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of muscarinic activation of bovine tracheal smooth muscle
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Muscarinic activation of bovine tracheal smooth muscle 
(BTSM) leading to smooth muscle contraction involves the 
generation of two cGMP signals (20 and 60 s), being 20s 
peak associated with soluble (sGC) and the second (60s) to 
membrane-bound Natriuretic Peptide- receptor-Guanylylcy-
clases (NPR-GC). In this study, we showed that pre-incuba-
tion of isolated BTSM strips with mastoparan and superac-
tive mastoparan (mastoparan 7) decreased significantly the 
muscarinic dependent contractile smooth muscle responses 
in dose-dependent and non-competitive manner. Moreover, 
mastoparan (50 nM) inhibited completely the BTSM-mus-
carinic contractile responses and affected dramatically the 
carbachol-dependent cGMP signals being the first cGMP 
signal inhibited in a 63 ± 5%, whereas the second signal dis-
appeared. Mastoparan inhibition of muscarinic activation is 
specific since other spasmogens as serotonin and histamine 
fully contracted these BTSM strips under mastoparan treat-
ment. Cyclic GMP levels were evaluated by exposing BTSM 
strips to activators of NO-sensitive sGC as Sodium Nitrop-
russiate (SNP) and Natriuretic Peptides as CNP-53 for mem-
brane-bound NPR-GC. Thus, SNP and CNP increased in a 
binary way, in more than 20 fold cGMP levels at 30-40 s being 
both increments inhibited by mastoparan. Furthermore, the 
Gi/o-protein involvement on mastoparan inhibition of cGMP 

elevations induced by CNP and SNP is suggested by Pertus-
sis toxin pre-treatment, which reversed mastoparan effects. 
These results indicate that muscarinic signal transduction 
cascades leading to airway smooth muscle contractions in-
volved two different guanylyl cyclases being both regulated 
by mastoparan-sensitive G-proteins.

Abbreviations: ANP, Natriuretic Peptide type A; ASM, Air-
way Smooth Muscle; BTSM, Bovine Tracheal Smooth Mus-
cle; CNP-53, Natriuretic Peptide type C-53; GPCR, G-Protein 
Coupled Receptor; Gq16, Heterotrimeric G protein subtype 
16; Gi/o, Heterotrimeric G protein subtype i/o; m2AChR, mus-
carinic receptor type 2; m3AchR, muscarinic receptor type 3; 
NP, Natriuretic Peptides; NPR-GC, Natriuretic Peptides Re-
ceptor Guanylyl Cyclase; NPR-A, Natriuretic Peptides Recep-
tor Guanylyl Cyclase type A ; NPR-B, Natriuretic Peptides Re-
ceptor Guanylyl Cyclase type B; PTX, Pertussis Toxin; sGC, 
soluble Guanylyl Cyclase; SNP, sodium nitroprusside; ODQ, 
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one; PDE, cyclic 
nucleotide phosphosdi-esterase; TCA, tricloroacetic acid and 
BTSM, Bovine tracheal smooth muscle.

Key words: Tracheal smooth muscle; carbachol; mastoparan; 
soluble guanylyl cyclase; Natriuretic Peptide Receptor-gua-
nylyl cyclase.

La activación muscarínica del músculo liso de las vías aé-
reas relacionada a la contracción de dicho músculo liso esta 
asociada a la generación de dos señales de GMPc (20 y 60 
s), siendo la señal de los 20s relacionado a la activación de 
la guanililciclasa soluble mientras que el pico de los 60s a la 
guanililciclasa unida membranas y sensible a péptidos natriu-
réticos (NPR-GC). En este trabajo, nosotros mostramos que 
la pre-incubación de fragmentos del músculo liso traqueal 
de bovino (BTSM) con mastoparan y su análogo superactivo 
(mastoparan 7), en una forma dosis dependiente, son capa-

ces de disminuir de manera significativa la actividad contrác-
til dependiente de agentes muscarinicos. Adicionalmente, 
mastoparan (50 nM) inhibió completamente la respuesta 
contráctil muscarinica del BTSM y afectó dramáticamente los 
picos de GMPc asociados a la activación muscarinica sien-
do la primera señal inhibida en un 63 ± 5%, mientras que la 
segunda señal desapareció completamente. Esta inhibición 
del mastoparan de la activación muscarínica es especifica ya 
que otros espamogenos como la serotonina y la histamina 
fueron capaces de inducir respuestas máximas en presen-
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cia del mastoparan y su análogos. Este efecto del mastopa-
ran sobre los niveles del GMPc fue evaluado en presencia 
de otros agentes generadores de este segundo mensajero 
como son el nitroprusiato de sodio (SNP) que activa la gua-
nililciclasa soluble sensible a NO y los péptidos natriureticos 
como el CNP-53 (CNP) activador de la NPR-GC asociada a 
membranas plasmáticas. Tanto, el SNP como el CNP aumen-
taron en mas de 50 veces los niveles de GMPc a los 30-40 
s en forma bifasica, siendo estos incrementos inhibidos de 
manera significativa por el mastoparan. Ademas, se sugie-
re la participación de proteínas Gi/o en los efectos inhibito-
rios del mastoparan, porque la Toxina pertussis revertió los 
efectos inhibitorios. Estos resultados indican que la cascada 
de activación muscarinica que conduce a la contracción del 
músculo liso de las vías aéreas involucra a 2 diferentes gua-
nililciclasas y ambas son reguladas por proteínas G sensi-
bles al mastoparan.

Palabras claves: Músculo liso traqueal, carbamilcolina, 
mastoparan, guanililciclasa soluble, guanililciclasa sensible a 
péptidos natriúreticos.

Introduction

Muscarinic activation is physiologically responsible for the 
contraction of the airways smooth muscle (ASM)1. Thus, 
the interaction between ACh with its muscarinic receptors 
(mAChRs), causes the contraction of the ASM, the mucous 
secretion stimulation and increase in the ion transport through 
epithelia of the airways, which can be associated to bronchial 
hyper-reactivity presents in bronchial asthma2.

The muscarinic-dependent contraction of the ASM is initiated 
by mAChRs activation at the smooth muscle sarcolemma 
leading to the generation of the second messengers such as 
cGMP3, being this cyclic nucleotide involves, in both, the con-
traction3,4 or relaxation5 of the ASM. Airway smooth muscle 
cells have two sources of cGMP, one is associated with the 
activation of an hemoprotein, NO-sensitive guanylyl cyclase 
(sGC) mainly located at the cytoplasm and the second ones 
is related to Natriuretic Peptide Receptor guanylyl cyclases 
(NPR-GC) at the ASM sarcolemma6.

Two mAChRs (m2 and m3) subtypes are present at trache-
al smooth muscle with m2/m3 (4/1) ratio in most of smooth 
muscles studied7,8. These two receptors can interact, in op-
posite way, with the NPR-GC located at smooth muscle sar-
colemma6,9. Thus, m2AChRs and m3AChRs are coupled to 
Gq16 and Gi/o proteins respectively, which mediate the NPR-
GC stimulation, via Gq16 10 and via Gi/o proteins, the inhi-
bition of this NPR-GC6. These two G proteins are sensitive 
to mastoparan, a cationic tetradecapeptide isolated from the 
wasp venom Vespula lewisii11. Mastoparan activates directly 
G proteins increasing the GTP/GDP exchange activity, which 
mimics the GDP/GTP Exchange Factor (GEF) activity as-
sociated with some G proteins coupled receptors (GPCR)12. 

Therefore, muscarinic activation of bovine tracheal smooth 
muscle (BTSM) is mediated by G-proteins and mastoparan 
can influence this activation.

Thus, in the present work, we studied the effects of mas-
toparan on the muscarinic activation of BTSM, specifically on 
some biological activities induced by muscarinic agonist (car-
bachol): 1.- The ASM contractile responses and 2.- the cGMP 
signals associated with such activation. Furthermore, the 
mastoparan effects were evaluated in the presence of others 
tracheal smooth muscle cGMP elevating substances such as 
Sodium Nitroprusside (SNP), which is a NO donor and a clas-
sic activator of the sGC13 and the Natriuretic Peptides (CNP-
53) to stimulate the plasma membrane bound NPR-GC-B14 
being both enzymes locate in this smooth muscle type.

Materials and Methods

Materials
Atropine, carbachol, EDTA, glucose, histamine, serotonin and 
Pertussis toxin were purchased from Sigma Chemical Com-
pany. CNP, mastoparan and mastoparan 7 were obtained from 
American Peptide Co. Chemical reagents and salts were ob-
tained from Merck and Fisher Co. Cyclic [8,5-3H]GMP (25-50 
Ci/mmol) and Liquifluor were purchased from New England 
Nuclear. Diethylether from BDH-Chemicals GPR.

Biotra Assay System TRK 500 for determination of cGMP 
from Amersham-GE.

Preparation of Bovine tracheal smooth muscle
Tracheal smooth muscle was dissected from fresh bovine tra-
cheas obtained from the local slaughterhouse and transferred 
to the laboratory in solution Krebs Ringer- Bicarbonate (KRB), 
the composition of this KRB in mM is : NaCl 118.5; KCl 4.47; 
MgS04 1.18; KH2P04 1.18; CaCl2 2.54; NaHC03 24.9; Glucose 
10; pH: 7.4. Once dissected the smooth muscle was placed in 
the buffer KRB bubbled with a mixture of 95% O2/5% CO2 
at room temperature. Fresh KRB was replaced each 30 min. 
BTSM strips were employed within 3 hours, after dissection.

Incubation of Smooth Muscle Fragments
The evaluation of smooth muscle contraction and nucleotide 
concentration was performed using two procedures as previ-
ously described4.

Procedure 1: Briefly, smooth muscle fragments were placed 
into an organ bath (20 mL) and equilibrated for 1 hr in KRB 
with 95% O2 and 5% CO2 (pH 7.4) at 37°, with medium re-
placement every 30 min. Strips were loaded with 1 g of ten-
sion, and the contraction was expressed as an increase in 
tension of these preparations, measured isometrically by 
using a force displacement transducer (Grass model FT03) 
attached to a polygraph (Grass model 7-B). After 1 hr of incu-
bation, the different pharmacological agents (less than 20 μL) 
were added. Later, the bath was drained rapidly, and the strip 
was frozen in liquid nitrogen. The latter step took around 5 s.

Procedure 2: Smooth muscle strips were placed into a spe-
cially designed multi-organ chamber with a volume of 400 mL. 
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This chamber has a system of aeration with 95% O2 and 5% 
CO2, and it is able to hold simultaneously some 16 strips at 
37°, at 1g of tension. After addition of drugs, individual frag-
ments were removed from the chamber, every 10 s and placed 
into liquid nitrogen (within less than 1s). Samples were kept in 
liquid nitrogen until nucleotide extraction was performed.

Measurement of Cyclic GMP
Briefly, frozen samples were thawed and homogenized in 
6% TCA as previously described4. TCA extractions were per-
formed twice, and the insoluble material was removed by cen-
trifugation at 1500x g for 10 min at 4°. The insoluble material 
was processed for protein determination as described later. 
The acid supernatants were combined, extracted twice with 
water-saturated diethylether to remove TCA, frozen in liquid 
nitrogen, and lyophilized. The acid-soluble lyophilized mate-
rial was dissolved in a small volume of 50 mM Tris, 4 mM 
EDTA, pH 7.4, that was named the acid-soluble nucleotide 
extract, which was kept frozen at -80°. In each experiment, 
some untreated frozen strips were used to evaluate the cyclic 
nucleotide recovery following the procedure described latter. 
For this assay, 0.4 pmol of [3H]cGMP was added to some 
samples, and the recovery was between 95 and 98% for this 
labeled nucleotide. This recovery rate was assumed to be the 
same for all samples. cGMP was determined using a radio-
immunoassay as previously described4 with a commercial 
kit (TRK 500) from Amersham. TCA-insoluble material was 
dissolved in 2 mL of 1 N NaOH and incubated at room tem-
perature during overnight and later was diluted five times to 
determine total tissue protein content by using a procedure 
described elsewhere15.

Cyclic nucleotide values are presented as pmoles cGMP /mg 
of total tissue protein.

There were no differences in the cyclic nucleotide responses 
to the agents tested under the two experimental procedures 
as above described.

Results

BTSM strips, after 1 hr of stabilization using Procedure 1, 
were pre-incubated for 15 min under three different experi-
mental conditions. Thus, the first condition was in the pres-
ence of mastoparan (MP), a second with super-active mas-
toparan analog as mastoparan 7 (MP-7) and a third, without 
mastoparans (Control condition). After, this pre-treatment, 
carbachol (CC) cumulative concentrations curves of the 
smooth muscle contractile activities were measured during 
3 min, after each agonist addition. In Control condition, at 
CC amounts higher than 1 x 10-5 M, the smooth muscle con-
traction reached a plateau being maximal at 1 x 10-4 M CC. 
These carbachol concentration dependent activation curves 
as Control condition are shown in Figure 1A, B. In addition, 
the carbachol-dependent smooth muscle contractile respons-
es were significantly affected by MP (Fig 1A) and MP-7 (Fig 
1B). Moreover, both tetradecapeptides decreased, in a dose 
dependent manner, the BTSM maximal contractile activities. 

However, we estimated EC50 values for CC in all curves with 
values around EC50 = 1.0 ± 0.3 x 10-7 M. In respect to MP 
ability to alter BTSM contractile activities, it was found that 
MP-7 acting in the pM range was more powerful than MP, in 
the nM range. In this sense, MP (50nM) inhibited completely 
the BTSM contraction induced by carbachol (1x10-4M). These 
maximal concentrations of mastoparan and carbachol were 
used through this study.

These results suggest that mastoparans behave as “non-
competitive” inhibitors of smooth muscle contraction induced 
by muscarinic agonists.

Figure 1A

Figure 1B

Figure 1. Carbachol cumulative concentration curves responses from BTSM, pre-
treated with mastoparan and mastoparan 7. The contractile activity was measured 
using Procedure 1 as described in Methods.

Carbachol cumulative responses using concentrations from 1x10–9 M to 1x10–4 M 
were measured in recording period until 3 min. Mastoparan and mastoparan 7 were 
pre-incubated for 10 min before the muscarinic agonist (carbachol) addition. 

Figure 1A: Mastoparan: Experimental conditions: (■) Control, (▲) 0.5nM (▼) 1 nM 
(⊄) 5 nM (ϒ) 10 nM (∉) 50nM. 

Figure 1B: Mastoparan 7: Experimental conditions: (■) control, (▼) 5pM, (⊄) 10pM, 
(∉) 20pM. The maximal contractile activity was considered as 100% (3.2 ± 0.2 g) 
and this value was used to estimate other contractile responses. Each value is the 
mean ± SEM of three different tracheas assayed in duplicate. Statistical significant 
difference between the control with respect to mastoparan as indicated with asterisk 
(*p<0.05).
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The powerful inhibition exerts by mastoparans on BTSM mus-
carinic activation suggests that mastoparans may be affect-
ing the BTSM contractile machinery. To test that proposition 
using Procedure 1, a set of experiments performed with other 
classic spasmogens of TSM as 5 HT or histamine, which were 
assayed with the same BTSM strip, in which mastoparan 
blocked the muscarinic agonist activation. In this sense, the 
serotoninergic and histaminergic contractile responses were 
evaluated. A BTSM powerful contraction induced by 5-hy-
droxytryptamine (5-HT) or serotonin (1 x 10-4 M) is shown in 
Figure 2A. Similar set of experiments were performed with 
histamine (1x 10-3 M) and a mastoparan-insensitive potent 
histamine contractile response was observed, which is shown 
in Figure 2B. Both the serotoninergic and histaminergic con-
tractile responses of BTSM were not affected by muscarinic 
antagonist atropine (1 x 10–4 M). However, selective 5 HT or 
histamine antagonists were not assayed to block these sero-
toninergic and histaminergic contractile responses because 
our main interest was to show that BTSM still physiologically 
active. These results suggest that mastoparan seems to be a 
specific inhibitor of this muscarinic activation system without 
affecting the smooth muscle sarcolemma integrity and the 
contractile machinery functionality.

Muscarinic activation of BTSM induced two cGMP signal 
peaks being the first peak at 20s and the second at 60 s as 
previously described4. In order to evaluate, these cGMP sig-
nals linked to muscarinic activation, several kinetic studies 
(0-70s) were undertaken. In this sense, mastoparan (50 nM) 
significantly altered the first signal (20s), that was partially 
inhibited 63 ± 2 % and the second signal (60s) disappeared 
(Figure 3). These results suggest that mastoparan is altering, 
both cGMP signals exerting a more profound effect on the 
60 s peak, which is associated with the NPR-GC. Interest-
ingly, the first signal (20s) was significantly inhibited by this 
tetradecapeptide. Taking into consideration, that mastoparan 
affected the two cGMP signals; it was decided to explore the 
origin of these two signals, which are related to specific gua-
nylyl cyclases as above mentioned.

The dramatic disappearance of the second peak (60s) was 
initially investigated. This second signal of cGMP is product 
of a cascade coupling mAChRs to NPR-GC9,10.

CNP-53 is the specific ligand activator for the NPR-GC-B in 
BTSM14,16. From previous experiments, it was found that CNP-
53 (1x10-7 M) induced the maximal cGMP levels in the intact 
BTSM. Interestingly, in the “basal” condition, a cGMP binary 
pattern emerged under CNP (1x10-7 M) action, with a fast rise 
at 30 s in cGMP levels reaching maximal values (37 ± 2 pmol/
mg total tissue protein), followed by a slow decline remaining 
higher at 70s (Figure 4). However, in the presence of mas-
toparan, this distinct behavior remained but significant lower 
values were observed (Figure 4). It has been reported that 
NPR-GC-B is coupled to PTX and mastoparan-sensitive het-
erotrimeric Gi/o proteins9,10,16. Interestingly, PTX pre-treatment 
reversed the mastoparan inhibitory effect on the production of 
cGMP induced by CNP-53 at intact BTSM strips (Figure 4).

On the other hand, the first cGMP signal (20s) is linked to 
mAChR activation at the plasma membrane triggering a signal 
transducing cascade that leads to the stimulation of an ODQ-
sensitive sGC as previously reported4. This NO-sensitive sGC 
was evaluated using a NO donor such as Sodium Nitroprus-
side (SNP)13. Thus, SNP (50 µM) in BTSM strips produced a 
cGMP parabolic-like binary pattern reaching maximal values 
(35 ± 3 pmol/mg total tissue protein) around 40 s, followed 
by cGMP decrement to basal levels at 70s (Figure 5). Mas-
toparan (50nM) pre-incubation diminished in a significant way 
the levels of cGMP induced by SNP (Figure 5). Trying to un-
ravel, these mastoparan effects on this “cGMP pool” linked 
to a NO sensitive GC, that a new approach was undertaken. 
At this step, we have to postulate the existence of a novel 
mastoparan-sensitive mAChR signaling transducing cascade 
at plasma membrane, which can induce the inhibition of a 
NO-sensitive sGC. It is well known that mAChR are GPCR 
systems coupled to PTX-sensitive G proteins17. In this sense, 
PTX pre-incubation reversed the mastoparan inhibition of the 
SNP-induced increments in isolated BTSM fragments, which 
is shown in Figure 5. These data suggest that an ODQ-sen-
sitive NO-stimulated GC coupled to PTX and mastoparan-
sensitive Gi/o proteins are present in BTSM cells.

Figure 2A

Figure 2B

Figure 2. Serotonin and histamine induced BTSM contractile responses.

Figure 2A. BTSM strips were stabilized for 1 h and later mastoparan (50 nM) 
was added for 10 min, followed by carbachol (CC) (1x 10-4 M), serotonin or 5- hy-
droxytryptamine (5-HT) (1x 10-4 M) and Atropine (AT) (1x10-4M) was added.

Values between parentheses are the final concentration of drugs in the incubation 
media. This trace is representative of 3 experiments performed with 3 different tra-
cheas.

Figure 2B. BTSM strips were pre-treated for 10 min with mastoparan (50 nM), fol-
lowed by carbachol (CC) (1x 10-4 M), and Histamine (His) (1 x10-3 M), and Atropine 
(AT) (1x10-4M) was added. Values between parentheses are the final concentration 
of drugs in the incubation media. This trace is representative of 3 experiments per-
formed with 3 different tracheas.
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Discussion

It is important to point out, that this work was performed in the 
absence PDE inhibitors.

Here, we evaluated the effect of mastoparan11,12 in nM range 
and super-active analog mastoparan 718, in pM range, on the 
BTSM contraction induced by muscarinic agonist as carba-
chol (CC). Our original findings indicated that Mastoparans 
decreased the contractile maximal responses induced by CC 
without changing its EC50. One explanation for the decrement 
on the contractile maximal responses by mastoparans may 
be related to the ability of these tetradecapeptides to disturb 
the function and the contractile machinery of the BTSM type 
through cytotoxic mechanisms, which have been described 
in other biological models, specifically in the μM concentra-
tion19,20. This assumption is not supported by our results on the 
effects of classic TSM spasmogens as 5-HT and histamine21, 
which produced potent contractions even in the presence of 
mastoparan (nM). These findings can be explained since these 
bioactive amines have been claimed to exert their physiologi-
cal effects on TSM through specific GPCRs. These receptors 
are the 5-HT2A for 5-HT and the H1HR for histamine. It is well 
known that 5-HT induced activation of 5-HT2A receptors me-
diates the functional effects of serotonin through activation of 
the Gq/11 protein and its downstream effector phospholipase 
C (PLC) leading to intracellular phosphatidyl- inositol turnover 
and Ca2+mobilization22. Likewise, the H1 histamine receptor 
(H1HR) mediates the functional effects of histamine through 
activation of the Gq/11-PLC pathway results in the synthe-
sis of inositol 1,4,5-trisphosphate (IP3) and 1,2-diacylglyc-
erol, which in turn stimulate an increase in intracellular Ca2+ 
and the activation of protein kinase C (PKC) respectively21,23. 
These Gq/11 proteins are mastoparan-insensitive ones. The 
last facts can explain the mastoparan-insensitivity of the sero-
toninergic and histaminergic transducing cascades at BTSM. 
Furthermore, our results demonstrated that mastoparan inhib-
its selectively the muscarinic activation without altering other 
spasmogens transducing cascades at BTSM.

Mastoparan may affect specifically the signal cascades as-
sociated with the muscarinic activation at BTSM sarcolemma, 
which are initiated with a mAChRs coupled to heterotrimeric 
G-proteins17. These two molecular entities were evaluated. 
It found that mastoparan in nM range and mastoparan 7 in 
pM range did not change the muscarinic receptor activity ex-
pressed as [3H]QNB binding in plasma membranes fractions 
isolated from this same BTSM (data not shown). These re-
sults indicate that the most like candidates implicated in mas-
toparan effects are the heterotrimeric G-proteins coupled to 
these mAChRs.

The G protein involvement on the mastoparan inhibition on 
BTSM muscarinic activation is supported by the ability of this 
G-protein activator to alter the generation of the two GMPc 
signals at 20s and 60s as previously described4. Mastoparan 
(50 nM) induced a potent inhibition of these cGMP signals, 
that is correlated with a significant reduction on the contrac-

Figure 4

Figure 5

Figure 3
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tile maximal responses as here reported. After mastoparan 
preincubation, the kinetics of cGMP intracellular levels was 
evaluated following the muscarinic agonist exposure. Interest-
ingly, the first cGMP signal (20s) decreased in more than 60% 
and the second signal peak (60s) vanished.

The dramatic disappearance of the second peak of cGMP 
(60s) was under intense scrutiny. This cGMP peak is product 
of two opposite mAChRs-G-protein linked signaling cascades 
acting on a NPR-GC9,10. In this sense, m3AChR coupled to 
Gq16 protein activates24 whereas, m2AChR coupled to Gi/o 
proteins inhibits this NPR-GC9,10. Recently, we further recog-
nized that muscarinic agonist and mastoparan activations of 
NPR-GC in isolated BTSM plasma membranes fraction in-
volve this Gq16 protein9.

This NPR-GC was evaluated in intact BSTM strips by a direct 
stimulation using CNP-53, selective ligand activator for this 
transmembrane GC enzyme as previously described16,14,24. 
On basal conditions, CNP increased in more than 18 fold 
the cGMP production reaching maximal values at 30 s and 
these cGMP levels decreased slowly and remained high at 
60 s. These results are similar to ones reported in guinea pig 
TSM, where CNP caused a dose dependent rise in the tissue 
cGMP level, with a peak at 1 min, which is correlated to its 
smooth muscle relaxant effects25.

The participation of Gi/o-proteins coupled to NPR-GC in mas-
toparan action was further supported using mastoparan pre-
incubated BTSM strips and later exposed to CNP.

Under these experimental conditions, there was a significant 
reduction, more than 50%, of cGMP-dependent-CNP incre-
ments. However, PTX exposure, priori to, mastoparan and 
later CNP-53 addition, reverses mastoparan inhibition of 
CNP-dependent cGMP formation. These mastoparan-PTX 
sensitive changes in cGMP levels linked to NPR-GC may 
be explained since more than 50% of the NPR-GC activity 
presents in BTSM sarcolema seems to be coupled to Gi/o 
proteins as showed in previous work16.

The Gq16 and Gi/o proteins are activated by mastoparan, 
being the former G-protein, an activator and the latter, an 
inhibitor of NPR-GC as previously reported10,24. It is intriguing 
that the Gi/o inhibitory effects on NPR-GC remained after 15 
min, after mastoparan addition. It is possibly that the higher 
abundance of m2AChR/m3AChR ratio (4:1)6 coupled to Gi/o 
vs Gq16 may explain the persistence of Gi/o inhibition in in-
tact BTSM. Moreover, it can be speculate that Gi/o subunits 
have more affinity than Gq16 subunits for the putative GPRM 
on NPR-GC16. However, more research has to be done to 
clarify these exciting results. All these evidences indicated 
that mastoparan inhibition of the second cGMP signal linked 
to NPR-GC is mediated by PTX-sensitive Gi/o proteins as 
previously mentioned.

Muscarinic activation of BTSM displays a first peak of cGMP 
(20s), which is a product of an ODQ-sensitive-GC, stimulated 

by a novel transducing cascade that does not involved the 
generation of NO, as previously reported4. This novel cas-
cade involves a mAChR coupled to a G-protein, which targets 
a specific effector possibly an ODQ-sensitive-GC, anchored 
to the internal face of the BTSM sarcolemma. Experimental 
evidences from our group indicate that an ODQ-sensitive NO-
stimulated GC activity is translocated to the plasma mem-
brane during muscarinic activation of BTSM26. These evi-
dences seem to be similar to ones reported in other biologi-
cal systems, where NO-sensitive GCs activities have been 
described at plasma membrane from cardiomyocytes27 and 
neurons28. Recently, it has been suggested that the α2β2 iso-
form of GC at plasma membrane site, may provide a localized 
pool of cGMP29, which seems to be in a similar trend sug-
gested by our work. To assure that the mastoparan inhibition 
of the first peak is related to a NO sensitive GC, some further 
experiments were performed. On basal conditions, a NO do-
nor such as SNP increased cGMP in BTSM strips, as expect-
ed. Hence, SNP induced a binary response, wherein, cGMP 
intracellular levels increased around 18-fold at 40 s followed 
by a reduction of the intracellular levels to basal levels around 
70s being the maximal values (35 ± 2 pmoles cGMP/mg total 
tissue protein). Thus, in the absence of PDE inhibitors, com-
parable experimental results using SNP and other NO donors 
have been reported in canine TSM. These authors reported a 
concentration-related increase in cGMP content in about 18-
fold above basal levels within 2 min, that was accompanied by 
a concentration-dependent relaxation of canine TSM30.

Interestingly, these SNP-dependent cGMP responses were 
affected by mastoparan, but this peptide did not affect the 
binary pattern but significantly decreased the maximal re-
sponses in about 45 ± 3 %. It is possible to postulate that this 
decrement on cGMP levels may be related to the membrane-
bound NO-sensitive GC isoform in this TSM.

These original findings on mastoparan affecting a NO-sen-
sitive GC system and the fact that mastoparan can affect 
PTX-sensitive Gi/o-proteins31, induced us to perform further 
experiments with PTX. Under the last experimental condi-
tions, PTX reversed the mastoparan inhibition on the cGMP 
augmentation-induced by SNP. These results suggest that a 
PTX-sensitive Gi/o protein may be responsible for this mas-
toparan inhibition of the SNP actions. The identification of 
mAChR subtype, the PTX-sensitive Gi/o-protein coupled to 
NO-sensitive sGC isoform, that are responsible of the first 
cGMP signal peak is under research in our group.

The BTSM muscarinic activation is blocked by mastoparan 
as here described. This inhibition may be explained since an 
early exposure of intact TSM strips to mastoparans, previ-
ous to muscarinic agonist addition, can disrupt the muscar-
inic signal cascade. It is well known that mastoparan directly 
activates G proteins stimulating the GTP/GDPexchange12,31, 
which mimics the GEF activity associated with some agonist 
activated receptors31, which seems to be our case. Thus, this 
G-protein activator can dissociate these two G-proteins (Gi/o 
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and Gq16) into their respective GTP and subunits. This latter 
dissociation process may produce a transient desensitization 
of the muscarinic agonist signal transducing cascade ma-
chinery presents in BTSM. Under these last conditions, the 
“activated mAChRs” are not longer able to signal down inside 
the BTSM cells. Consequently, the BTSM became unrespon-
sive to muscarinic agonist addition as described in this work. 
During the completion of this work, similar results by mas-
toparan disrupting another cyclic nucleotide (cAMP) system 
as β-adrenoceptor-G(s) signaling present in1321N1 human 
astrocytoma cells have been reported20. These authors sug-
gest that mastoparan changes the localization of Gα(s) from 
plasma membranes (lipid rafts) into the cytoplasm, where it is 
not available to activate membrane-adenylyl cyclase. Whatev-
er is the molecular mechanism of mastoparan action, it is well 
know its ability to dissociate this crucial heterotrimer GDPβinto 
their respective GTP and the dimmer32 leaving these subunits 
to interact freely with their intracellular specific targets.

Until now, the BTSM muscarinic activation is unique biologi-
cal system that involves two cGMP signals as second mes-
sengers4,10. In addition, this activation is a highly regulated 
biological process, which starts with m2/m3AChRs coupled 
to two mastoparan-sensitive G proteins, leading to a fine time 
regulation and stimulation of two guanylyl cyclases that ac-
complish the generation of these two cGMP signal peaks.

Based in our results, it can be postulated that the first sig-
nal (20s) is a product of the activation of one mAChR sub-
type coupled to a novel mastoparan and PTX-sensitive-G 
protein that leads to the activation of the heterodimer NO 
stimulated-hemoprotein guanylyl cyclase possibly anchored 
to plasma membrane and the second signal peak is a prod-
uct of a the activation of m3AChR coupled to the stimulation 
of mastoparan-sensitive PTX insensitive-Gq1624 to turn on a 
transmembrane-homodimer as NPRGC being inhibited by a 
mastoparan and PTX sensitive Gi/o proteins9,10. 

In addition, specific cGMP phosphodiesterases33,34 may be 
involved in the production of these two sharp and short life 
cGMP signal peaks.

Nevertheless, in the BTSM system, when each guanylyl cy-
clase type is directly stimulated by its selective ligands such 
as CNP-53 for NPR-GC14,16 and SNP for the NO sensitive 
GC13, a binary pattern emerged. Both activators induced a 
fast increment in more than 50 fold of cGMP, reaching maxi-
mal values between 30-40s, decreasing to basal values faster 
in the case of SNP-linked cGMP elevations, possibly under 
the action of powerful cyclic nucleotide PDE-5 as reported in 
this BTSM33,34.

It is interesting that both SNP and CNP stimulations reach a 
maximal values around 35-37 pmoles cGMP/mg total tissue 
protein. It can be speculated that the latter cGMP intracellular 
concentration range seems to act as a threshold to trigger 
a fast cGMP hydrolyzing PDEs33-35, enzymes responsible for 
the cGMP levels declines to basal values as here described.

Finally, this work unravels some of complex molecular mecha-
nisms associated with the muscarinic activation of ASM. This 
latter activation is the most physiologically and pharmacologi-
cally relevant because it’s a neurotransmitter-linked stimula-
tion of ASM. 

A disfunction of these mAChR signal transducing cascades 
has been implied in the pathophysiological mechanisms of 
bronchial asthma36 and Chronic Obstructive Pulmonary Dis-
ease (COPD)37. In that sense, this work opens new pharmaco-
logical and therapeutical approaches for the treatment of these 
chronic respiratory diseases, in which, the ASM is involved.
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