Marcelo J. Alfonzo, Ramona Gonzalezde Alfonzo, Marcelo Andrés Alfonzo Gonzalez, Itala Lippo de Bécemberg, Elizabeth Cardillo

Marcelo J. Alfonzot?,

Ramona Gonzalezde Alfonzo’,
Marcelo Andrés Alfonzo Gonzalez!,
Itala Lippo de Bécemberg’
Elizabeth Cardillo?

1 Seccion de Biomembranas. Instituto de

Medicina Experimental. Facultad de Medicina.

Universidad Central de Venezuela.

2 L aboratorio de Neuroendocrinologia
Comparada. Instituto de Medicina
Experimental. Facultad de Medicina.
Universidad Central de Venezuela.
italalippo@gmail.com

Muscarinic receptors regulate
intracellular CGMP levels
at airway smooth muscle.

ABSTRACT

In this review, we exposed the experimental evidences, related to the cGMP
signals, linked to the muscarinic activation of airway smooth muscle (ASM), an
essential element in the bronchoconstriction and the remodelling described
in asthma and COPD. During this muscarinic activation, two cGMP signals are
observed, at 20-s and 60-s, being products of two different muscarinic recep-
tors (mAChRs) associated with two distinctive guanylylcyclases. Thus, the
20-s-cGMP signal involves an M2mAChR inducing a massive and transient a1p1-
NO-sGC translocation from cytoplasm to plasma membranes. Moreover, the
60-s-cGMP signal is associated with a novel G-protein coupled NPR-GC-B. This
nano-machine is regulated by MAChRs, in an opposite way, by an M3mAChR
coupled to Gql6 to activate NPR-GC-B and an MZ2mAChR coupled to Go/1 to
inhibit this NPR-GC-B. Moreover, M3mAChRs is desensitizated by dimerization
induced by PKG-II phosphorylation. This phosphorylated-M3mAChR binds
muscarinic antagonists rather than muscarinic agonists implying receptor
desensitization. Recently, we described a novel PDE1A coupled to M2mAChR
to finish these cGMP signal transduction cascades. In ASM cells from rats,
MZmAChHhR displays a novel anti-mitogenic effects suggesting that a possible
imbalance between these two M2mAChR/M3mAChR signal cascades can con-
tribute to airway hyperreactivity and the abnormal proliferative ASM responses
present in asthma and COPD. In asthma experimental model as OVA-sensitized
rats, the muscarinic activation of these ASMC exhibited a dysfunction of these
cascades involving two M2mAChR/M3mAChR associated with two distinctive
cGMP generators, which has been implied in asthma and COPD, opening ways
for the development of novel drugs to treat these human diseases.
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REGULACION POR LOS RECEPTORES MUSCARiNICOS DE LOS NIVELES
INTRACELULARES DE GMPC EN EL MUSCULO LISO DE LAS VIAS AEREAS

RESUMEN

En esta revision se presentan evidencias experimentales que relacionan al
GMPc con la activacion muscarinica del muasculo liso de las vias aéreas, elemen-
to esencial en la broncoconstriccion y en la remodelacion descrita tanto en el
asma bronquial como en la enfermedad obstructiva cronica (COPD ).

En efecto, durante la activaciébn muscarinica se observan dos senales del
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GMPc una a los 20 segundos y otra a los 60 segundos, las
cuales son el producto de 2 diferentes tipos de receptores
muscarinicos asociados con dos diferentes guanililciclasas.

Esta nanomaquinaria esté regulada en forma opuesta
por receptores muscarinicos , en forma tal que hay un
receptor muscarinico tipo M3 acoplado a una proteina G
Gq16 para activar al complejo NPR-GC-B y un receptor
muscarinico de tipo M2 acoplado a una Go/1 para inhibir
este complejo NPR-GC-B.

Aan mas, el receptor M3 es desensibilizado por dimeri-
zacion inducida por fosforilacion a través de una PKG-
II., ademas una nueva fosfodiesterasa PDE1A acoplada
al receptor muscarinico M2 con lo cual se finaliza esta
cascada de transduccién de sefiales inducidas por el GMPc.
Ladisfuncion de estas cascadas que involucran a los M2 y
M3, implicadas en el asma y en COPD, pudieran ser objeto
del uso de nuevas drogas en estas dos patologias humanas.

Palabras clave: Guanosin monofosfato ciclico (cGMP);
Receptor muscarinico tipo 2 (M2mAChR); Receptor mus-
carinico tipo 3 (M3mAChR); Protein quinasa tipo II (PKG-II);
una guanil-ciclasa tipo B sensible al Péptido natriurético
(NPR-GC-B); Guanil-ciclasa sensible a 6xido nitrico (NO)

INTRODUCTION

The airway smooth muscle tone is mainly regulated
by the dominant neuronal pathway under the para-
sympathetic nervous system control. Acetylcholine
(Ach) is released under cholinergic stimulation being
the predominant parasympathetic neurotransmitter;
acting as an autocrine or paracrine hormone in the
airways. The role of Ach in the regulation of broncho-
motortone (bronchoconstriction) and mucus secretion
from airway submucosal glands in the respiratory
tract is well established (Belmonte, 2005; Van der
Velden & Hulsmann, 1999). Muscarinic activation of
Airway smooth muscle (ASM) is of major importance
to the physiological and patho-physiological actions
of acetylcholine, which induces bronchoconstriction,
airway smooth muscle thickening, may promoting
airway inflammation and remodelling, including
airway smooth muscle thickening and the modula-
tion of cytokine and chemokine production by these
cells inflammatory (Belmonte, 2005), which may
contribute to the pathogenesis and pathophysiology
of asthma as reported (Gosens et al., 2006; Racke &
Matthiesen, 2004; Racke et al., 2006).

Neurogenic source of ACh has been related to
the vagal nerve endings and the Non-neurogenic
source of ACh is produced by the non-neuronal cells

and tissues, particularly inflammatory cells and the
airway epithelium as reported (Proskocil et al., 2004;
Wessler & Kirkpatrick, 2001; Wessler & Kirkpatrick,
2008). Acetylcholine derived from the vagal nerve
and from non-neuronal origins such as the airway
epithelium acting on muscarinic receptors (mAChRs)
anchored at the airway smooth muscle sarcolemma
are involved in the generation of a number of signal
transducing cascades allowing the activation of the
smooth muscle machinery (Challiss et al.,, 1993).
These mAChRs, which are members of the so called
G protein-coupled receptors (GPCR) family, which
are cell surface receptors, that activate intracellular
responses by coupling G proteins to specific effec-
tors (Oldham & Hamm, 2008; Kostenis et al., 1999).
Molecular cloning studies have revealed the existence
of five mammalian subtypes of muscarinic receptors
(m1-mb5) (Caulfield, 1993). Airway smooth muscle
expresses mMRNAs coding for both m2 and m3
receptors (Maeda et al., 1988) being identified using
pharmacological ligand binding studies as a mixed
population of M2 and M3 subtypes roughly in a 4:1
ratio (Lucchesi et al., 1990; Eglen et al., 1996). It is
relevant that the M2 subtype is the most abundant
mAchR in airway smooth muscle plasma membranes
as reported (Lucchesi et al., 1990; Roffel et al., 1988;
Misle et al., 1994; Misle et al., 2001).

M3mAChR represents a primary target of acetyl-
choline in the airways, which is involved in the
regulation of bronchoconstriction (Meurs et al., 1988;
Roffeletal., 1988; Eglen et al., 1996; Misle et al., 2001).
Classically, M3mAChRs in ASM are coupled to phos-
pholipase C (PLC)/protein kinase C (PKC) pathway via
pertussis toxin (PTX)-insensitive G proteins of the
Gqg/11 family. The contractile response evoked by
M3mAChRs stimulation is attributed to the formation
of inositol trisphosphate (IP3), the subsequent release
of Ca2+ from intracellular stores, the additional influx
of extracellular calcium, and the Ca2+-sensitizing
effect of PKC (Grandordy et al., 1986; Meurs et al.,
1988; Roffel et. al 1990a; Roffel et al., 1990b).

The stimulation of M2 muscarinic receptors
(M2mAChRs) in ASM inhibits adenylyl cyclase via
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activation of PTX-sensitive G proteins of the Gi/o
family in (Jones et al.,, 1987; Sankary et al., 1988)
and therefore M2mAChRs are thought to counteract
relaxation and potentiate smooth muscle contraction
(Fernandes et al., 1992). Experimental evidence has
been provided that M2mAChRs participate directly in
ASM contraction. In this sense, it has been shown
that M2mAChRs stimulate Gi/o proteins to released
By dimer, which inhibit the Large Conductance Ca2+-
activated K+ Channel Activity (BK channels), Zhou
et al.,, 2008. The inhibition of BK channel activity
favors contraction of ASM and these BK channels
are opposed to the M2mAChR-mediated depolariza-
tion and activation of calcium channels by restricting
excitation—contraction coupling to more negative
voltage ranges (Semenov et al., 2011).

In addition, the influence of M2mAChRs to modu-
late the relaxant effects of atrial natriuretic peptide
(ANP) has been reported. Thus, the stimulation of
MZ2mAChRs suppresses ANP-induced activation of
particulate guanylyl cyclase via a PTX-sensitive G
protein (Nakahara et al., 2002).

In this review, we address the generation of second
messengers as cGMP, which is linked to some of the
signal transducing cascades activated by M3mAChRs
and MZ2mAChR, at intact Bovine ASM (BASM) strips.
Thus, the muscarinic activation of airway smooth
muscle (ASM) fragments associated with smooth
muscle contraction, displays a kinetic behavior that
involves the generation of two cGMP signals, at 20-s
and 60-s (Guerra de Gonzalez et al., 1999) as shown
in Figure 1. Thus, the generation of these two signal
cGMP are mediated by an M2mAChR coupled to PTX
sensitive G-protein inducing the transient trans-
location of NO-sensitive soluble guanylylcyclases
(NO-sGC) (Placeres-Uray et al.,, 2010a) from ASM
cytoplasm to the sarcolemma to produce the 20 s
signal. In the other hand, an M3mAChR coupled to
a Gql6 protein acting on the plasma membrane-
spanning Natriuretic peptide Receptor Guanylyl
Cyclases type B (NPR-GC-B) (Lippo de Bécemberg et
al., 1995; Alfonzo et al., 1998a; Alfonzo et al., 1998b;
Borges et al., 2001; Alfonzo et al., 2006; Bruges et al.,

2007) to be responsible of the 60 s signal. In addi-
tion, both (NO-sGC) and (NPR-GC-B) were evaluated
in a broken cell system as plasma membranes frac-
tions isolated from Bovine ASM. These cGMP signal
cascades were ended by two ways, one, this second
messenger activates a negative feedback mecha-
nism involving a PKG-II-dependent phosphorylation
to specifically desensitize M3mAChR (Alfonzo et
al.,, 2013; Alfonzo et al., 2015) the main receptor,
involves in ASM contraction. Moreover, to degrade
these cGMP signals, a novel mechanism of activation
of a PDETA-coupled to M2mAChR (Alfonzo et al.,
2015) is discussed. To establish, the functional rele-
vant of these M2mAChR/NO-sGC and M3mAChR/
NPR-GC-B cascades, an additional approach, using
Airway Smooth Muscles Cells (ASMC) in culture was

40
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Figure 1.

Time course of cGMP signals induced by muscarinic- agonist- Cch at
BASM in the presence of ODQ. Bovine airway smooth muscle (BASM)
strips were pre-incubated for 30 min at 37°C with 100 nM 0DQ a
selective inhibitor of NO-sGC (m) or without ODQ (o). After this time,
Cch (1x10-5M) was added and samples were removed at each specific
times and processed to determine cGMP as described (Guerra de
Gonzalez et al., 1999). The cGMP and total cellular protein determina-
tions were carried out by triplicate. Each value is the mean * SE of 4
different BASM preparations. Taken and modified from (Guerra de
Gonzélez et al., 1999).
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performed. This approach allows a new insight into
the role of M2mAChR as anti-proliferative agent in
ASMC (Placeres-Uray et al., 2013). Furthermore,
the functional roles of mAChRs linked GC systems
(M2mAChR/NO-sGC and M3mAChR/NPR-GC-B)
were evaluated in ASMC in culture obtained from an
asthma experimental model using OVA-sensitized
rats. In these experiments, an imbalance in these GC
activities expressed as a depressed NO-sGC activity
(Placeres-Uray et al., 2010b) and an hyperstimulation
of the M3mAChR/NPR-GC was found (Placeres-Uray
etal., 2011).

1.1. THE M2MACHR/ GI/0 PROTEIN /NO-SGC
SIGNAL CASCADE.

Until now, the muscarinic activation of BASM is
unique biological system described that involves the
generation of two cGMP signals as second messen-
gers (Guerra de Gonzalez et al., 1999; Borges et al.,
2001). Interestingly, the 20-s cGMP signal is linked to
the onset and the 60s cGMP signal is related to the
“plateau” of the airway smooth muscle contraction
(Guerra de Gonzalez et al., 1999). This 20-s signal is
also associated with the NO-sGC activity (Placeres-
Uray et al., 2010a) and the second, the 60-s signal,
is linked to the activation of a membrane-bound
NPR-GC (Lippo de Bécemberg et al., 1995; Alfonzo et
al., 1998a;

Alfonzo et al., 1998b; Borges et al., 2001; Alfonzo
et al., 2006; Bruges et al 2007), which has been
previously characterized at BASM. The details of the
activation of an NO-sGC, generating the early 20-s
cGMP signal, presents in the plasma membrane of
BASM, has been previously reported (Placeres-Uray et
al., 2010a) and further analyzed in this review.

The NO-sGCs are stimulated by a primary and best-
studied endogenous activator, which is nitric oxide
(NO). The NO-sGC is a heterodimeric hemoprotein
formed by two different subunits, a- and B-subunits,
which exist in four types (a1, a2, B1, and f2), each ones
being the product of a separate gene (Sharina et al.,
2000). Structurally, each subunit consists of N-termi-

nal H-NOX domain, a central domain related to the
dimerization, and a C-terminal consensus nucleo-
tide catalytic cyclase domain (Wedel et al.,, 1995;
Derbyshire & Marletta, 2012). For the formation of a
catalytically active enzyme, both a- and B-subunits
are required (Buechler et al., 1991). Although the a1p1
isoform is ubiquitous, the a2f1 isoform is less broadly
distributed (Buechler et al., 1991; Wedel et al., 1995;
Derbyshire & Marletta 2012). The best-characterized
heterodimers are the a1/B1 and the a2/B1 isoforms
(Wagner et al., 2005) being the first ones, relevant in
ASM (Placeres-Uray et al., 2010a). At molecular level,
His-105 at the amino terminus of the B1 subunit of
NO-sGC is the axial ligand of the penta-coordinated
reduced iron center of heme, which is required for NO
activation (Russwurn et al., 2013).

The first 20-s cGMP signal is a product of NO-sGC
linked to M2mAChR coupled to G-proteins sensitive
to PTX, which was established with several experi-
mental approaches, as biochemical, pharmacological
and molecular biology methods. This statement is
supported by the following experimental evidences
(Placeres-Uray et al.,, 2010a). Thus, in intact ASM
strips exposed, to muscarinic agonist (Cch), the
isolated plasma membranes fractions from these Cch
exposed ASM strips displayed increments in the GC
activity at 20s and the 60s. Interestingly, at 20s, there
is a peak of GC activity being stimulated in several
fold by a NO releasing compound as SNP, but the 60s
GC peak was not affected by SNP as shown in Figure
2. These GC activities increments at 20 and 60s coin-
cide, with the two cGMP signals, reported at BASM
strips, under agonist exposure (see Figure 1) (Guerra
de Gonzalez et al., 1999).

Additionally, in these plasma membranes isolated
from BASM showed that the NO-sGC heterodimer
involved is the alp1. The Western blotting analysis
with specific antibodies against all subunits of NO-sGC
demonstrate that under muscarinic activation, the
alB1NO-sGC-heterodimer isoform is translocated
from cytoplasm to plasma membranes of BASM are
shown in Figure 3. The NO-sGC activities have been
also described at plasma membrane from cardiomyo-

Tribuna del Investigador | Vol. 19, No 1, 2018 | 169



Marcelo J. Alfonzo, Ramona Gonzalezde Alfonzo, Marcelo Andrés Alfonzo Gonzalez, Itala Lippo de Bécemberg, Elizabeth Cardillo

cytes (Agull6 et al., 2005) and neurons (Bidmon et al.,
2006). Moreover, it has been reported that the a2p2
isoform of NO-sGCs at plasma membrane site, may
provide a localized pool of cGMP (Agullé et al., 2005;
Bellingham & Evans, 2007), which seems to be in
similar trend postulated in this review.

experimental findings

Furthermore. these
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Figure 2

Time-course of guanylyl cyclase activities in plasma membrane frac-
tions isolated from BASM strips under muscarinic agonist exposure.
Isolated BASM strips were incubated in the presence and absence of
muscarinic agonist Cch for 70 s (Placeres-Uray et al., 2010a). After
each 10 s, the BASM strips were removed and immediately frozen

in liquid N2 and processed to prepare plasma membranes fraction
(Gonzalez de Alfonzo et al., 1996). In these membrane fractions, GC
assays as cGMP determinations were performed in duplicate as
described (Lippo de Bécemberg, 1995). Empty symbols represent
basal GC activities. Full symbols represent GC activities in the presence
of 100 pM SNP. Basal (o), muscarinic agonist [Cch 1 x 10-5 M] (o),
basal plus SNP (A), and Cch + SNP (m). Each value is the mean of three
different BASM strips. Taken from (Placeres-Uray et al., 2010a).

exhibited in Figure 3 revealed, an interesting fact,
which involved the formation of the transient active
alpl dimer. It can be seen, after muscarinic agonist
exposure, that al subunits are present, all the time,
at the plasma membrane, but, the 1 subunit is only
present at 20s to form the active alfl dimer. The
transient formation of alfl NO-sGC mechanism can
explain the existence of the first 20s cGMP signal
observed in intact BASM strips under muscarinic

stimulation as shown in Figure 1.

These experiments were also supported by a series
of additional reconstituted experiments using isolated
plasma membranes fractions and concentrated
cytosol fractions from Bovine ASM (Placeres-Uray et
al., 2010a). In these reconstituted experiments, there
is a muscarinic agonist-dependent “incorporation”
of NO-sGC to plasma membranes fragments being
sensitive to PTX involving a Go/Gi heterotrimeric
proteins as previously demonstrated (Placeres-Uray
et al., 2010a). Thus, the 1-sGC subunit of the a1p1 is
translocated from cytoplasm to the inner face of the
airway smooth muscle sarcolemma under muscarinic
activation. Since the capability of this al1p1-sGC to
migrate to plasma membranes under muscarinic
activation, a purification procedure and further

O 2 3
PCTIRET MO TRT
e

S . sy 4sGCal, 72-kDa

0 20 60 Time (S)
Cchix10*M
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Time (S)
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Figure 3.

Western blotting analysis of a.131 NO-sGC-subunits at plasma mem-
branes from BASM under muscarinic activation (Alfonzo et al., 2013).
Identification of a.1/31 sGC heterodimer at plasma membrane frac-
tions isolated from BTSM strips under muscarinic agonist exposure.
Isolated BASM strips were incubated in KRB at 37°C in the presence of
muscarinic agonist CC (1 x10-5 M) during 0, 20 s and 60 s. The samples
were immediately frozen and pulverized with a mortar in liquid
nitrogen, following the protocols described to isolate plasma mem-
branes fraction (Gonzélez de Alfonzo et al., 1996). These membranes
sediments were run in 12% PAGE-SDS, transferred to nitrocellulose
membranes, and probed with specific antibodies against the a1, a2,
(Panel A) B1 and B2 (Panel B) of NO-sGC subunits.

170 | Tribuna del Investigador | Vol. 19, No 1, 2018



Muscarinic receptors regulate intracellular CGMP levels at airway smooth muscle.

identification of this a1B1-sGC heterodimer was also
performed (Placeres-Uray et al., 2010a). In summary,
all
rationale that first 20s cGMP signal is a product of a

these experimental evidences support the
novel signaling cascade involving M2ZmAChR coupled
to Go/i protein, which facilitates the transient forma-
tion of the alB1-sGC isoform by migration of the B1
subunit from cytoplasm to the BASM sarcolemma.
All these experimental evidences support a model for
a novel signal transducing cascade integrates by the
MZ2mAChR, Gi/o, and the al1p1 heterodimer of sGC as
illustrated in Figure 4.

A. Basal B. Muscarinic Agonist 20s

. .\.T:.-\('hﬂ

Plasma membrane

f UALDAML

Ihr |'|-

rh-n i

Cytoplasm

Figure 4.

Model for the novel signal transducing cascade forms by a M2mAChR,
Gi/o, and the a1p1 of NO-sGC heterodimer in mammalian cells.
Proposed model for a novel signal transducing cascade in mamma-
lian cells involving three distinct molecular entities: M2mAChR, Gi/o
protein, and heterodimer of 0,131 of NO-sGC. (A) Basal condition: The
M2mAChHR and Gi/o proteins and the a1 subunit of the 0 131NO-sGC
hetero-dimer is located at the plasma membrane bilayer while the

B1 subunit of the hetero-dimer a.131NO-sGC is located at the cyto-
plasm of ASM. (B) Under muscarinic exposure, the agonist (Cch) binds
at the extracellular domains of M2mAChR causing the activation of
M2mAChR. This induces conformational changes at the M2mAChR
cytoplasm domains stimulating a PTX-sensitive G protein (Gi/o0), which
may facilitate the migration of 31 subunit and transient activation of the
0181 heterodimer NO-sGC resulting in a fast rise in cGMP production,
which is related to the 20s cGMP signal generated during the mus-
carinic activation of airway smooth muscle cell (Guerra de Gonzalez et
al,, 1999).

1.2. THE M3MACHR/GQ16NPR-GC-B SIGNAL
CASCADE.

The signal transducing cascade involving the
macromolecular complex formed by M3mAChR/
NPR-GC-B, is responsible for the 60s cGMP signal.

This signal cascade was identified at ASM, using
biochemical (Lippo de Bécemberg et al., 1995;
Alfonzo et al., 1998a; Alfonzo et al., 1998b; Borges et
al., 2001; Alfonzo et al., 2006; Bruges et al., 2007) and
2001).
The NPR-GC-B is a membrane-spanning homodimer

molecular biology approaches (Borges et al.,

form, which contains an extracellular ligand-binding,
trans-membrane, kinase homology, dimerization and
carboxyl-terminal catalytic domains (Koller et al.,
1991; Alfonzo et al., 2006). NPR-GC-B is activated by
CNP, which exists in 22 and 53 amino acid forms that
are structurally similar to ANP and BNP (Suga et al.,
1992). NPR-GC-B is abundantly expressed in brain,
lung, bone, heart and ovary tissue (Nagase et al., 1997).
NPR-GC-B contains three intramolecular disulfide
bonds and is highly glycosylated on asparagine resi-
dues. Moreover, NPR-GC-B is highly phosphorylated
and dephosphorylation is associated with receptor
inhibition (Potter & Hunter, 1998).

Furthermore, this form, the NPR-GC-B described
in BASM, as a novel G-protein coupled NPR-GC-
B (Lippo de Bécemberg et al., 1995; Alfonzo et al.,
1998a), which is present in plasma membranes frac-
tions from this smooth muscle subtype (Lippo de
Bécemberg et al., 1995; Alfonzo et al., 1998a). This
G protein-coupled NPR-GC-B is located in plasma
membranes from BASM shows complex kinetics
and regulation. NPR-GC-B is activated by natriuretic
peptides (CNP-53>ANP-28) at the ligand extracellular
domain, stimulated by Gqg-protein activators, such
as mastoparan, and inhibited by Gi-chloride sensi-
tive, interacting at the juxtamembrane domain. The
kinase homology domain was evaluated by the ATP
inhibition of Mn2+-activated NPR-GC-B, which
was partially reversed by mastoparan. The catalytic
domain was studied by kinetics of Mn2+/Mg2+ and
GTP, and the catalytic effect with GTP analogues.
These results indicate that NPR-GC-B is a highly
regulated nano-machinery with domains acting
at cross-talk points with other signal transducing
cascades initiated by G protein-coupled receptors
and affected by intracellular ligands such as chloride,
Mn?2+, Mg2+, ATP and GTP. Moreover, this NPR-GC-B

Tribuna del Investigador | Vol. 19, No 1, 2018



Marcelo J. Alfonzo, Ramona Gonzalezde Alfonzo, Marcelo Andrés Alfonzo Gonzalez, Itala Lippo de Bécemberg, Elizabeth Cardillo

from BASM is regulated, in an opposite way by two
MAChKRs signaling cascades, acting the M2mAChR
as an inhibitor and the M3mAChRs as an activator of
this NPR-GC-B (Bruges et al., 2007). This novel signal
transducing system forms by M3mAChR, a Gql6
being sensitive by mastoparans to activate NPR-GC-B
(Alfonzo et al., 2006; Bruges et al., 2007) is illustrated
as a model in Figure 5.

Mastoparans are tetradecapeptides isolated from
wasp venom (Hirai et al.,, 1979; Higashijima et al.,
1988), and they are well known as G-protein activators
(Higashijima et al., 1990; Shpakov & Pertseva, 2006).
These peptides inhibited, in a selective manner, the
BASM contraction induced by muscarinic agonist
as carbamycholine (Cch) (Hassan-Soto et al., 2012).
Interestingly, the biological responses of classic
ASM spasmogens as 5-HT (Shi et al., 2007a), was not
affected and a potent contractions were displayed
(Hassan-Soto et al., 2012).

MNPR-GC

Mastoparan

GTP cGMP + PP,

Figure 5.

Schematic model of signal cascade involving M3mAChR/Gq16/NPR-
GC-B at ASM. This model is composed of three separate and different
molecular entities, M3mAChR, a GPCR seven transmembrane receptor,
a heterotrimeric G protein and homodimeric NPR-GC (cGMP producing
enzyme) as the effector. The drawings do not take into account the
actual structural biology (molecular mass) of these entities; it is a
scheme to suggest the flow of information in this signal transducing
cascade, which is indicated by the dashed lines. Thus, a muscarinic
agonist (ACh) binds at extracellullar domains of M3mAChR inducing a
conformational change at the cytoplasmic i3M3mAChR domain, which
stimulates the Gqo.168y, releasing active subunits that interact with
NPR-GC-B. Mastoparan and its active analogues may interfere at the
interactions between i3M3mAChR domain and the Gqa.16By protein.
Taken from (Alfonzo et al., 2006).

These findings can be explained since this
bioactive amine has been claimed to exert their
physiological effects on ASM through specific
GPCRs. These receptors are the 5-HT2A, which
induced activation of the Gqg/11 protein and its
downstream effector phospholipase C (PLC) leading
to intracellular phosphatidylinositol turnover and
CaZ+mobilization (Shi et al., 2007b). These Gq/11
proteins are mastoparan-insensitive ones. The last
facts can explain the mastoparan-insensitivity of the
serotoninergic transducing cascades at ASM. Further-
more, our results demonstrated that mastoparan
inhibits selectively the muscarinic activation without
altering other spasmogens transducing cascades
at ASM. These experimental results indicate that
the most like candidates implicated in mastoparan
effects are the heterotrimeric G-proteins coupled to
these MAChRs. This mastoparan inhibition on BASM
muscarinic activation is mediated through G-proteins
altering the generation of the two GMPc signals at 20
s and 60 s under muscarinic agonist exposure (Guerra
de Gonzalez et al., 1999). Mastoparan (50 nM) induced
a potent inhibition of these cGMP signals, as shown in
Figure 6, that is correlated with a significant reduction
on the contractile maximal responses as described
(Hassan-Soto et al.,, 2012). After mastoparan pre-
incubation, the kinetics of cGMP intracellular levels
at BASM following the muscarinic agonist exposure
were evaluated. Interestingly, the first cGMP signal
(20s) decreased in more than 60% and the second
signal peak (60s) completely vanished. The signifi-
cant reduction of 20s cGMP signal peak, which
appears at the onset of the ASM contraction, may
be explained by the effects of mastoparan on the the
MZ2mAChR/ Go/i protein /NO-sGC signal cascade as
above discussed. The dramatic disappearance of the
second peak of cGMP (60s) is correlated to the abla-
tion of the muscarinic-dependent ASM contraction.
This 60s signal is product of NPR-GC-B (Higashijima
et al., 1988; Higashijima et al., 1990; Alfonzo et al.,
1998) linked to Gql16 protein activation in isolated
BASM plasma membranes fraction (Higashijima et
al., 1988) indicates that the signal cascade involving
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M3mAChR/Gq16/NPR-GC-B is essential for the ASM
contractions.
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Figure 6.

Mastoparan effect on the time course of cGMP signal peaks induced
by muscarinic agonist. BASM strips were assayed as described (Suga
et al., 1992). Pre-incubation for 10 min with 50nM mastoparan (o)
was performed and Control experiments ( A) without drugs. After
this time, muscarinic agonist Cch (1x 10-5M) was added and the ASM
strips were removed and specific times and processed to determine
cGMP as described (Alfonzo et al., 2006). Each value is the X * SEM of
four different BASM preparations, and the cGMP determinations were
carried out in triplicate. Statistically significant differences between
the Control with respect to mastoparan as indicated with asterisk (*)
p<0.05) and (**) p<0.001).

1.3. THE M3AMACHR ACTIVITY IS REGULATED
BY THE CGMP VIA PKG-II.

MAChRs are able to induce cGMP signals at
BASM as above discussed. The possible existence
of a cGMP regulatory feedback mechanism on the
MAChHR activity in the plasma membranes fractions
from BASM was studied. To explore this possibility,
plasma membranes fraction was employed, as a
simpler and reliable biological system, to evaluate the
direct effect of cGMP on the M3/M2mAChRs at the
plasma membranes instead of intact ASM or isolated
cells, which are a more complicated systems due
the plethora of regulatory mechanisms associated
with ¢cGMP, as an intracellular second messenger, in

a number of physiological functions (Hamad et al.,
2003).

The working hypothesis was that muscarinic
agonist binds to MAchR inducing its stimulation,
which may provoke, some molecular events to guaran-
tee, the activation/termination of these transduction
cascades. Plasma membrane possesses some molecu-
lar mechanisms for the generation of ¢cGMP linked
to activation of MAChRs as above-mentioned. By
contrast, to end this muscarinic activation, a MAchR
desensitization, via protein phoshorylation has
been also described (Hosey et al., 1995; Krupnick &
Benovic, 1998; Luo et al 2008).

GPCR

processes regulate the functional coupling between

phosphorylation-dephosphorylation

membrane receptors and G-proteins. Two classes
of muscarinic phosphorylations have been reported
being the first ones, the G-protein coupled recep-
tor kinases (GRKs) and the G-protein independent
kinases phosphorylation. These phosphorylation-
dephosphorylation processess of MAChRs change
the affinity of this receptor for agonists and antago-
nists. Thus, muscarinic receptor phosphorylation
has being reported by GRKs (Hosey et al., 1995;
Debburman et al., 1995; Willets et al., 2001), inducing
receptor desensitization, which is initiated by the
phosphorylation of serine/threonine residues, which
promotes uncoupling the receptor from G protein and
terminating signaling (Hosey et al., 1995; Krupnick &
Benovic, 1998; Luo et al., 2008). Cyclic GMP can affect
the MACHR activities at plasma membrane using the
[BH]QONB binding activity (Alfonzo et al., 2013). Thus,
cGMP, via PKG-II phosphorylates the M3mAChR at
plasma membranes from BASM. This PKG-phospho-
rylation affects its functionality, which is expressed
by an increment in the Bmax for [3H] QNB binding
activity and displaying a positive cooperativity close
to 2.0 for such binding suggesting a M3mAChR dimer
formation as shown in Figure 7. Furthermore, a cGMP-
dependent [32P]-phosphorylation was specific for the
M3mAChR using immuno-precipitation assays with
anti-M3mAChR (Alfonzoetal.,2015). This novel cGMP
biological effect is mediated through the activation of
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a cGMP-dependent protein kinase (PKG-II) anchored
to the plasma membranes fractions from BASM and
its existence was also demonstrated (Alfonzo et al.,
2013). This [32P]-membrane labeling was affected by
muscarinic agonists such as Cch displaying agonist-
dependent phospho/dephosphorylation reactions.
Conversely, 4-DAMP, a selective M3mAChR antago-
nist, inhibited both the basal and cGMP-dependent
membrane protein [32P]-phosphorylations (Alfonzo et
al., 2015) supporting the involvement of an unknown
PPase. This last possibility is also strengthen by the
fact that okadaic acid (OKA), (a protein phosphatase
-PPase inhibitor) induced a faster [3BH]JQNB binding,
strengthening the involvement of a membrane-bound
PPase (Alfonzo et al., 2013). It has been claimed that
M3mAChR dephosphorylation regulates the receptor
interactions with G proteins (Wu et al., 2000). The
muscarinic receptor signaling regulator, named SET
is a PPase 2A inhibitor, which binds to the C-terminal
of the i3-loop- M3mAChR (Simon et al., 2006; Simon
et al., 2012) decreasing receptor engagement with G
proteins. A recent study indicates that the binding
site of both SET and PP2A on M3mAChR occurs
at the i3-loop (474ITKRKRMS LIKEKKAAQ490).
SET specifically binds to the site 476KRKR479
in close vicinity to a domain 484KEKKAAQ490
involved in G protein coupling and activation (Wu
et al., 2000; Schmidt et al., 2003) and the domain
480MSLIKEKK485, is the putative phosphorylation
site on PKG-II. Thus, this last domain contains the
S481, which is located between these two relevant
regulatory binding sites, suggesting an important
biological function for this PKG-II action.

It is well established that the M3mAChR activa-
tion, is the main molecular event, to initiate the ASM
contraction. In this sense, to finish the muscarinic
activation of ASM, the M3mAChR must be the
molecular entity to be knock-off. Thus, the involve-
ment of PKG-II as a cGMP-dependent M3mAChR
phosphorylation, is a novel mechanism, presents in
ASM cells, to guarantee a feedback control of cGMP
on M3mAChR activation. This post-translational
reversible modification at M3mAChRs may act

as a feedback mechanism to terminate the cGMP
dependent muscarinic signal transduction cascades
at the sarcolemma of BASM as shown and explained
in Figure 7.

A) Cyclic GMP production ) PRG-I dependent M, AChE dinverization process

ACh (agonist)

Moniime! —— [Ny
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Figure 7.

Cyclic GMP induced a PKG-Il dependent M3 AChR dimerization and
desensitization Proposed model of molecular regulation of M3mAChR
induced by PKG-Il phosphorylation at plasma membrane from BASM.
All molecular components are membrane associated entities. (A)
Muscarinic agonist (Acetylcholine) binds to M3mAChR and activates the
heterotrimeric Gq16, which stimulates the NPR-GC-B and increases
the cGMP production. (B) Cyclic GMP activates the membrane-bound
PKG-Il and produces the M3mAChR phosphorylation inducing a confor-
mation changes to promote the formation of a M3mAChR dimer, which
stabilizes or “freezes” the M3mAChR population, in a “refractory state”
to agonist activation, and prone to antagonist binding, which helps to
understand the molecular mechanisms of muscarinic antagonist drug
action.

1.4. THE M2MACHR LINKED TO A PDE1A
ACTS AS A CGMP SIGNAL ENDING CASCADE.
MAChRSs are involved in the rise/decline of cAMP/
cGMP levels in ASM (Kamm & Stull, 1989). In isolated
BASM strips, a non-selective muscarinic antagonist
such as atropine, significantly increased the cGMP
and cAMP intracellular levels, in a function of time,
being the maximal effects at 15 min, decreasing at
longer times, to basal levels in the case of cGMP and
remaining higher for cAMP (Mastromatteo-Alberga et
al., 2016). This effect was similar to the ones produced
by vinpocetine, a specific PDE1 inhibitor (Hagiwara
et al., 1984) as shown in Figure 8. The atropine and
vinpocetine effects on the cyclic nucleotides (cCAMP
and cGMP) intracellular levels might be mediated by
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theinhibition of acyclicnucleotide phosphodiesterase
(Cyclic PDE-1) in BASM as postulated (Mastromatteo-
Alberga et al., 2016). Initially, the existence of an
CaZ2+/CaM dependent PDE1 (CaM-PDE) in intact
BASM was demonstrated using an induced cyclic
nucleotides accumulation produced by atropine
followed by KClI depolarization of BASM strips (Perez
& Sanderson, 2005), which produced a fast decline
in both cyclic nucleotides levels as the result of
CaM-PDE1 activation (Mastromatteo-Alberga et al.,
2016). The PDEs are enzymes that hydrolyze cyclic
nucleotides (cGMP, cAMP) to the inactive linear form
(5-GMP, 5-AMP), thereby regulating both the duration
and the amplitude of cyclic nucleotide signaling. It is
possible that KCI induces membrane depolarization
and initiates a Ca2+ influx, through the opening of
L-type CaZ+channels located at BASM sarcolemma
increasing the [CaZ+]i and the active CaM levels (Perez
& Sanderson, 2005) producing the activation of the
BASM contraction machinery (Simon et al., 2006) and
the PDE1s (Sharma et al., 1980; Charbonneau, 1990).
It has been reported that ASM exhibits Ca2+/CaM
dependent PDE1s (CaM-PDE 1) that hydrolyze cAMP
and cGMP with equal capacity (Beavo, 1988; Torphy &
Cieslinski, 1990; Shahid et al., 1991). This is the main
reason to consider this PDE 1 family as the target of
atropine and vinpocetine actions because both drugs
increased the cAMP and cGMP levels as discussed.
CaM-PDEs are mediators between the CaZ2+and
cyclic nucleotides second messenger allowing cyclic
nucleotide-dependent processes to be regulated by
[Ca2+]i (Beavo, 1995) PDE1 family has three genes
(PDE1A, PDE1B, and PDE1C) (Beavo, 1995; Sonnenburg
et al., 1995). This PDE1 from BASM was identified as a
vinpocetine and atropine-sensitive PDE being located
at plasma membranes of this smooth muscle subtype
(Mastromatteo-Alberga et al., 2016). At this plasma
membrane fraction, the muscarinic receptor involves,
in this muscarinic antagonist inhibition, was identi-
fied as an M2mAChR (Misle el al., 1994; Misle et al.,
2001) as shown in Figure 9. This PDE1 was inhibited
by muscarinic antagonists acting on M2mAChRs at
the sarcolemma from BASM (Mastromatteo-Alberga

et al, 2016). Thus, methoctramine (M2mAChR
selective antagonist) (Michel & Whiting, 1988) was
more effective than 4-DAMP (an M3mAChR selec-
tive antagonist) (Michel et al., 1989) inhibiting this
membrane-bound PDE1A. The inhibitory concentra-
tion IC50 for methoctramine, ( IC50 = - 8.12 + 0.21)
and for 4-DAMP, (IC50= - 6.68 + 0.13). This pharma-
cological profile belongs to an M2ZmAChR (Misle et al.,
1994). ASM displays a mixed population of M2 and M3
subtypes (Eglen et al., 1996) being the M2 subtype, the
most abundant at BASM (Misle et al., 1994; Misle et
al., 2001). In addition, the isolation and purification of
this plasma membrane-bound PDE1 was characterized
as a vinpocetine-inhibited and CaM-stimulated PDE
activity (Sharma et al., 1980) with MW of 58 kDa and
identified by Western blotting as PDE1A as described
(Mastromatteo-Alberga et al., 2016).

pmoles of cyclic nucleotide/mg protein

30

Time (min)

Figure 8.

The time course of vinpocetine and atropine on the cyclic nucleotides
levels at BASM. Bovine ASM were incubated at different times in

the presence of 20 uM vinpocetine (m,®) and 10 puM atropine (o,0) as
described (Mastromatteo-Alberga et al., 2016). The squares symbols
denote cAMP and the circles symbols are the cGMP tissue levels.
Each value is the mean % S.E.M. of three different BASM preparations
and the cyclic nucleotides were determined by triplicate. Taken from
(Mastromatteo-Alberga et al., 2016).

Tribuna del Investigador | Vol. 19,No 1, 2018 | 175



Marcelo J. Alfonzo, Ramona Gonzalezde Alfonzo, Marcelo Andrés Alfonzo Gonzalez, Itala Lippo de Bécemberg, Elizabeth Cardillo

It is well established that M2mAChRs participate
directly in ASM contraction, via Gi/o proteins (Jones et
al., 1987; Sankary et al., 1988; Fernandes et al., 1992;
Nakahara et al., 2002; Zhou et al., 2008; Semenov
et al., 2011; Placeres-Uray et al., 2010a). However,
our experimental data provided by the muscarinic-
antagonistsinhibition of PDE1A at plasma membranes
from BASM, which took place in the absence of GTP
or analogs, suggesting a direct coupling mechanism
between M2mAChR and this PDETA (Mastromatteo-
Alberga et al., 2016). In this sense, a direct coupling
mechanism between the M2AChR and the target
enzyme has been demonstrated for other GPCR, as
a direct interaction between the M3mAChR, and its
effector enzyme PLC B3 (Kan et al., 2014). All these
experimental evidences support a model for the
interaction of M2mAChR and PDETA illustrated in
Figure 10.

Insummary, we provideevidencethat the molecular
signal transducing functional machinery named

10

PDE activity as
pmoles ¢cGMP/min/mg protein

log (M)
Muscarinic antagonist

Figure 9.

Effect of muscarinic antagonists on the PDE1 activity at plasma
membranes fraction. Plasma membranes from BASM (20-30 ug
membranes protein) fractions were incubated with [3H] cGMP as PDE
substrate as described (Mastromatteo-Alberga et al., 2016). A dose
titration curve of muscarinic antagonists such as methoctramine (o)
and 4-DAMP (A ) were performed. Data are the mean * SE of three (3)
different plasma membranes from BASM preparations. Taken from
(Mastromatteo-Alberga et al., 2016).
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Figure 10.

A model of a novel transducing cascade integrated by an M2mAChRs
and the PDE1A. This model of a signal transducing pathway of the
airway smooth muscle (ASM) proposes that muscarinic agents
(antagonists) acting as “inverse agonists” bind to the M2mAChR located
to ASM sarcolemma, which induces the inhibition of a plasma mem-
brane-bound PDE1A, which is vinpocetine-inhibited and CaM stimu-
lated enzyme. This last PDE1A inhibition can increase the cGMP/cAMP
intracellular levels, inducing ASM relaxation.

“signalosomes”, one comprising by M3mAChRs, NPR-
GC-B, PKG-II and the second ones, the M2mAChRs
linked to cGMP-PDE 1A, which are located at the
plasma membrane of BASM (Mastromatteo-Alberga
et al., 20106).

1.5. M2MACHR ACTS AN ANTI-MITOGENIC
RECEPTOR IN RAT AIRWAY SMOOTH CELLS
IN CULTURE.

The airway structural changes play an impor-
in the
hyperresponsiveness presents in asthma. Further-

tant role development of the airway
more, the remodeling of the airways is a relevant
process in asthma, being the most important feature
the hyperplasia (proliferation) of smooth muscle
(Gosens et al., 2007; Kistemaker et al., 2012). The
role of these MAChRs and their signal transducing
cascades in airway smooth cell proliferation studies
were performed in rat ASMC. Initially, we explored
the effect of muscarinic agonist, carbamylcholine
(Cch) on cell proliferation as described (Placeres-Uray
et al., 2010a). Fetal Bovine Serum (FBS) increased
rat ASMC proliferation, being significant at 48 and
72 hr as shown in Figure 11. However, muscarinic
agonist Cch, in a dose dependent manner, decreases
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the ASMC proliferation induced by 10% FBS (Figure
11). Thus, a dose dependent inhibitory effect on
ASMC proliferation by Cch was significant at 48 and
72 hrs. Proliferation inhibition was not due to death
cell because ASMC viability (90-95%) in presence of
Cch was confirmed with blue dye exclusion method
(Placeres-Uray et al., 2010Db).

Trying to understand this novel finding on the
ability of muscarinic agonist (Cch) to exhibit anti-
proliferative properties especially at high mitogen
concentration (10% FBS); the identification of the
mAChHR involves in this inhibitory effect was relevant.
Thus, a pharmacological approach was performed
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Figure 11.

Rat ASMC proliferation responses to muscarinic agonist [Cch] concen-
trations. ASMC (1 x 103 cells/well) were cultured in 96 wells plates
with increasing concentration of muscarinic agonist Cch in medium
without FBS during 48 (o), 72 (A), and 10% FBS, during 48 (m),y 72 (A)
hrs. Cell proliferation was determined using a colorimetric method
(MTS-PMS), measuring 0.D at A = 492 nm. Data are the mean * SE of

n = 6 experiments for triplicate. Mitogen responses at 48 and 72 h by
10% FBS vs. basal was significant (*) p < 0.05. The inhibitory effect of
Cch (-7,-5,-3) vs 0 Cch was significant (**) p < 0.05.

using selective muscarinic antagonists, such as
4-DAMP (for M3mAChR) and AF-DX-116-DS (for
M2mAChR). It was found, this anti-mitogenic Cch
effect was reversed, in a dose dependent manner,
by the selective muscarinic antagonists as AF-DX-
116 (M2mAChR antagonist) (Gosens et al., 2004),
which was more efficient than 4-DAMP (M3mAChR
antagonist) (Michel et al., 1989) to reverse this novel
Cch inhibition activity as shown in Figure 12. The
proliferative stimulatory responses displayed by
muscarinic antagonists reversed significantly the
anti-mitogenic Cch (1x10-5M) action (p < 0.05). Thus,
the log IC50 + SE for AFDX-116-DS =-9.40 + 0.37 and
4-DAMP=-7.11 +0.71 were estimated. The difference
between these log IC50 values is more than 2 orders
of magnitude, that support a pharmacological profile
of AFDX 116 > > 4-DAMP, which clearly belongs to an
MZ2mAChR (Misle et al., 1994; Misle et al., 2001).

In normal rat ASMC, the exposure to 10% FBS,
produces a mitogen-induced proliferation, which was
inhibited by muscarinic agonist, via an M2mAChR as
above discussed. It is well known that asthma and
COPD exhibit an “inflammatory environment”, rich in
ASMC mytogens (Barnes, 2008). Interestingly, it has
been reported that in murine (BALB/c mice) models of
chronic asthma, sensitized and challenged to ovalbu-
min, the expression of the M3mAChR was inhibited
and M2mAChR was elevated by the administration
of tiotropium bromide (Kang et al., 2012). It is well
known that anticholinergic drug (tiotropium bromide)
(Kang et al., 2012; Busse et al.,, 2016),which selec-
tively antagonizes the M3mAChR subtype, could be
beneficial in attenuating airway remodeling in chronic
asthma. These findings on the ability of M2mAChR
to be an anti-mitogenic receptor, can explain these
experimental findings of tiotropium bromide (Kang et
al., 2012) and open new avenues for drug design to
treat these chronic inflammatory respiratory diseases
such as asthma and COPD (Kang et al., 2012; Busse et
al., 2016; Kang et al 2012).

The molecular mechanisms involved in these
M2mAChR
unknown. However, the involvement of M2mAChR,

novel anti-proliferative effects are
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in molecular mechanisms, related to cell growth or
regression has been claimed (Nicke et al., 1999).

It has been demonstrated that the activation of
M2mAChHR inhibits cell growth and survival in human
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Figure 12.

Effect of selective muscarinic antagonists AF-DX-116 (M2mAChR)

and 4-DAMP (M3mAChR) on normal ASMC proliferation. Rat ASMC

(1 x 103 cells/well) were cultured in 96 wells plates for 72 hrs and
expose to increasing concentrations of AF-DX-116 and 4-DAMP on the
anti-proliferative effect induced by Cch (1x10-5 M), in presence of 10%
FBS. Cell proliferation was determined using a colorimetric method
(MTS-PMS), measuring 0.D at > = 492 nm. (n = 5, for triplicate). The
muscarinic antagonists stimulatory proliferative responses were sig-
nificant (*) p < 0.05 against the anti-proliferative Cch (1x10-5 M). (**) p <
0.05 for the Cch inhibition vs 10% FBS proliferation activity.

glioblastoma cancer stem cells. (Alessandrini et al.,
2015). In urothelial bladder cancer cells similar find-
ings have been reported (Pacini et al.,, 2014). This
muscarinic agonist inhibition mechanism of ASMC
proliferation may be the result of the cGMP/PKG acti-
vation cascade signaling pathways (Gilotti et al., 2014).
It is our interest the cGMP/PKG transducing cascade,
in BASM. It is known that muscarinic agonists (Cch)
rise the cGMP levels generating two cGMP signals,
the first (20s) as a product of M2mAChR /NO-sGC

coupling mechanism described (Guerra de Gonzalez et
al., 1999). This NO-sGC is an enzymehighly expressed
in the lungs (Papapetropoulos et al., 2006). Howeyver,
it has been claimed that excessive NO production
that occurs in asthma induces a down-regulation of
NO-sGC (Placeres-Uray et al., 2010b; Papapetropou-
los et al.,, 2006). The second signal cGMP (60s), is
produced, via the M3mAChR /Gq16 protein/NPR-GC-
B cascade (Lippo de Bécemberg et al., 1995; Alfonzo
et al 1998a; Alfonzo et al 1998b; Borges et al., 2001;
Alfonzo et al., 2006; Bruges et al., 2007). Thus, the
M2mAChR/Go/i /NO-sGC and the M3mAChR /Gq16
protein/NPR-GC-B cascades produce cGMP, which
can activate the cyclic GMP-dependent protein phos-
phokinases (PKG), which can exist as two isoenzymes
termed PKG-I and PKG-II (Lohmann et al., 1997;
Francis et al., 2010). These PKGs can phosphorylate
transcription factors associated with inhibition of
gene expression that promote cell cycle, also induce
increment of proteins that leads cell cycle arrest as
p21Cipl1/Waf1 converting the PKG, as an anticancer
promising signal cascades (Cen et al., 2008). In this
sense, it has been claimed that PDE5 inhibitors, that
increased the cGMP levels, have anticancer activities
express as anti-proliferative mechanisms in multiple
carcinomas. Thus, these compounds reduced the
protein expression of cyclin D1, while p21 protein
expression was increased. Furthermore, it has been
found that PKG IB being responsible for the anti-
proliferative effects (Ren et al., 2014).

It is possible that these signal cascades may be
involved in this anti-mitogenic effect of M2mAChR.
Actually, the specific molecular mechanisms linked
to the anti-mitogenic M2mAChR responses are under
intense research.

1.6. THE M2MACHR/NOSGC CASCADE IS DE-
PRESSED WHILE M3MACHR/NPR-GC-B CAS-
CADE IS ENHANCED IN RAT ASTHMA MODEL.
It has been claimed that a dysfunction of the
MACHhHR signal transducing cascades has been implied
in the pathophysiological mechanisms of asthma
(Gosens et al., 2004; Racke & Matthiesen, 2004;
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Belmonte, 2005; Gosens et al., 2006; Gosens et al.,
2007; Kistemaker et al., 2012) and Chronic Obstruc-
tive Pulmonary Disease (COPD) (Racke & Matthiesen,
2004; Gosens et al., 2006). The pathophysiological
relevance of the signal transducing cascades here
described as the MZmAChR/NOsGC and the
M3mAChR/NPR-GC-B, were evaluated in ASMC from
a murine (rat) chronic asthma model (Vanacker et al.,
2001). This is a murine experimental model of aller-
gic asthma, is induced by long exposure to ovalbumin
(OVA), which mimics several of the central hall-
marks of human bronchial asthma including airway
hyperresponsiveness and immune cell lung infiltra-
tion (Vanacker et al., 2001).

The muscarinic receptor (M3mAChR/MZ2mAChRs)
expression levels in ASM determined by radioligand
binding were not significantly different from normal
and asthmatic patients or animal asthma models.
These facts conduce to evaluate the guanylylcylases
activities linked to these receptors, by the cGMP
production, which may relevant to ASMC prolifera-
tion. Accordingly, the NOsGC linked to M2mAChR
and the NPR-GC-B associated to M3mAChR were
determined, in CD rat ASMC from CONTROL and
a murine experimental model of allergic asthma
induced by long exposure to ovalbumin (OVA).

Cultured Airway Smooth Muscle Cells (ASMC)
from CONTROL and OVA-CD rats were used to
determine the cGMP production under the exposure
to muscarinic agonists (Cch) (Alfonzo et al., 1998a;
Alfonzo et al.,, 1998b; Guerra de Gonzalez et al.,
1999; Bruges et al., 2007), an inhibitor of NO-sGC
(ODQ) (Wedel et al., 1995; Placeres-Uray et al., 2010b;
Placeres-Uray et al., 2011; Derbyshire & Marletta,
2012; Russwurm et al., 2013) and the natriuretic
peptide (CNP) to stimulate the NPR-GC-B (Koller et
al., 1991; Borges et al.,, 2001; Alfonzo et al., 2006;
Bruges et al 2007).

It can be seen in Figure 13 that OVA-ASMC showed
low basal cGMP production compared to CONTROL
ASMC as previously reported (Placeres-Uray et al.,
2010b). Thus, these basal GC activities were, more
than 50% sensitive to ODQ, indicating that NO-sGCs

are present in these ASMC. It has been reported
that the bronchoconstriction observed in asthma
is accompanied by changes in NO-sGC activity
possibly due to substantial reduced sGC expression
reflected in decrease the steady state levels of sGC
subunit mRNAs and protein level expression, as
found in intact lung tissue from OVA-sensitized mice
(Papapetropoulos et al., 2006).

The muscarinic agonist (Cch) increased the
cGMP intracellular levels in all ASMC, which were
also inhibited more than 50% by ODQ. Specifically,
in the OVA-ASMC, CCh increased 3.5 fold the GC
activity being 1.5 fold in the CONTROL-ASMC. These
results in ASMC confirmed all previous experimen-
tal findings on the ability of muscarinic agonists to
increase the cGMP intracellular levels as reported in
isolated ASM strips (Katsuki & Murad, 1977; Guerra
de Gonzalez et al., 1999). Interestingly, CNP (activator
of NPR-GC-B) stimulate (> 2 fold) the GC activity in
CONTROL ASMC while in the OVA ASMC was > 3.0
fold. However, ODQ potentiated the CNP activation
in the OVA-ASMC suggesting that NO-sGC may regu-
late the NPR-GC-B.

A relevant finding in this work was that CNP and
Cch act synergistically, and this combination displays
the maximal GC activity in cultured ASMC. Thus, this
synergistic effect was more significant (> 6.0 fold) on
the OVA-ASMC. In addition, ODQ inhibited this CNP
plus CCh effect, in about 25% (NO-sGC), in both cells
types (Figure 13). One possible explanation for this
synergistic effect is related to the property of the
G-protein coupled NPRGC-B nano-machine described
in BASM, that possess an intracellular domain named
as the G-protein regulatory module (GPRM) (Alfonzo
et al. 2006), in which, molecular components or
events coming from the M3mAChR/Gql6 activated
cascade by muscarinic agonist (Cch), can potentiate
or facilitate the CNP activation of the NPR-GC-B,
which occurs at the extracellular domain (Koller et al.,
1991; Suga et al., 1992; Borges et al., 2001; Alfonzo et
al., 2006; Brown et al., 2013).

Due to the important finding that the Cch and CNP
act synergistically, the M3mAChR/G-protein/NPR-
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i I — ) times, the Control ASMC GC activity while increased
| #OVA *) 2.2 times in OVA-ASMC. Thus, the OVA-ASMC in
- {*} comparison to Control ASMC showed a more signifi-
‘-"j .E P cant stimulation by these NPR-GC-B activators.
2 :; Interestingly, the combination of (Cch plus CNP)
—f f 300 i : increased in more than 6 times the OVA-ASMC-GC
:f f: ) activity being only 1.5 times in Control ASMC. As
>g M expected, mastoparan, an activator of NPR-GC-B, via
5 é *) Gql6 (Bruges et al., 2007; Hassan-Soto et al., 2012)
- dramatically increased in 6 times, the OVA-ASMC-
i y GC activity and 1.5 times in Control-ASMC (Alfonzo
E g E E E % E & et al., 2006; Bruges et al., 2007). However, at OVA-
@ - a £ i z ASMC, Cch did not affected the hyperstimulation
o a6 £ ¥
o o © g induced by mastoparan. However, the combination of
o CNP and mastoparan rendered in a reduction of the
NPR-GC activation at OVA-ASMC These data showed
Figure 13. for the first time that there is a hyperstimulation of
(?uanylylcyclase activities irT ASMCs from CONTRF)L and OVA-sensi- M3mAChR/Gq1 6/NPR-GC-B cascade in ASMC from
tized rats. The ASMCs were incubated for 15 min in the presence of . .
IBMX (100 uM) and ODQ (100 nM), Cch (1x10-5M), CNP (1x10-7M) as an experimental asthma model (Placeres-Uray et al.,

described (Placeres-Uray et al., 2010b). The cGMP produced was esti- ~ 2011), which support the classic statement that ACh
mated in duplicate using a radioimmunoassay kit from GE/Amersham.
Each value is the mean + of 5 different experiments. In both groups,

the number of cell culture plates was obtained for a pool of 5 rats. The 800 .
statistical significance between CONTROL versus OVA cells was estab- | D CONTROL
_ T00 B OWVA
lished as (*) p < 0.05. _
GC-B cascade on the ASM was profoundly studied - 500 - -
£ B =3 ™
(Lippo de Bécemberget al., 1995; Alfonzo et al., 1998a; @ :I 500 -
Alfonzo et al.,, 1998b; Borges et al.,, 2001; Alfonzo é é 400 1 3
et al., 2006; Bruges et al., 2007). Consequently, the 7":‘ i: o
effect of several activators of this G-protein coupled g L ek )
Z g ")
NPR-GC-B such as natriuretic peptides (CNP) and & £ 200 A
mastoparans (G-protein activator specially Gq16) were 100 -
evaluated as previously described in BASM (Lippo de
0

Bécemberg et al., 1995; Alfonzo et al., 1998a; Alfonzo

T % S 285 5 Hhaws
et al., 1998b; Borges et al., 2001; Alfonzo et al., 2006; E o O Etf ; gt;: gff

Bruges et al., 2007; Gosens et al., 2007).
It can be seen in Figure 14 that the CNP stimulated Figure 14.

GC activity was more than 3 times in OVA-ASMC and Figure 14. M3AChR/NPR-GC-B activity in ASMCs from CONTROL and
OVA-sensitized rats. The ASMCs were incubated for 15 min in the

1.5 times in Control-ASMC indicating that NPR-GC- . .cence of IBMX (100 yM) and Cch (1x10-5M), CNP (1x10-7M) and
B was present in Control and OVA-ASMC, which are Mastoparan (MAST) (1x10-7M) and different combinations. The cGMP
produced was estimated in duplicate using a radioimmunoassay kit

. . 3 from GE/Amersham. Each value is the mean + of 5 different experi-
preparations from ASM cells (Llppo de Bécemberg ments. In both groups, the number of cell culture plates was obtained

et al., 1995; Alfonzo et al., 1998b; Alfonzo et al., forapool of 5 rats. The statistical significance between CONTROL
versus OVA was established as p <0.05 (*).

similar behavior described in plasma membranes

2006). The muscarinic agonist (Cch) increased in 1.3
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mediates airway smooth muscle (ASM) contraction
primarily the activation of M3mAChRs (Roffel et al.,
1988; Eglen et al., 1996; Misle et al., 2001; Belmonte,
2005; Gosens et al., 2006; Brown et al., 2013).

Taking together all these results indicate that
the ASMC from OVA-sensitized rats express a
reduced NO-sGC activity and a hyperstimulation of
M3mAChR/Gq16/NPR-GC-B cascade. The imbalance
between these two signal transducing cascade, one
of them regulated by M3mAChR/Gql6/NPR-GC-B
cascade can contribute to airway hyperreactivity to
muscarinic agonists and it might be implicated in
the Ach linked hyperplastic and remodeling smooth
muscle responses present in asthma and COPD
(Kistemaker & Gosens, 2015).
this
pharmacological and therapeutical approaches for the

Consequently, work ~ opens = new
treatment of these chronic respiratory diseases, such

as asthma and COPD, in which, the ASM is involved.

CONCLUSION

This review discussed the recent experimental
findings about the role of muscarinic receptors and
in regulating the function of cGMP at ASM, in normal
and “pathological” conditions as asthma. The popula-
tion ratio of M2mAChRs/ M3mAChRs at ASM is 4:1.
This fact may help to understand the existence of
three “muscarinic signal transducing signalosomes”:
comprised by M3mAChR/Gql6/NPR-GC-B;
PKG-II located in the plasma membrane of ASM and
the second ones formed by M2mAChRs, NO-sGC and
transient location at the plasma membrane of ASM and
the third, the novel M2mAChRs coupled to PDETA.
These three signalosomes regulate a “sarcolemma-
associated cGMP pool” (Caulfield, 1993; Challis et al.,
1993 ; Kostenis et al., 1999; Wessler & Kirkpatrick,
2001; Proskocil et al., 2004; Oldham & Hamm, 2008;
Wessler & Kirkpatrick, 2008) as second messenger,

One

which streams down to activate a membrane-bound
PKG-II, which then phosphorylates the M3mAChR at
the i3-loop extending from Thr450-Q490, inducing
the desensitization of this M3mAChR subtype, in
a feedback mechanism at plasma membrane level

(Lucchesi et al., 1990). The M3mAChHR, a prototypic
class A GPCR, which preferentially couples to the
family of G proteins, is involved in numerous impor-
tant physiological functions in ASM. Interestingly,
M3mAChR in ASM, is involved in the cholinergic
tone, which contributes to airflow obstruction and
chronic airway inflammation in asthma and COPD.
It is known that anticholinergics are effective bron-
chodilators by blocking this M3mAChR subtype but
also increased the expression of M2ZmAChR (Shi et al.,
2007a).

In the other hand, the M2Z2mAChRs, NO-sGC
“muscarinic signal transducing signalosome is
involved in the generation of cGMP signal at the
plasma membrane level, which is independent of the
presence of NO, classic activator of this NO-sGC.
Moreover, M2mAChRs is linked to two novel signal
transducing signalosomes, one involves the direct
coupling of this receptor subtype to a PDE1A, to
hydrolyze the cGMP, and in this way to end this
second messenger. The last one, is an unknown anti-
mitogenic signal cascade that connect M2mAChRs
to the nuclear machinery probably the regulation of
the intracellular signaling pathways: 1) The cGMP/
PKG activation cascade, and 2) MAPK activation:
p38 MAPK and JNK cascade to control the nuclear
machinery by blocking the cell cycle and in this
way, act as anti-mitogenic in the ASM cells, which is
relevant process in the airway remodeling presents in
asthma and COPD. The molecular components of the
last signal cascade are unknown.

Thus, the M3mAChR

and M2mAChRs work at the molecular level is of

understanding, how
considerable relevance for designing novel classes of
drugs that can modulate M3mAChR and M2mAChR
functions, which may be significant for therapeutic
purposes in pathological conditions such as asthma
and COPD.
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LIST OF ABBREVIATIONS

ASM: Airway Smooth Muscle, ODQ:(1H-[1,
2,4] COPD:
Chronic Obstructive Pulmonary Disease, M3mAChR:

Oxadiazolo[4,3-a]quinoxalin-1-one),

muscarinic receptor subtype 3, and MZmAChR:
muscarinic receptor subtype 2, PDE: Cyclic nucleo-
tide phosphodiesterase, cGMP: cyclic Guanosine
monophosphate, PKG: cGMP dependent protein
NPR-GC: Natriuretic Peptide
guanylyl cyclase type B, NO-sGC NO sensitive soluble

kinase, sensitive

guanylyl cyclase, Cch Carbamylcholine, GPCR G
protein coupled receptor, Gql6 Heterotrimeric Gql6
protein.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

This work was supported by a grant from CDCH-
UCV # PG 09-8629-2013/2 (to ILB). The authors
thank Dr Coral Wynter for revision of the English
version of this manuscript.

REFERENCES

1. AGULLO, L., GARCIA-DORADO, D., ESCALONA, N., RUIZ-
MEANA, M., MIRABET, M., INSERTE, J..SOLER-SOLER,
J (2005). Membrane association of nitric oxide-sensitive
guanylyl cyclase in cardiomyocytes. Cardiovas Research.
68(1):65-74.

2. ALESSANDRINI, F, CRISTOFAROQ, 1., DI BARI, M., ZASSO,
J., CONTI L., TATA, AM (2015). The activation of M2 mus-
carinic receptor inhibits cell growth and survival in hu-
man glioblastoma cancer stem cells. Int Inmunopharma-
col. 29(1): 105-9.

3. ALFONZO, M. ], GUERRA, L., SANCHEZ, S., FRANCIS,
G., MISLE, A., NAPOLEON, V., GONZALEZ DE ALFONZO,
R., LIPPO DE BECEMBERG, I (1998a). Signal transduction
pathways through mammalian guanylyl cyclases. In New
Advances in Cardiovascular Physiology and Pharmacol-
ogy. M. Velasco and R. Herndndez, editors. Elsevier, Am-
sterdam, 147-175.

4. ALFONZO, M.]., LIPPO DE BECEMBERG, I, SANCHEZ DE
VILLAROEL, S., NAPOLEON DE HERRERA, V. MISLE,
A.J., GONZALEZ DE ALFONZO R (1998b). Two opposite
signal transducing mechanisms regulate a G-protein-cou-
pled guanylyl cyclase. Arch Biochem Biophys. 350(1):19-
25.

5. ALFONZO, M.J., PENA DE AGUILAR, E., GUEVARA DE
MURILLO, A., SANCHEZ DE VILLARROEL,S., GONZALEZ

10.

11.

12.

13.

14.

15.

16.

17.

DE ALFONZO, R., BORGES, A., LIPPO DE BECEMBERG, 1.
(2006). Characterization of a G protein-coupled guanyly!
cyclase-B receptor from bovine tracheal smooth muscle.
J Recept Signal Transduct Res. 26(4):269-297.

ALFONZO, M.]J,, GONZALEZ DE ALFONZO, R., ALFONZO
GONZALEZ, M.A., LIPPO DE BECEMBERG, 1(2013). Cyclic
GMP regulates M(3)AChR activity at plasma membranes
from airway smooth muscle. Mol Membr Biol. 30(8):403-
17.

ALFONZO, M.J., GONZALEZ DE ALFONZO, R., ALFONZO
GONZALEZ, M., LIPPO DE BECEMBERG, I (2015). Mus-
carinic drugs regulate the PKG-II-dependent phosphoryl-
ation of M3 muscarinic acetylcholine receptors at plasma
membranes from airway smooth muscle. ] Recept Signal
Transduct Res. 35(4):319-28.

BARNES, P]J (2008). Immunology of asthma and chron-
ic obstructive pulmonary disease. Nat Rev Immunol.
8(3):183-92.

BEAVO, J.A (1988). Multiple isozymes of cyclic nucleotide
phosphodiesterase. Adv Second Messenger Phosphopro-
tein Res. 22:1-38.

BEAVO, J.A (1995). Cyclic nucleotide phosphodiesterases:
functional implications of multiple isoforms. Physiol Rev.
75(4):725-48.

BELLINGHAM, M., EVANS, T.J (2007). The alphaZbetal
isoform of guanylyl cyclase mediates plasma membrane
localized nitric oxide signalling. Cell Signal. 19(10):2183-
93.

BELMONTE, K.E (2005). Cholinergic pathways in the
lungs and anticholinergic therapy for chronic obstructive
pulmonary disease. Proc Am Thorac Soc. 2(4):297-304;
discussion 11-2.

BIDMON, H.J., MOHLBERG, H., HABERMANN, G., BUSE,
E., ZILLES, K., BEHRENDS, S (2006). Cerebellar localiza-
tion of the NO-receptive soluble guanylyl cyclase subu-
nits-alpha(2)/beta (1) in non-human primates. Cell Tissue
Res. 326(3):707-14.

BORGES, A., SANCHEZ DE VILLARROEL, S., WINAND,
N.J., LIPPO DE BECEMBERG, 1, ALFONZO, M.J,
GONZALEZ DE ALFONZO, R (2001). Molecular and bio-
chemical characterization of a CNP-sensitive guanylyl
cyclase in bovine tracheal smooth muscle. Am ] Respir
Cell Mol Biol. 25(1):98-103.

BROWN, S.M., KOARAI A., STURTON, R.G., NICHOLSON,
A.G., BARNES, PJ., DONNELLY, L.E (2013). A role for M(2)
and M(3) muscarinic receptors in the contraction of rat
and human small airways. Eur ] Pharmacol. 702(1-3):109-
15.

BRUGES, G., BORGES, A., SANCHEZ DE VILLARROEL,
S., LIPPO DE BECEMBERG, I, FRANCIS DE TOBA, G.,
PLACERES, F, GONZALEZ DE ALFONZO, R., ALFONZO,
M.J., (2007). Coupling of M3 acetylcholine receptor to
Gql6 activates a natriuretic peptide receptor guanylyl
cyclase. ] Recept Signal Transduct Res. 27(2-3):189-216.
BUECHLER, W.A., NAKANE, M., MURAD, F (1991). Ex-
pression of soluble guanylate cyclase activity requires
both enzyme subunits. Biochem Biophys Res Commun.
174(1):351-7.

182 | Tribuna del Investigador | Vol. 19, No 1, 2018



Muscarinic receptors regulate intracellular CGMP levels at airway smooth muscle.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

BUSSE, W.W., DAHL, R., JENKINS, C., CRUZ, A.A (2016).
Long-acting muscarinic antagonists: a potential add-
on therapy in the treatment of asthma? Eur Respir Rev.
25(139): 54-64.

CAULFIELD, M.P (1993). Muscarinic receptors-charac-
terization, coupling and function. Pharmacol & Ther.
58(3):319-79.

CEN, B., DEGUCHI, A., WEINSTEIN, 1.B (2008). Activation
of protein kinase G Increases the expression of p21CIPI,
p27KIP1, and histidine triad protein 1 through Spl. Can-
cer Res. 68(13):5355-62.

CHALLISS, RA., ADAMS, D., MISTRY, R., BOYLE, ].P
(1993). Second messenger and ionic modulation of ag-
onist-stimulated phosphoinositide turnover in airway
smooth muscle. Biochem Soc Trans. 21(4):1138-45.
CHARBONNEAU, H (1990). Structure-function relation-
ships among cyclic nucleotide phosphodiesterases. In:
Beavo JA, Houslay MD (eds) Cyclic Nucleotide Phospho-
diesterases: Structure, Regulation and Drug Action. John
Wiley & Sons, Chichester, UK vol 2:267.

DEBBURMAN, S.K., KUNAPULI, P, BENOVIC, J.L., HO-
SEY, M.M (1995). Agonist-dependent phosphorylation of
human muscarinic receptors in Spodoptera frugiperda
insect cell membranes by G protein-coupled receptor ki-
nases. Mol Pharmacol. 47(2):224-33.

DERBYSHIRE, ER & MARLETTA, M.A (2012). Structure
and regulation of soluble guanylate cyclase. Annu Rev
Biochem. 81: 533-59.

EGLEN, R.M., HEGDE, S.S., WATSON, N (1996). Muscarin-
ic receptor subtypes and smooth muscle function. Phar-
macol Rev. 48(4):531-65.

FERNANDES, L.B., FRYER, A.D., HIRSHMAN, C.A (1992).
M?Z2 muscarinic receptors inhibit isoproterenol-induced
relaxation of canine airway smooth muscle. ] Pharmacol
Exp Ther. 262(1):119-26.

FRANCIS, S.H., BUSCH, J.L, CORBIN, ].D., SIBLEY, D
(2010). cGMP-dependent protein kinases and cGMP
phosphodiesterases in nitric oxide and cGMP action.
Pharmacol Rev. 62(3): 525-63.

GILOTTI, A.C., NIMLAMOOL, W., PUGH, R., SLEE, ].B.,
BARTHOL, T.C., MILLER, E.A., LOWE-KRENTZ, L.J (2014).
Heparin responses in vascular smooth muscle cells in-
volve cGMP-dependent protein kinase (PKG). J Cell Phys-
iol. 229(12):2142-52.

GONZALEZ DE ALFONZO, R., LIPPO DE BECEMBERG, I,
ALFONZO, M (1996). A Ca2+/CAM protein kinase associ-
ated with Ca2+ transport in sarco(endo)plasmic vesicles
from tracheal smooth muscle. Life Sci. 58(17):1403-1412.
GOSENS, R., ZAAGSMA, ]., GROOTTE BROMHAAR, M.,
NELEMANS, A., MEURS, H (2004). Acetylcholine: a novel
regulator of airway smooth muscle remodelling? Eur ]
Pharmacol. 500(1-3):193-201.

GOSENS, R., ZAAGSMA, ], MEURS, H., HALAYKO, A.J
(2006). Muscarinic receptor signaling in the pathophysi-
ology of asthma and COPD. Respir Res. 7:73.

GOSENS, R., DUECK, G., RECTOR, E., NUNES, R.O., GER-
THOFFER, W.T., UNRUH, H., ZAAGSMA, ]., MEURS, H.,
HALAYKO, A.] (2007). Cooperative regulation of GSK-3

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

by muscarinic and PDGF receptors is associated with air-
way myocyte proliferation. Am ] Physiol Lung Cell Mol
Physiol. 293(5):L1348-58.

GRANDORDY, B.M., CUSS, EM., SAMPSON, A.S., PALM-
ER, J.B., BARNES, PJ] (1986). Phosphatidylinositol re-
sponse to cholinergic agonists in airway smooth muscle:
relationship to contraction and muscarinic receptor oc-
cupancy. ] Pharmacol Exp Ther. 238(1):273-9.

GUERRA DE GONZALEZ, L., MISLE, A., PACHECO, G., NA-
POLEON DE HERRERA, V., GONZALEZ DE ALFONZO, R.,
LIPPO DE BECEMBERG, I, ALFONZO, M.J (1999). Effects
of 1H-[1,2,4Joxadiazolo[4,3-alquinoxalin-1-one (ODQ)
and Nomega(6)-nitro-L-arginine methyl ester (NAME) on
cyclic GMP levels during muscarinic activation of trache-
al smooth muscle. Biochem Pharmacol. 58(4):563-569.
HAGIWARA, M., ENDO, T., HIDAKA, H (1984). Effects of
vinpocetine on cyclic nucleotide metabolism in vascular
smooth muscle. Biochem Pharmacol. 33(3):453-7.
HAMAD, AM., CLAYTON, A., ISLAM, B., KNOX, A.] (2003).
Guanylyl cyclases, nitric oxide, natriuretic peptides, and
airway smooth muscle function. Am ] Physiol Lung Cell
Mol Physiol. 285(5):L973-83.

HASSAN-SOTO, W., GUERRA DE GONZALEZ L.
GONZALEZ DE ALFONZO, R., LIPPO DE BECEMBERG, 1,
ALFONZO, M.] (2012). Selective Mastoparan inhibition of
muscarinic activation of bovine tracheal smooth muscle.
AVFT 31(4):72-79.

HIGASHIJIMA, T., UZU, S., NAKAJIMA, T., ROSS, EM
(1988). Mastoparan, a peptide toxin from wasp venom,
mimics receptors by activating GTP-binding regulatory
proteins (G proteins). ] Biol Chem. 263(14):6491-4.
HIGASHIJIMA, T., BURNIER, ., ROSS, E.M (1990). Regu-
lation of Gi and Go by mastoparan, related amphiphi-
lic peptides, and hydrophobic amines. Mechanism and
structural determinants of activity. ] Biol Chem. 265(24):
14176-86.

HIRAI Y., YASUHARA, T., YOSHIDA, H., NAKAJIMA, T.,
FUJINO, M., KITADA, C (1979). A new mast cell degranu-
lating peptide "mastoparan"” in the venom of Vespula
lewisii. Chem Pharm Bull. 27(8):1942-4.

HOSEY, M.M., BENOVIC, ].L., DEBBURMAN, S.K., RICH-
ARDSON, RM (1995). Multiple mechanisms involving
protein phosphorylation are linked to desensitization of
muscarinic receptors. Life Sci. 56(11-12):951-5.

JONES, C.A., MADISON, .M., TOM-MOQOY, M., BROWN, J.K
(1987). Muscarinic cholinergic inhibition of adenylate cy-
clase in airway smooth muscle. Am J Physiol. 253(1 Pt
1):C97-104.

KAMM, K.E & STULL, J.T (1989). Regulation of smooth
muscle contractile elements by second messengers. Annu
Rev Physiol. 51:299-313.

KAN, W., ADJOBO-HERMANS, M., BURROUGHS, M.,
FAIBIS, G., MALIK, S., TALL, G.G., SMRCKA, AV (2014).
M3 muscarinic receptor interaction with phospholipase
C beta3 determines its signaling efficiency. ] Biol Chem.
289(16):11206-18.

KANG, JY., RHEE, CK., KIM, ].S., PARK, CK., KIM, S.].,
LEE, S.H., YOON, HK., KWON, S.S., KIM, Y.K., LEE, S.Y

Tribuna del Investigador | Vol. 19,No 1, 2018 | 183



Marcelo J. Alfonzo, Ramona Gonzalezde Alfonzo, Marcelo Andrés Alfonzo Gonzalez, Itala Lippo de Bécemberg, Elizabeth Cardillo

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

(2012). Effect of tiotropium bromide on airway remode-
ling in a chronic asthma model. Ann Allergy Asthma Im-
munol. 109(1):29-35.

KATSUKI, S & MURAD, F (1977). Regulation of adeno-
sine cyclic 3'5'-monophosphate and guanosine cyclic
3',5-monophosphate levels and contractility in bovine
tracheal smooth muscle. Mol Pharmacol. 13(2):330-41.
KISTEMAKER, L.E.,, OENEMA, T.A., MEURS, H., GOSENS,
R (2012). Regulation of airway inflammation and remod-
eling by muscarinic receptors: perspectives on anticho-
linergic therapy in asthma and COPD. Life Sci. 91(21-
22):1126-33.

KISTEMAKER, L.EE & GOSENS, R (2015). Acetylcholine
beyond bronchoconstriction: roles in inflammation and
remodeling. Trends in Pharmacol Sci. 36(3):164-71.
KOLLER, K.J., LOWE, D.G., BENNETT, G.L., MINAMINO,
N., KANGAWA, K., MATSUO, H., GOEDDEL, D.V (1991). Se-
lective activation of the B natriuretic peptide receptor by
C-type natriuretic peptide (CNP). Science 252(5002):120-
3.

KOSTENIS, E., ZENG, EY., WESS, ] (1999). Structure-func-
tion analysis of muscarinic receptors and their associ-
ated G proteins. Life Sci. 64(6-7):355-62.

KRUPNICK, J.G & BENOVIC, J.L (1998). The role of recep-
tor kinases and arrestins in G protein-coupled receptor
regulation. Annu Rev Pharmacol Toxicol. 38:289-319.
LIPPO DE BECEMBERG, I, CORREA DE ADJOUNIAN,
M.E, SANCHEZ DE VILLAROEL, S., PENA DE AGUILAR,
E., GONZALEZ DE ALFONZO, R., ALFONZO, M (1995).
G-protein-sensitive guanylyl cyclase activity associ-
ated with plasma membranes. Arch Biochem Biophys.
324(2):209-15.

LOHMANN, S.M., VAANDRAGER, A.B., SMOLENSKI, A.,
WALTER, U., DE JONGE, H.R (1997). Distinct and specific
functions of cGMP-dependent protein kinases. Trends
Biochem Sci. 22(8):307-12.

LUCCHESI, PA., SCHEID, C.R., ROMANO, FED., KARGA-
CIN, M.E., MULLIKIN-KILPATRICK, D., YAMAGUCHI, H.,
HONEYMAN, T.W (1990). Ligand binding and G protein
coupling of muscarinic receptors in airway smooth mus-
cle. Am ] Physiol. 258(4 Pt 1):C730-8.

LUO, J., BUSILLO, J.M., BENOVIC, J.L (2008). M3 mus-
carinic acetylcholine receptor-mediated signaling is regu-
lated by distinct mechanisms. Mol Pharmacol. 74(2):338-
47.

MAEDA, A., KUBO, T., MISHINA, M., NUMA, S (1988). Tis-
sue distribution of mRNAs encoding muscarinic acetyl-
choline receptor subtypes. FEBS Lett. 239(2):339-42.
MASTROMATTEO-ALBERGA, P, PLACERES-URAY, F,
ALFONZO GONZALEZ, M.A., GONZALEZ DE ALFONZO,
R., LIPPO BECEMBERG, I, ALFONZO, M.] (2016). A novel
PDETA coupled to MZAChR at plasma membranes from
bovine tracheal smooth muscle. ] Recept Signal Trans-
duct Res. 36(3):278-87.

MEURS, H., ROFFEL, AF, POSTEMA, ]B., TIMMER-
MANS, A., ELZINGA, C.R., KAUFFMAN, H.E, ZAAGSMA,
] (1988). Evidence for a direct relationship between phos-
phoinositide metabolism and airway smooth muscle con-

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

traction induced by muscarinic agonists. Eur ] Pharma-
col. 156(2):271-4.

MICHEL, A.D & WHITING, R.L (1988). Methoctramine re-
veals heterogeneity of M2 muscarinic receptors in longi-
tudinal ileal smooth muscle membranes. Eur ] Pharma-
col. 145(3):305-11.

MICHEL, A.D., STEFANICH, E., WHITING, R.L (1989).
Direct labeling of rat M3-muscarinic receptors by
[BHJ4DAMP. Eur ] Pharmacol. 166(3):459-66.

MISLE, A.J., LIPPO DE BECEMBERG, 1, GONZALEZ DE
ALFONZO, R., ALFONZO, M.] (1994). Methoctramine
binding sites sensitive to alkylation on muscarinic recep-
tors from tracheal smooth muscle. Biochem Pharmacol.
48(1):191-5.

MISLE, A., BRUGES, G., DE HERRERA, V., ALFONZO, M.,
DE BECEMBERG, I, GONZALEZ DE ALFONZO, R (2001).
G-Protein-dependent antagonists binding in M3 mAchR
from tracheal smooth muscle. AVFT. 20:143-51.
NAGASE, M., KATAFUCHI, T., HIROSE, S., FUJITA, T
(1997). Tissue distribution and localization of natriuretic
peptide receptor subtypes in stroke-prone spontaneously
hypertensive rats. ] Hypertens. 15(11):1235-43.
NAKAHARA, T., YUNOKI, M., MITANI, A., SAKAMOTO,
K., ISHII, K (2002). Stimulation of muscarinic M2 receptors
inhibits atrial natriuretic peptide-mediated relaxation in
bovine tracheal smooth muscle. Naunyn-Schmiedeberg's
Archiv pharmacol. 366(4):376-9.

NICKE, B., DETJEN, K., LOGSDON, CD (1999). Muscarinic
cholinergic receptors activate both inhibitory and stimu-
latory growth mechanisms in NIH3T3 cells. ] Biol Chem.
274(31):21701-6.

OLDHAM, W.M & HAMM, H.E (2008). Heterotrimeric G
protein activation by G-protein-coupled receptors. Nat
Rev Mol Cell Biol. 9(1):60-71.

PACINI, L., DE FALCO, E., DI BARI, M., COCCIA, A., SICILI-
ANO, C., PONTI, D., PASTORE, A.L., PETROZZA, V (2014).
M?Z2 muscarinic receptors inhibit cell proliferation and
migration in urothelial bladder cancer cells. Cancer Biol
Ther. 15(11):1489-98.

PAPAPETROPOULQS, A., SIMOES, D.C., XANTHOU, G,
ROUSSOS, C., GRATZIOU, C (2006). Soluble guanylyl cy-
clase expression is reduced in allergic asthma. Am ] Phys-
iol Lung Cell Mol Physiol. 290(1):L179-84.

PEREZ, JF & SANDERSON, M.] (2005). The frequency
of calcium oscillations induced by 5-HT, ACH, and KCI
determine the contraction of smooth muscle cells of in-
trapulmonary bronchioles. ] Gen Physiol. 125(6):535-53.
PLACERES-URAY, E, GONZALEZ DE  ALFONZO, R,
LIPPO DE BECEMBERG, I, ALFONZO, M.J (2010a). Mus-
carinic agonists acting through MZ acetylcholine recep-
tors stimulate the migration of an NO-sensitive guany-
Iyl cyclase to the plasma membrane of bovine tracheal
smooth muscle. | Recept Signal Transduct Res. 30(1):10-
23.

PLACERES-URAY, E, GONZALEZ DE ALFONZO, R., LIPPO
DE BECEMBERG, I, ALFONZO, M.] (2010b). Soluble gua-
nylyl cyclase is reduced in airway smooth muscle cells
from a murine model of allergic asthma. WAO Journal.

184 | Tribuna del Investigador | Vol. 19, No 1, 2018



Muscarinic receptors regulate intracellular CGMP levels at airway smooth muscle.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

3(12):271-6.

PLACERES-URAY, F, GONZALEZ DE ALFONZO, R., AL-
FONZO, M.]., LIPPO DE BECEMBERG, I (2011). Hypersen-
sitivity of the M3mAChR/ Gql6 protein/NPR-GC-B cou-
pling mechanism associated to muscarinic activation of
airway smooth muscle cells in a rat asthma model. World
Allergy Organization;, Annual Meeting. Boston. USA. (Ab-
stract 81).

PLACERES-URAY, EA., FEBRES-ALDANA, C.A., FERNAN-
DEZ-RUIZ, R., GONZALEZ DE ALFONZO, R., LIPPO DE
BECEMBERG, I.A., ALFONZO, M.] (2013). M2 Muscarinic
acetylcholine receptor modulates rat airway smooth
muscle cell proliferation. WAO Journal. 6(1):22.

POTTER, L.R & HUNTER, T (1998). Identification and
characterization of the major phosphorylation sites
of the B-type natriuretic peptide receptor. ] Biol Chem.
273(25):15533-9.

PROSKOCIL, B.J., SEKHON, H.S., JIA, Y., SAVCHENKO,
V., BLAKELY, R.D., LINDSTROM, ]., SPINDEL, E.R (2004).
Acetylcholine is an autocrine or paracrine hormone syn-
thesized and secreted by airway bronchial epithelial cells.
Endocrinology. 145(5):2498-506.

RACKE, K & MATTHIESEN, S (2004). The airway choliner-
gic system: physiology and pharmacology. Pulm Pharma-
col Ther. 17(4):181-98.

RACKE, K., JUERGENS, UR., MATTHIESEN, S (2006).
Control by cholinergic mechanisms. Eur ] Pharmacol.
533(1-3):57-68.

REN, Y., ZHENG, J., YAO, X., WENG, G., WU, L (2014). Es-
sential role of the cGMP/PKG signaling pathway in regu-
lating the proliferation and survival of human renal car-
cinoma cells. Int ] Mol Med. 34(5):1430-8.

ROFFEL, A.E, ELZINGA, C.R., VAN AMSTERDAM, R.G., DE
ZEEUW, R.A., ZAAGSMA, ] (1988). Muscarinic M2 recep-
tors in bovine tracheal smooth muscle: discrepancies be-
tween binding and function. Eur ] Pharmacol. 153(1):73-
82.

ROFFEL, A.F, ELZINGA, C.R., ZAAGSMA, ] (1990a). Mus-
carinic M3 receptors mediate contraction of human cen-
tral and peripheral airway smooth muscle. Pulm pharma-
col. 3(1):47-51.

ROFFEL, A.E, MEURS, H., ELZINGA, C.R., ZAAGSMA, ]
(1990b). Characterization of the muscarinic receptor sub-
type involved in phosphoinositide metabolism in bovine
tracheal smooth muscle. Br ] Pharmacol. 99(2):293-6.
RUSSWURM, M., RUSSWURM, C., KOESLING, D., MER-
GIA, E (2013). NO/cGMP: the past, the present, and the
future. Methods Mol Biol. 1020:1-16.

SANKARY, R.M., JONES, C.A., MADISON, J.M., BROWN,
J.K (1988). Muscarinic cholinergic inhibition of cyclic
AMP accumulation in airway smooth muscle. Role of
a pertussis toxin-sensitive protein. Am Rev Respir Dis.
138(1):145-50.

SCHMIDT, C., LI, B., BLOODWORTH, L., ERLENBACH, 1.,
ZENG, EY., WESS, ] (2003). Random mutagenesis of the
M3 muscarinic acetylcholine receptor expressed in yeast.
Identification of point mutations that "silence" a consti-
tutively active mutant M3 receptor and greatly impair

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
90.

receptor/G protein coupling. ] Biol Chem. 278(32):30248-
60.

SEMENOV, I, WANG, B., HERLIHY, ].T., BRENNER, R
(2011). BK channel betal subunits regulate airway con-
traction secondary to M2 muscarinic acetylcholine recep-
tor mediated depolarization. ] Physiol. 589 (Pt 7):1803-17.
SHAHID, M., VAN AMSTERDAM, R.G., DE BOER, J., TEN
BERGE, R.E., NICHOLSON, C.D., ZAAGSMA, ] (1991). The
presence of five cyclic nucleotide phosphodiesterase iso-
enzyme activities in bovine tracheal smooth muscle and
the functional effects of selective inhibitors. Br ] Pharma-
col. 104(2):471-7.

SHARINA, 1.G., KRUMENACKER, ].S., MARTIN, E., MU-
RAD, F (2000). Genomic organization of alpha 1 and
betal subunits of the mammalian soluble guanylyl cy-
clase genes. Proc Natl Acad Sci US A. 97(20):10878-83.
SHARMA, RK., WANG, T.H., WIRCH, E, WANG, JH
(1980). Purification and properties of bovine brain calm-
odulin-dependent cyclic nucleotide phosphodiesterase. |
Biol Chem. 255(12):5916-23.

SHI, J., DAMJANOSKA, K.J., SINGH, RK., CARRASCO,
G.A., GARCIA, E, GRIPPO, A.J, LANDRY, M., SULLI-
VAN, N.R., BATTAGLIA, G., MUMA, N.A (2007a). Agonist
induced-phosphorylation of Galphall protein reduces
coupling to 5-HT2A receptors. ] Pharmacol Exp Ther.
323(1):248-56.

SHI, J., ZEMAITAITIS, B., MUMA, N.A (2007b). Phospho-
rylation of Galphall protein contributes to agonist-in-
duced desensitization of 5-HTZ2A receptor signaling. Mol
Pharmacol. 71(1):303-13.

SHPAKOV, A.O & PERTSEVA, M.N (2006). Molecular
mechanisms for the effect of mastoparan on G proteins
in tissues of vertebrates and invertebrates. Bull Exp Biol
Med. 141(3):302-6.

SIMON, V., GUIDRY, ]., GETTYS, T.W., TOBIN, A.B., LA-
NIER, S.M (2006). The proto-oncogene SET interacts with
muscarinic receptors and attenuates receptor signaling. ]
Biol Chem. 281(52):40310-20.

SIMON, V., ONER, S.S., COHEN-TANNOUDJI, ]., TOBIN,
A.B., LANIER, S.M (2012). Influence of the accessory pro-
tein SET on M3 muscarinic receptor phosphorylation and
G protein coupling. Mol Pharmacol. 82(1):17-26.
SONNENBURG, W.K., SEGER, D., KWAK, K.S., HUANG,
J., CHARBONNEAU, H., BEAVO, J.A (1995). Identifica-
tion of inhibitory and calmodulin-binding domains of the
PDE1AI and PDEIAZ calmodulin-stimulated cyclic nu-
cleotide phosphodiesterases. ] Biol Chem. 270(52):30989-
1000.

SUGA, S., NAKAO, K., HOSODA, K., MUKOYAMA, M.,
OGAWA, Y., SHIRAKAMI, G., ARAI H., SAITO, Y., KAM-
BAYASHI, Y., INOUYE, K (1992). Receptor selectivity of
natriuretic peptide family, atrial natriuretic peptide,
brain natriuretic peptide, and C-type natriuretic peptide.
Endocrinology. 130(1):229-39.

TORPHY, T.] & CIESLINSKI, L.B (19

Characterization and selective inhibition of cyclic nu-
cleotide phosphodiesterase isozymes in canine tracheal
smooth muscle. Mol Pharmacol. 37(2):206-14.

Tribuna del Investigador | Vol. 19,No 1, 2018 | 185



Marcelo J. Alfonzo, Ramona Gonzalezde Alfonzo, Marcelo Andrés Alfonzo Gonzalez, Itala Lippo de Bécemberg, Elizabeth Cardillo

97. VANACKER, N.J., PALMANS, E., KIPS, ].C., PAUWELS, R.A
(2001). Fluticasone inhibits but does not reverse allergen-
induced structural airway changes. Am ] Respir Crit Care
Med. 163(3 Pt 1):674-9.

98. VAN DER VELDEN, V.H & HULSMANN, A.R (1999). Auto-
nomic innervation of human airways: structure, function,
and pathophysiology in asthma. Neuroimmunomodula-
tion. 6(3):145-59.

99. WAGNER, C., RUSSWURM, M., JAGER, R., FRIEBE, A.,
KOESLING, D (2005). Dimerization of nitric oxide-sensi-
tive guanylyl cyclase requires the alpha 1 N terminus. J
Biol Chem. 280(18):17687-93.

100. WEDEL, B., HARTENECK, C., FOERSTER, J., FRIEBE, A.,
SCHULTZ, G., KOESLING, D (1995). Functional domains
of soluble guanylyl cyclase. ] Biol Chem. 270(42):24871-5.

101. WESSLER, I.K & KIRKPATRICK, C.] (2001). The Non-neu-
ronal cholinergic system: an emerging drug target in the
airways. Pulm Pharmacol Ther. 14(6):423-34.

102. WESSLER, I & KIRKPATRICK, C.J (2008). Acetylcholine
beyond  neurons: the non-neuronal cholinergic system
in humans. Br ] Pharmacol. 154(8):1558-71.

103. WILLETS, J.M., CHALLISS, R.A., KELLY, E., NAHORSK]I,
S.R (2001). G protein-coupled receptor kinases 3 and 6
use different pathways to desensitize the endogenous M3
muscarinic acetylcholine receptor in human SH-SY5Y
cells. Mol Pharmacol. 60(2):321-30.

104. WU, G., BOGATKEVICH, G.S., MUKHIN, Y.V.,, BENOVIC,
J.L., HILDEBRANDT, ].D., LANIER, S.M (2000). Identifica-
tion of Gbetagamma binding sites in the third intracellu-
lar loop of the M(3)-muscarinic receptor and their role in
receptor regulation. ] Biol Chem. 275(12):9026-34.

105. ZHOU, X.B.,, WULFSEN, I, LUTZ, S., UTKU, E., SAUSBIER,
U, RUTH, P, WIELAND, T., KORTH, M (2008). M2 mus-
carinic receptors induce airway smooth muscle activa-
tion via a dual, Gbetagamma-mediated inhibition of large
conductance CaZ+-activated K+ channel activity. ] Biol
Chem. 283(30):21036-44.

186 | Tribuna del Investigador | Vol. 19, No 1, 2018



	TI_ED_ENFERMEDADES_TROPICALES_166
	TI_ED_ENFERMEDADES_TROPICALES_167
	TI_ED_ENFERMEDADES_TROPICALES_168
	TI_ED_ENFERMEDADES_TROPICALES_169
	TI_ED_ENFERMEDADES_TROPICALES_170
	TI_ED_ENFERMEDADES_TROPICALES_171
	TI_ED_ENFERMEDADES_TROPICALES_172
	TI_ED_ENFERMEDADES_TROPICALES_173
	TI_ED_ENFERMEDADES_TROPICALES_174
	TI_ED_ENFERMEDADES_TROPICALES_175
	TI_ED_ENFERMEDADES_TROPICALES_176
	TI_ED_ENFERMEDADES_TROPICALES_177
	TI_ED_ENFERMEDADES_TROPICALES_178
	TI_ED_ENFERMEDADES_TROPICALES_179
	TI_ED_ENFERMEDADES_TROPICALES_180
	TI_ED_ENFERMEDADES_TROPICALES_181
	TI_ED_ENFERMEDADES_TROPICALES_182
	TI_ED_ENFERMEDADES_TROPICALES_183
	TI_ED_ENFERMEDADES_TROPICALES_184
	TI_ED_ENFERMEDADES_TROPICALES_185
	TI_ED_ENFERMEDADES_TROPICALES_186

