
these responses are also observed after H;-receptor
stimulation {10, 15, 16]. The ¢-GMP production in
vascular preparations is now attributed to the
formation of an endothelium-derived relaxing factor,
which has been identified as nitric oxide [12~14].
This nitric oxide has been shown to be synthesized
enzymatically from L-arginine in e.g. porcine aortic
endothelial cells [17] and is able to activate the
soluble guanylate cyclase [18]. Moreover, the
production of nitric oxide has also been shown in
macrophages and is probably involved in the
cytotoxic effects of these cells [19, 20].

These findings led us to examine the histamine-
induced c-GMP production in guinea-pig lung in
more detail. Using specific agents we investigated
the signal transfer pathway of the c-GMP formation
after histamine H,-receptor activation.

MATERJIALS AND METHODS

Chemicals. Histamine dihydrochloride, phorbol-
12,13-dibutyrate, 2-nitro-4-carboxyphenyl-N,N-
diphenylcarbamate (NCDC), 1-(5-isoquinolinylsul-
fonyl)-2-methylpiperazine (H-7), methylene blue,
L-arginine dihydrochloride, hemoglobin, nordihy-
droguaretic acid (NDGA) and butylated hydroxy-
toluene (BHT) were purchased from the Sigma
Chemical Co. (St Louis, MO, U.S.A.). NG.
monomethyl-L-arginine was obtained from Cal-
biochem (La Jolla, U.S.A.). The stereoisomers of
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chlorpheniramine (maleate salts) were a generous
gift from Dr A. J. Beld (Catholic University,
Nijmegen). Oxyhemoglobin was prepared from
methemoglobin as described previously {11].

¢-GMP measurements. Male guinea-pigs (300
350 g) were killed by a blow on the head. The thorax
was opened and the lungs were perfused via the
pulmonary artery with oxygenated Krebs buffer
(117.5mM NaCl, 5.6 mM KCl, 1.18 mM MgSO,,
2.5 mM CaCl,, 1.28 mM NaH,PO,, 25 mM NaHCO,
and 5.5 mM glucose). The parenchymal lung tissue
was dissected into replicate fragments (1 X 5 mm)
and preincubated for 30 min at 37° in 10 mL Krebs
buffer. Subsequently lung tissue was preincubated
with various antagonists or inhibitors for 15 min,
whereafter histamine was added for the indicated
time. Some experiments were performed in Ca?*-
free Krebs buffer. In these instances lung tissue was
washed with the Ca?*-free medium for 30 min before
a stimulation with histamine was performed.
Incubations were stopped by removal of the tissue
from the medium and rapid freezing of the tissue in
liquid nitrogen. Thereafter the frozen tissue was
homogenized (15sec maximal speed) in sodium
acetate buffer (pHS5.8) wusing a Polytron
homogenizer. Aliquots were deproteinized using
ethanol and centrifuged for 10 min at 3000 g. The
supernatant was evaporated under vacuum at 45°
and the residue was subsequently resuspended in
50 mM sodium acetate buffer. The c-GMP content
was determined using a ¢c-GMP radicimmunoassay
kit (Amersham, Buckinghamshire, U.K.).

Protein concentration was assayed by the Biorad
reagent[21], using bovine serum albumin as standard.
The amount of c-GMP was corrected for the amount
of protein and expressed as the percentage of basal
levels.

Statistics. Data shown are mean * SE of at least
three experiments. Significant differences were
determined using the Student’s #test. A P <0.05
was regarded as indicating a significant difference.

RESULTS

Exposure of guinea-pig lung tissue to 100 uM
histamine leads to a rapid increase in the c-GMP
content. Maximal c-GMP production is already
apparent after 2 min of stimulation (Fig. 1A). At
that time the c-GMP levels reach 870 = 70% of the
basal c-GMP content. Thereafter the c-GMP levels
rapidly decline and reach control levels again after
approximately 20min (Fig. 1A). At a 2min
stimulation period histamine concentration depen-
dently stimulates the production of c-GMP in lung
tissue (Fig. 1B); histamine increases the c-GMP
production with an ECsq value of 27 uM. Significant
¢-GMP elevation is noticed at 10 uM histamine,
whereas maximal responses are observed at 100-
300 uM histamine. The histamine-induced c-GMP
production is stereoselectively inhibited by the two
stereoisomers of chlorpheniramine (Fig. 2). Whereas
both compounds do not affect basal c-GMP
levels, the histamine-mediated ¢-GMP elevation is
selectively modulated by the D-enantiomer. At a
concentration of 10nM D-chlorpheniramine the
response to 100 uM histamine is inhibited to 25% of
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Fig. 1. Characteristics of the histamine-induced c-GMP
production in guinea-pig lung tissue. Lung fragments were
stimulated with 100 uM histamine for various times (A) or
for 2min with several concentrations of histamine (B).
Data shown are mean + SE (N = 6). The asterisk indicates
a significant difference (P < 0.05) compared to control.
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Fig. 2. Stereoselective antagonism of the histamine-
mediated ¢c-GMP production in guinea-pig lung tissue.
Lung fragments were incubated for 15 min with 10 nM of
the D- and L-enantiomers of chlorpheniramine. Thereafter
100 uM histamine (hatched columns) or vehicle (open
columns) was added for 2 min. Data shown are mean *
SE (N = 4). The asterisk indicates a significant difference
(P < 0.05) compared to control.

the control response. The L-enantiomer does not
significantly reduce the histamine-induced c-GMP
production at that concentration (Fig. 2).

The ¢-GMP production induced by 100uM
histamine is potently inhibited by the phospholipase
C inhibitor NCDC. At a concentration of 200 uM
NCDC the ¢c-GMP accumulation in lung tissue in
response to histamine is reduced by more than 80%
(Table 1). Yet, this concentration of NCDC does
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Table 1. Stimulation of c-GMP accumulation in guinea-pig lung by 100 uM histamine
(2min) in the absence of extracellular Ca?* or after a preincubation with the
phospholipase C inhibitor NCDC (200 uM) or the protein kinase C inhibitor H-7

(50 uM)
Treatment % Control response N
15 min 200 uM NCDC 16 = 3* 6
30 min Ca’*-free Krebs 8+ 4* 6
30 min Ca’*-free Krebs + 2 mM EGTA 10 = 4* 5
15 min 50 uM H-7 85+15 3

Data shown are the mean * SE.
* P <0.05.
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Fig. 3. Inhibitory effects of 100uM oxyhemoglobin
(oxyHb), 100 uyM methemoglobin (metHb), 50 uM BHT
and 50 uM NDGA on the H,-receptor-mediated c-GMP
production in guinea-pig lung. Lung fragments were
incubated for 15 min with the indicated agents, whereafter
100 uM histamine was added for 2 min. Data shown are
mean * SE (N = 6). The asterisk indicates a significant
difference (P < 0.05) compared to control.

not affect the c-GMP elevation in response to
nitroprusside (data not shown). The histamine-
stimulated c-GMP levels are also highly dependent
upon the presence of extracellular Ca**. When Ca?*
is omitted from the Krebs buffer, 100 uM histamine
hardly elevates tissue c-GMP levels (Table 1). This
effect is noticeable without the extra addition of
EGTA (Table 1). Chelation of possible additional
calcium does not inhibit the histamine response
further. Inhibition of protein kinase C (PKC) does
not appear to modulate the histamine-induced c-
GMPresponse. Preincubation with the PKCinhibitor
H-7 (50 uM) for 15 min does not significantly reduce
the ¢-GMP accumulation (Table 1). Exposure of
lung tissue to the phorbolester phorbol-12,13-
dibutyrate (1 uM) for 2-60 min does not modify the
¢-GMP levels (data not shown).

Responses to 100 uM histamine are markedly
reduced by NDGA and BHT. Preincubation of lung
tissue with 50 uM BHT or 50 uM NDGA for 15 min
results in an inhibition of the histamine-induced
¢-GMP accumulation to approximately 60% of
the control response (Fig. 3). Using a similar
preincubation 100 uM oxyhemoglobin also appears
to attenuate the histamine response. In contrast, the
oxidized hemoglobin, methemoglobin, does not
significantly affect the c-GMP accumulation (Fig. 3).
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Fig. 4. Concentration-dependent reduction of the H;-
receptor-mediated ¢-GMP production in guinea-pig lung
by methylene blue. Lung fragments were incubated for
15 min with the indicated concentrations methylene blue,
whereafter 100 UM histamine was added for 2 min. Data
shown are mean * SE (n = 5 to 6). The asterisk indicates
a significant difference (P < 0.05) compared to control.

Using the guanylate cyclase inhibitor methylene
blue, it is also possible to block the effects of
histamine application on c-GMP levels of lung tissue.
Preincubation with methylene blue for 15 min leads
to a concentration-dependent inhibition of the
c-GMP production (Fig. 4). At a concentration of
10 uM methylene blue the response to 100 uM
histamine is inhibited for 41 = 13% (N = 6), whereas
100 uM methylene blue can reduce the histamine
response further.

Finally the possible contribution of an L-arginine-
dependent pathway was evaluated. The increase in
¢-GMP content after stimulation with 100 uM
histamine can be potently inhibited by NC-
monomethyl-L-arginine (NMA, Fig. 5). Whereas the
response to histamine is hardly affected at a
concentration of 2 uM, inhibition to 34 £ 8% (N =
6) of the control response is observed after
preincubation with 20uM NMA. Higher con-
centrations of NMA almost completely abolish the
¢-GMP response to histamine (Fig. 5). The inhibition
by NMA can be reversed by the simultaneous addition
of L-arginine (Fig. 5). Moreover, preincubation of
lung tissue for 15min with 1mM L-arginine
significantly enhanced the histamine-induced c-GMP
production after stimulation with 100 uM histamine
for 2min under control conditions (Fig. 5). Yet,



274 R. LEURS et al.

L %
2(5)‘ %/;

control 2uM 20uM 200 uM

Fig. 5. Concentration-dependent reduction of the Hj-
receptor-mediated c-GMP production in guinea-pig lung
by NMA in the absence (open columns) or presence of
1 mM L-arginine (hatched columns). Lung fragments were
incubated for 15 min with the indicated concentrations
NMA, whereafter 100 uM histamine was added for 2 min.
Data shown are mean = SE (N =3-6). The asterisk
indicates a significant difference (P < 0.05) compared to
control.

stimulation of the ¢-GMP production by 100 uM
histamine for 20 min is not altered by the addition
of L-arginine. In the presence of 1 mM L-arginine
histamine-induced ¢-GMP production after 20 min
of incubation is 10+2% (N =3) of the peak
response after 2min of stimulation. This is not
significantly different from the response in the
absence of extracellular L-arginine. In this case the
response at 20 min is 15 = 5% of the peak response
after 2 min (Fig. 1).

DISCUSSION

To explain the endothelium-dependent vasodilator
action of acetylcholine in isolated rabbit arterial
strips, only one decade ago Furchgott and Zawadski
[22] described a new vasoactive agent. An “endo-
thelium-derived relaxing factor” (EDRF) was
suggested to be released from the endothelial lining
of the vasculature [22]. It took several years of
extensive research to reach the final conclusion that
nitric oxide [18, 22, 23] was identical to the EDRF,
first described by Furchgott and Zawadski [22].

Nowadays, it has become clear that several
hormones, including histamine, can stimulate the
production of nitric oxide from the endothelium.
Histamine H;-receptor-mediated production of
EDRF has, for example, been documented in
a variety of vascular preparations [10, 15, 16).
Moreover, mass spectroscopy studies, using porcine
aortic endothelial cells in culture and "N-labelled
L-arginine, led Palmer et al. [17] to conclude that
L-arginine was the precursor for an enzymatic nitric
oxide synthesis in endothelial cells. Finally, it was
noticed that the production of EDRF/nitric oxide
was not confined to the vascular endothelium
[12, 19]. Nitric oxide has, for example, been shown
to be involved in the cellular regulation of
macrophages [19, 20], hepatocytes [24], mast cells
[25], platelets [25] and several central and peripheral
neuronal tissues [26-28]. Nowadays, it seems that

the production of nitric oxide might be a new and
widespread second messenger system.

The histamine H;-receptor stimulates the pro-
duction of EDRF in several vascular preparations
(10, 15, 16]. The histamine-induced production of ¢-
GMP is also not confined to the vasculature.
Histamine-induced ¢-GMP production has, for
example, been reported in isolated rabbit cardiac
preparations [29], N1E-115 neuroblastoma cells [30],
guinea-pig tracheal and bronchial preparations[2, 31]
and human and guinea-pig lung tissue [53,6].
Nevertheless, only limited information is available
about the exact signal transduction pathway,
responsible for the production of ¢-GMP after H;-
receptor activation, although a dependency on
calcium is apparent [30].

In the present study we tried to characterize the
signal transfer in guinea-pig lung tissue, leading to
c-GMP production after Hj-receptor stimulation.
Histamine increases the c-GMP content of guinea-
pig lung tissue very rapidly. Within 2 min of exposure
to 100 uM histamine, an increase in the c-GMP
levels of approximately 900% is noticed. Thereafter
the c-GMP levels drop quickly and reach control
levels again after approximately 20 min. These
responses are apparent in micromolar concentrations
of histamine and are in good correspondence with
previous findings of Sertl et al. [6]. The histamine-
induced responses are mediated by an interaction
with the Hj-receptor, since the c-GMP response is
stereoselectively antagonized by the enantiomers of
the H;-antagonist chlorpheniramine. Previously the
two chlorpheniramine stereoisomers proved to be
highly potent H;-antagonists with the H,-antagonistic
activity mainly residing in the D-isomer [32]. This
pair of enantiomers proved therefore to be highly
useful tools for H;-receptor identification [32, 33].

The Hj-receptor is coupled to the phospha-
tidylinositol turnover in a variety of tissues [32] and
in several airway preparations histamine-induced
inositolphosphate production has been shown [34].
Also the H;-receptor-mediated c-GMP production
in guinea-pig lung appears to be dependent upon a
phospholipase C-catalysed hydrolysis of phospha-
tidylinositol-4,5-bisphosphate. After application of
200 uM of the phospholipase C inhibitor NCDC the
Hj-receptor-mediated c-GMP response is highly
reduced, whereas the nitroprusside-induced c-GMP
production is hardly affected. Previously it was
shown that NCDC was able to inhibit phospholipase
C activity in platelets [35]. Moreover, H;-receptor
mediated inositolphosphate production in guinea-
pig left atria was reported to be markedly inhibited
after NCDC administration [36]. De Nucci et al. [37]
showed a similar dependency for the bradykinin-
mediated endothelium-dependent relaxation of
bovine aorta. The c-GMP elevation does not appear
to be dependent upon PKC activation. The protein
kinase C inhibitor H-7 does hardly attenuate
histamine-induced c-GMP production, whereas the
protein kinase C-activating phorbolester phorbol-
12,13-dibutyrate does not affect the c-GMP level of
guinea-pig lung tissue at all.

Besides protein kinase C activation, stimulation
of receptors, coupled to the phosphatidylinositol
turnover, also results in an elevation of the
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cytoplasmatic Ca** concentration [32]. In the present
study the c-GMP production appears to be highly
dependent upon the presence of extracellular Ca?*.
Even without the extra addition of the Ca?*-chelator
EGTA the H,-receptor-mediated c-GMP production
is reduced to approximately 10% in a CaZ*-free
buffer. The influx of extracellular Ca?* is therefore
responsible for the observed ¢c-GMP response. This
is in contrast to the recent reported findings with
N1E-115 neuroblastoma cells [30]. In the latter
study H,-receptor-mediated c-GMP production was
suggested to be mainly due to IPs;-induced Ca?*-
release fromintracellular stores [30]. Thisdiscrepancy
might indicate cell type-dependent regulation of the
Ca’*-mobilization after H,-receptor stimulation.
The dependency of the c-GMP response upon
phospholipase C activation and Ca’*-influx is in
good correspondence with the suggested role of the
IP;-induced Ca?*-release in the regulation of Ca®*-
influx [38].

The question how the initial mobilization of Ca**
is “translated” into the final c-GMP production is
highly intriguing. Previously it was found that due
to their antioxidant capacity BHT and NDGA could
inhibit the endothelium-dependent relaxation of
rabbit aorta [39, 40]. As shown in the present study
both compounds are also able to reduce the
histamine-mediated c-GMP response in guinea-pig
lung tissue. Moreover, oxyhemoglobin, which in
contrast to methemoglobin can bind nitric oxide
[41], has been widely used for the scavenging of
nitric oxide [11, 26-28] and also shows an inhibitory
effect on the Hj-receptor response in guinea-pig
lung. These experiments with BHT, NDGA and
hemoglobin already point to the possible involvement
of nitric oxide, which in turn should activate soluble
guanylate cyclase. Studies with the guanylate cyclase
inhibitor methylene blue are in good agreement with
such a suggestion. Histamine-induced c-GMP
responses in guinea-pig lung are potently inhibited
by methylene blue.

More definite evidence is found in the experiments
with the N-methylated L-arginine analog NMA. This
compound has been reported to be a competitive
inhibitor of the enzymatic conversion of L-arginine
to nitric oxide and citrulline [42]. In guinea-pig lung
the Hj-receptor-mediated responses are con-
centration-dependently inhibited by NMA. More-
over, this inhibition can be reversed by the exogenous
addition of L-arginine, indicating competitive inhi-
bition. In the presence of exogenous added L-
arginine the histamine-induced ¢-GMP production
is markedly enhanced. This suggests that under
normal conditions the L-arginine supply is not
sufficient for a maximal enzymatic activity to produce
nitric oxide. These findings might also explain the
rapid decrease in c-GMP levels after a few minutes
of histamine exposure. Yet, inclusion of 1 mM L-
arginine in the incubation medium does not prevent
the decrease of the c-GMP production after 20 min
of incubation. Other mechanisms, like receptor
desensitization might be additional explanations for
this finding. Previously we showed that histamine
Hj-receptor-mediated contractions of guinea-pig
lung strips and ileal smooth muscle are indeed
subjected to a rapid desensitization [43, 44].

The data of this study clearly show that the H;-
receptor-mediated c-GMP response is dependent
upon the production of nitric oxide from its precursor
L-arginine. This nitric oxide production can be
considered as the direct linkage between the initial
Ca?*-mobilization and the final ¢-GMP response.
Mayer and Bohme {45] recently reported a Ca?*-
dependent formation of an L-arginine-derived
activator of soluble guanylate cyclase in bovine lung.
Moreover, Ca?*-dependent nitric oxide synthesis in
endothelial cells and rat cerebellum was suggested
to be mediated by calmodulin [46, 47]. The enzymatic
conversion of L-arginine to nitric oxide is therefore
under direct control of the cytoplasmatic Ca?*
concentration in these tissues and such a mechanism
is also a good explanation for the Hj-receptor
response in guinea-pig lung. The Ca’*-dependency
of the nitric oxide synthesis is, however, not
uniformly distributed. A Ca?*-independent nitric
oxide generation has been reported for rat
hepatocytes [24] and murine macrophages [46].
Although previously Sertl et al. [6] reported
histamine-mediated c-GMP production in alveolar
macrophages of guinea-pig lung, using immuno-
histochemical techniques, the results of the present
study argue against the conclusion that macrophages
might possess H,-receptors, coupled to c-GMP
production. This suggestion is based upon the
observation that the histamine-mediated c-GMP
production is highly dependent upon the presence
of extracellular Ca®*, indicating that histamine
activates cells, which possess a Ca’*-dependent
enzymatic pathway for the generation of nitric oxide.
Since macrophages are reported to lack such a Ca?*-
dependency [46], an indirect modulation of the
¢-GMP levels through nitric oxide diffusion from its
generator cell is more likely [12]. Since Sertl et al.
[6] previously reported that histamine does not raise
the c-GMP levels in smooth muscle cells of guinea-
pig lung tissue, the nitric oxide is probably generated
by vascular endothelium, which is also present in
the parenchymal tissue. In conclusion, the results of
this study show a rapid and massive increase of the
¢-GMP levels of guinea-pig lung after H;-receptor
stimulation. This c-GMP production is highly
dependent upon the phospholipase C-mediated Ca?*
mobilization, which results in the L-arginine-
dependent production of nitric oxide, probably via
a calmodulin-dependent enzymatic factor. This nitric
oxide is finally responsible for the final ¢-GMP
response through interaction with the soluble
guanylate cyclase.

REFERENCES

1. Holgate ST, Emanuel MB and Howarth PH, Astemizole
and other H,-antagonistic drug treatment of asthma. J
Allergy Clin Immunol 76: 375-380, 1985.

2. Duncan PG, Brink C, Adolphson RL and Douglas JS,
Cyclic nucleotides and contraction/relaxation in airway
muscle: H; and H, agonists and antagonists. J
Pharmacol Exp Ther 215: 434-442, 1980.

3. Ahmed T, Mirbahar KB, Oliver W, Eyre P and Wanner
A, Characterization of H)- and H,-receptor function
in pulmonary and systemic circulation of sheep. J App!
Physiol 53: 175-184, 1982.



276

4.

10.

11.

12.

13.

14.
15.

16.

17.

18

19.

20.

21.

22.

23.

Platshon LF and Kaliner M, The effect of immunologic
release of histamine upon human lung cyclic nucleotide
levels and prostaglandin generation. J Clin Invest 62:
1113-1121, 1978.

. Casale, TB, Rodbard D and Kaliner M, Charac-

terization of histamine H;-receptors on human
peripheral lung. Biochem Pharmacol 34: 3285-3292,
198s.

. Sertl K, Casale TB, Westcott SL and Kaliner

MA, Immunohistochemical localization of histamine-
stimulated increases in cyclic GMP in guinea-pig lung.
Am Rev Resp Dis 135: 456462, 1987.

. Kaliner M, Human lung tissue and anaphylaxis: I.

the role of cyclic GMP as a modulator of the
immunologically induced secretory process. J Allergy
Cli Immunol 60: 204-211, 1977.

. Kaliner M, Human lung tissue and anaphylaxis:

Evidence that cyclic nucleotides modulate the immu-
nologic release of mediators through effects on
microtubular assembly. J Allergy Cli Immunol 60: 951
959, 1977.

. Sydbom A, Fredholm B and Uvnis B, Evidence against

a role of cyclic nucleotides in the regulation of
anaphylactic histamine release in isolated rat mast
cells. Acta Physiol Scand 112: 47-56, 1981,

Moritoki H, Tanioka A, Maeshiba Y, Iwamoto T,
Ishida Y and Araki H, Age-associated decrease in
histamine-induced vasodilatation may be due to
reduction of cyclic GMP formation. Br J Pharmacol
95: 1015-1022, 1988.

Martin W, Villani GM, Jothainandan D and Furchgott
RF, Selective blockade of endothelium-dependent and
glyceryltrinitrate-induced relaxation by hemoglobin
and by methylene blue in the rabbit aorta. J Pharmacol
Exp Ther 232: 708-716, 1985.

Moncada S, Palmer RMJ and Higgs EA, Biosynthesis
of nitric oxide from L-arginine. A pathway for the
regulation of cell function and communication. Biochem
Pharmacol 38: 1709-1715, 1989.

Vane JR, Grylewski RJ and Botting RM, The
endothelial cell as a metabolic and endocrine organ.
Trends Pharmacol Sci 8: 491-496, 1987.

Ignarro LJ, Endothelium-derived nitric oxide: actions
and properties. FASEB J 3: 31-36, 1989.

Toda N, Mechanism of histamine actions in human
coronary arteries. Circulation Res 61: 280-286, 1987.
Weinheimer G and Osswald H, Pertussin toxin and N-
ethylmaleimide inhibit histamine- but not calcium
ionophore-induced endothelium dependent relaxation.
Arch Pharmacol 339: 14-18, 1989.

Palmer RMJ, Ashton DS and Moncada S, Vascular
endothelial cells synthesize nitric oxide from L-arginine.
Nature 333: 664-666, 1988.

. Arnold WP, Mittal CK, Katsuki S and Murad F, Nitric

oxide activates guanylate cyclase and increases
guanosine 3’ : 5'-cyclic monophosphate levels in various
tissue preparations. Proc Natl Acad Sci USA 74: 3203
3207, 1977.

Colier J and Vallance P, Second messenger role for
NO widens to nervous and immune systems. Trends
Pharmacol Sci 10: 427-431, 1989.

Struehr DJ, Soo Kwon N and Nathan CF, FAD and
GSH participate in macrophage synthesis of nitric
oxide. Biochem Biophys Res Commun 168: 558-565,
1990.

Bradford MM, A rapid and sensitive method for the
quantification of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal
Biochem 72: 248-254, 1976.

Furchgott RF and Zawadski JV, The obligatory role
of endothelial cells in the relaxation of arterial smooth
muscle by acetylcholine. Nature 288: 373-376, 1980.
Gruetter CA, Barry BK, McNamara DB, Gruetter

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

R. LEURS et al.

DY, Kadowitz PJ and Ignarro LJ, Relaxation of bovine
coronary artery and activation of coronary arterial
guanylate cyclase by nitric oxide, nitroprusside and a
carcinogenic nitrosoamine. J Cyclic Nucleotide Res 5:
211-224, 1979.

Billiar TR, Curran RD, Stuehr DJ, Stadler J, Simmons
RL and Murray SA, Inducible cytosolic enzyme activity
for the production of nitrogen oxides from L-arginine
in hepatocytes. Biochem Biophys Res Commun 168:
1034-1040, 1990.

Salvemini D, Masini E, Anggard E, Mannaioni PF and
Vane J, Synthesis of a nitric oxide-like factor from L-
arginine by rat serosal mast cells: stimulation of
guanylate cyclase and inhibition of platelet aggregation.
Biochem Biophys Res Commun 169: 596-601, 1990.
Toda N, Baba H and Okamura T, Role of nitric oxide
in non-adrenergic, non-cholinergic nerve-mediated
relaxation in dog duodenal longitudinal muscle strips.
Jap J Pharmacol 53: 281-284, 1990.

Bredt DS and Snyder SH, Nitric oxide mediates
glutamate-linked enhancement of cGMP levels in the
cerebellum. Proc Natl Acad Sci USA 86: 9030-9033,
1989.

Reiser G, Mechanism of stimulation of cyclic-GMP
level in a neuronal cell line mediated by serotonin
(S5HT;) receptors. Eur J Biochem 189: 547-552, 1990.
Hattori Y, Sakuma I and Kanno M, Differential effects
of histamine mediated by histamine H;- and Hj-
receptors on contractility, spontaneous rate and cyclic
nucleotides in the rabbit heart. Eur J Pharmacol 153:
221-229, 1988.

Surichamorin W, Forray C and El-Fakahany EE, Role
of intracellular calcium mobilization in muscarinic and
histamine receptor-mediated activation of guanylate
cyclase in N1E-115 neuroblastoma cells: assessment of
the arachidonic acid release hypothesis. Mol Pharmacol
37: 860-869, 1990.

Murad F and Kimura H, Cyclic nucleotide levels in
incubations of guinea-pig trachea. Biochim Biophys
Acta 343: 274-285, 1974.

Haaksma EEJ, Leurs R and Timmerman H, Histamine
receptors: subclasses and specific ligands. Pharm Ther
47: 73-104, 1990.

Leurs R, Bast A and Timmerman H, High affinity,
saturable [°H]-mepyramine binding sites on rat liver
plasma membrane do not represent histamine H,-
receptors. Biochem Pharmacol 38: 2175-2180, 1989.
Hall IP, Donaldson J and Hill SJ, Inhibition of
histamine-stimulated inositol phospholipid hydrolysis
by agents which increase cyclic AMP levels in bovine
tracheal smooth muscle. Br J Pharmacol 97: 603-613,
1989.

Walenga R, Vanderhoek JY and Feinstein MB, Serine
esterase inhibitors block stimulus-induced mobilization
of arachidonic acid and phosphatidylinositide-specific
phospholipase C activity in platelets. J Biol Chem 255:
6024-6027, 1980.

Hattori Y, Endou M, Shirota M and Kanno M,
Dissociation of phosphoinositide hydrolysis and positive
inotropic effect of histamine mediated by H;-receptors
in guinea-pig left atria. Arch Pharmacol 340: 196-203,
1989.

De Nucci G, Gruglewski RJ, Warner TD and Vane
JR, Receptor-mediated release of endothelium-derived
relaxing factor and prostacyclin from bovine aortic
endothelial cells is coupled. Proc Natl Acad Sci USA
85: 2334-2338, 1988.

Putney JW, Takemura H, Hughes AR, Horstman DA
and Thastrup O, How do inositol phosphates regulate
calcium signaling? FASEB J 3: 1899-1905, 1989.
Griffith TM, Edwards DH, Lewis MJ, Newby AC and
Henderson AH, The nature of endothelium-derived
vascular relaxant factor. Nature 308: 645-647, 1984.



40.

41.

42,

43.

H,-receptor-mediated c-GMP production in lung tissue

Fosterman U and Neufang B, The endothelium-
dependent relaxation of rabbit aorta: effects of
antioxidants and hydroxylated eicosatetraenoic acids.
Br J Pharmacol 82: 765-767, 1984.

Kosaka H, Uozumi M and Tyuma I, The interaction
between nitrogen oxides and hemoglobin and endo-
thelium-derived relaxing factor. Free Rad Biol Med 7:
653-658, 1989.

Palmer RMJ and Moncada S, A novel citrulline-
forming enzyme implicated in the formation of nitric
oxide by vascular endothelial cells. Biochem Biophys
Res Commun 158: 348-352, 1989.

Leurs R, Go JNL, Bast A and Timmerman H,
Desensitization of guinea-pig parenchymal lung strips
after prolonged histamine H,-receptor stimulation.

BP 42:2-F

44.

45.

46.

47.

277

Arch Int Pharmacodyn 304: 265-276, 1990.

Leurs R, Smit MJ, Bast A and Timmerman H, Different
profiles of desensitization dynamics in guinea-pig
jejunal longitudinal smooth muscle after stimulation
with histamine and methacholine. Br J Pharmacol 101:
881-888, 1990.

Mayer B and Bshme E, Ca?*-dependent formation of
an L-arginine-derived activator of soluble guanylate
cyclase in bovine lung. FEBS Lett 256: 211-214, 1989.
Busse R and Miilsch A, Calcium-dependent nitric oxide
synthesis in endothelial cytosol is mediated by
calmodulin. FEBS Lett 265: 133-136, 1990.

Bredt DS and Snyder SH, Isolation of nitric oxide
synthetase, a calmodulin-requiring enzyme. Proc Natl
Acad Sci USA 87: 682-685, 1990.



