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Abstract Vascular smooth muscle tone is controlled by a
balance between the cellular signaling pathways that
mediate the generation of force (vasoconstriction) and
release of force (vasodilation). The initiation of force is
associated with increases in intracellular calcium concen-
trations, activation of myosin light-chain kinase, increases
in the phosphorylation of the regulatory myosin light
chains, and actin-myosin crossbridge cycling. There are,
however, several signaling pathways modulating Ca®"
mobilization and Ca®" sensitivity of the contractile
machinery that secondarily regulate the contractile response
of vascular smooth muscle to receptor agonists. Among
these regulatory mechanisms involved in the physiological
regulation of vascular tone are the cyclic nucleotides
(cAMP and ¢cGMP), which are considered the main mes-
sengers that mediate vasodilation under physiological
conditions. At least four distinct mechanisms are currently
thought to be involved in the vasodilator effect of cyclic
nucleotides and their dependent protein kinases: (1) the
decrease in cytosolic calcium concentration ([Ca*"c), (2)
the hyperpolarization of the smooth muscle cell membrane
potential, (3) the reduction in the sensitivity of the con-
tractile machinery by decreasing the [Ca*]c sensitivity of
myosin light-chain phosphorylation, and (4) the reduction
in the sensitivity of the contractile machinery by uncoupling
contraction from myosin light-chain phosphorylation. This
review focuses on each of these mechanisms involved in
cyclic nucleotide-dependent relaxation of vascular smooth
muscle under physiological conditions.
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Introduction

The impaired regulation of the vascular tone can play an
important role in the pathophysiology of vascular diseases
such as hypertension and vasospasm. Understanding the
molecular mechanisms regulating the vascular tone, which
is the result of the existing balance between the vasocon-
strictor and the vasodilator signaling pathways, is thus
essential for establishing new strategies for the prevention
and treatment of vascular diseases [1, 2]. The intracellular
signaling events that initiate contraction involve Ca**-
calmodulin interaction to stimulate phosphorylation of the
20-kDa regulatory light chain of myosin (MLC,,). Phos-
phorylation of the MLC, is the main event involved in the
regulation of the smooth muscle contractility and is con-
trolled by the opposing activities of myosin light-chain
kinase (MLCK) and myosin light-chain phosphatase
(MLCP) [3]. A complex network of protein kinases
including cyclic cAMP-dependent protein kinase (PKA)
and cyclic GMP-dependent protein kinase (PKG) are
involved in the regulation of MLC,, phosphorylation.
Thus, changes in [Ca®"]c are the main events that reg-
ulate the contractile state of vascular smooth muscle
(VSM) cells and, usually, an increase in [Ca2+]c results in
VSM contraction and a decrease in [Ca2+]c results in VSM
relaxation. In response to vasoconstrictor stimuli, increases
in [Ca*"]c may arise from the opening of calcium channels
in the plasma membrane allowing influx of extracellular
Ca®" or from the release of stores, such as sarcoplasmic
reticulum (SR). The relative contribution of these two Ca*™
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pools varies with different VSM cells and stimuli. On the
other hand, in response to vasodilator stimuli or the
removal of vasoconstrictor stimuli, the cytosolic [Ca®*]c
decreases, mainly as a result of plasmalemmal Ca®"
extrusion and/or Ca®" uptake into the SR, leading to the
inactivation of MLCK and, hence, relaxation.

Furthermore, some studies suggested the existence of
secondary mechanisms that regulate the Ca®" sensitivity of
MLC,, phosphorylation or contractile myofilaments [4].
The increase or decrease in the sensitivity of smooth
muscle contractile response to [Ca’*]c is commonly
referred to as “Ca’" sensitization” or “Ca*" desensitiza-
tion”, respectively [3].

Numerous regulatory mechanisms modulate Ca®"
mobilization and Ca®" sensitivity of MLCo phosphoryla-
tion or contractile myofilaments in VSM cells. This review
focuses on the pivotal role of cyclic nucleotides in medi-
ating vasodilation under physiological conditions,
reviewing the cyclic nucleotide-mediated vasodilation that
occurs through the inhibition of both Ca** mobilization
and Ca®" sensitization in VSM cells.

Vascular smooth muscle contraction

A number of extracellular signals, including neural,
humoral, ionic, and mechanical forces (stretch) induce
contraction or relaxation of VSM. The balance between
contraction and relaxation signals determines the intrinsic
tone of VSM, which in turn regulates the blood vessel
dynamics [1].

Under physiological conditions, the increases in [Ca**]c
leading to contraction are caused by either membrane
depolarization (i.e., electromechanical coupling, attained
for example, by blockade of outward potassium currents or
activation of stretch-dependent channels in the plasma
membrane) or by the binding of contractile agonists to
specific cell surface receptors (i.e., pharmacomechanical
coupling) [5]. However, it is important to note that changes
in membrane potential may occur secondary in the phar-
macomechanical coupling. These two mechanisms appear
to occur simultaneously in a given VSM cell, and excita-
tion caused by a single agent may be the result of either
electromechanical or pharmacomechanical coupling alone,
or a combination of the two mechanisms [6].

One of the most important mechanisms of pharmaco-
mechanical coupling involves the activation of the
phosphatidylinositol pathway as a result of interaction
between a vasoconstrictor agonist (e.g., norepinephrine,
angiotensin II, serotonin, endothelin) and a membrane
receptor coupled to phospholipase C (PLC) via a hetero-
trimeric G-protein. This interaction induces formation of
inositol 1,4,5-triphosphate (IP;) and 1,2-diacylglycerol
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(DAG) [7]. The IP5 diffuses from the cell membrane into
the cytosol, while DAG remains in the cell membrane,
being the physiological activator of PKC. In the cytosol,
IP; stimulates the SR IPs-sensitive Ca’' channels to
release Ca2+, which activates contractile proteins and ini-
tiate contraction. On the other hand, DAG, along with
Ca2+, activates PKC, which acts on various cytoplasmic
and membrane proteins, thereby modulating a number of
cellular processes, such as the regulation of transmembrane
Ca”* transport and myofilament Ca®" sensitivity [6, 8].

Following the initial increase in [Ca’"]c caused by
PLC-mediated Ca>* release from SR, a tonic increase in
[Ca”]c, which is dependent on extracellular Ca’™, is
normally observed in contractile response to receptor
agonists. The agonists may activate plasmalemmal Ca®"
channels without prior membrane depolarization, although
contractile response to receptor agonists is normally asso-
ciated with membrane depolarization and an increase in
membrane conductance. However, the precise mechanism
whereby the agonists cause membrane depolarization suf-
ficient to activate voltage-operated Ca®" channels
(VOCCs) are not fully understood [9].

On the other hand, the endothelium regulates vascular
tone via release of endothelium-derived factors and plays a
fundamental role in the basal and dynamic regulation of the
circulation. Besides, endothelial and VSM cells commu-
nicate via gap junctions, which can spread some signals
among these cells and cause remote or conducted dilatation
[10]. Myoendothelial gap junctions allow transfer of charge
and small molecules such as IP; and Ca*t [11]. In this
sense, transmission of hyperpolarization was described
[11] and also a role of cAMP in this transmission was
suggested by some authors [12, 13]. The ability of other
small molecules (<1 kDa) to diffuse through these junc-
tions could involve non-electrotonic mechanisms to
contribute to endothelium-dependent relaxation. However,
further studies are necessary to determine the relevance of
these processes.

Among the mechanisms that play pivotal roles in the
regulation of vascular tone, an increase in the cytosolic
level of cAMP or cGMP in VSM cells is one of the major
signaling pathways that mediate vasodilation under physi-
ological conditions.

Mechanisms of cyclic nucleotide-mediated
vasorelaxation

Cyclic nucleotides (cAMP and cGMP) are the main second
messengers linked to vasodilation and the elevation of its
intracellular levels represents a useful strategy for eliciting
a variety of beneficial pharmacological effects on several
cardiovascular pathological conditions. The intracellular
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levels of these two second messengers are the result of the
balance between the rate of their synthesis and the rate of
their degradation.

Cyclic AMP is synthesized from intracellular ATP by
adenylate cyclases, which are usually activated by an
external first message (neurotransmitter, hormone, drug)
that binds to a G-protein-coupled receptor (Fig. 1). In
mammals, there are at least nine closely related isoforms of
adenylate cyclases (AC1-AC9) that can be regulated in
several different ways [14, 15]. Depending on the proper-
ties and on the relative levels of the isoforms expressed in a
done tissue or a cell type, extracellular signals received
through the receptors can be differentially integrated [15].

Cyclic GMP may be synthesized in VSM cells by two
main types of guanylate cyclases that differ in their cellular
location and in their activation by specific compounds: (1)
a particulate guanylyl cyclase (pGC), present at the plasma
membrane, which is activated by natriuretic peptides such
as atrial (ANP), brain (BNP), and C-type natriuretic pep-
tide (CNP) [16]; and (2) a soluble guanylyl cyclase (sGC)
that can be activated by nitric oxide (NO) and by NO
donors [17] (Fig. 1).

Despite these classical activation pathways for guany-
late cyclase, other regulatory pathways were described.
Like NO, carbon monoxide (CO) is an endogenously
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Fig. 1 Mechanisms involved in the regulation of cyclic nucleotides
levels and activation of kinases by these nucleotides. Green arrows
stimulation, AC adenylate cyclase. pGC particulate guanylate cyclase,
sGC soluble guanylate cyclase, R receptor, PDE phosphodiesterase,
G G-protein, cAMP cyclic adenosine 3’,5'-monophosphate, cGMP
cyclic guanosine 3',5'-monophosphate, 5AMP adenosine 5’-mono-
phosphate, 5GMP guanosine 5'-monophosphate, ATP adenosine 5’'-
triphosphate, GTP guanosine 5'-triphosphate, PKA cAMP-dependent
protein kinase, PKG ¢cGMP-dependent protein kinase

produced gas molecule that activates sGC. This product of
heme oxygenase (HO) was shown to elevate cGMP levels
in smooth muscle cells, leading to relaxation of the vessels
[18, 19]. Some authors showed that CO may regulate
vascular tone under physiologic and pathophysiologic
conditions such as hypoxia [18] and hypertension [19].
Also, among other functions, overexpression of HO has
been shown to be cardioprotective [20]. Other authors also
suggested that HO regulates blood pressure through CO
only when the NOS pathway is fully operative, establishing
a link between the role of NO and CO [21]. On the other
hand, it was also recently shown that in VSM cells,
thrombospondin-1, a matrix protein, can inhibit NO-stim-
ulated sGC activation through binding to the cell surface
receptor CD47 [22, 23]. Thus, thrombospondin-1 can, as a
regulator of the canonical NO pathway at multiple levels,
control acute vascular tone, blood flow, and angiogenic
remodeling [24]. The cGMP and cAMP levels are elevated
in tissues from thrombospondin-1 and CD47 null mice
compared to wild-type controls [22]. In human VSM
thrombospondin-1 modulates cellular cAMP levels directly
via inhibition of adenylyl cyclase and indirectly via cGMP-
dependent cross talk [23]. Concerning sGC regulation,
some years ago it was also observed that hypoxia usually
elicits pulmonary vasodilation through cGMP. The theories
of how oxygen is sensed by pulmonary arterial smooth
muscle focused on the modulation of reactive oxygen
species biosynthesis and/or changes in the oxidation-
reduction or redox status, which are also closely associated
with the reactive oxygen species (ROS) generation [25]. In
this sense, the peroxide, a ROS, was already recognized as
an activator of sGC [26]. In recent studies, a cGMP-inde-
pendent activation of PKG by peroxide was reported to
operate as a vasodilator mechanism [27, 28]. On the other
hand, crosstalk seems to occur between the sGC and pGC
pathways to regulate cGMP-dependent vasodilatation in
mice and humans. Some authors reported that cGMP
derived from pGC desensitizes blood vessels to the effects
of the NO donors spermine-NONOate and N(G)-nitro-L-
arginine [29, 30]. This heterologous regulation provides a
physiological mechanism linking the paracrine and endo-
crine functions of NO and natriuretic peptides [31].
Recently, a direct activation of pGC by testosterone was
suggested to modulate human umbilical artery (HUA)
vasodilatation through PKG activation [32].

The intracellular levels of cAMP and cGMP can be
degraded by phosphodiesterases (PDE) to their biologically
inactive metabolites 5'-AMP and 5-GMP, respectively
(Fig. 1) [33, 34]. These enzymes selectively catalyze the
hydrolysis of the 3’ cyclic phosphate bonds of adenosine
and/or guanosine 3’,5° cyclic monophosphate, thereby
limiting the activity of these molecules on their substrates,
such as PKA and PKG (Fig. 1). There are 11 different PDE
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families that can be found in a variety of cells and, in
general, each family has different isoforms and splice
variants [33, 34].

The cAMP and cGMP actions were usually attributed to
protein kinase A (PKA) and protein kinase G (PKG) acti-
vation, respectively. Structurally, PKA is a heterotrimeric
serine/threonine protein kinase composed by a catalytic «
subunit and regulatory f and y subunits [35]. Its catalytic
domain is located in the N-terminus of the o subunit and
phosphorylation at Thr172 is vital for its activation [36],
although other phosphorylation sites in the o and f subunit
have been identified [37]. The f subunit is thought to act as
a scaffold, possesses a glycogen-binding domain and is
myristoylated, a process that may localize the kinase to the
cell membrane. The 7 subunit contains the AMP-binding
site where the binding of AMP induces a conformational
change in a subunit to lead to PKA activation [38]. The
PKG are serine/threonine kinases that can be activated by
c¢GMP. They are composed of an NH2-terminal domain, a
regulatory domain, and a catalytic domain [39]. The regu-
latory domain contains cGMP-binding sites and occupation
of both binding sites releases the inhibition of the catalytic
center and allows the phosphorylation of serine/threonine
residues in target proteins and in the aminoterminal auto-
phosphorylation site. Activation of heterophosphorylation
and autophosphorylation increases the basal activity of
PKG [40]. In addition to controlling activation and inhibi-
tion of the catalytic center, the NH2 terminus serves two
other functions [39]: (1) dimerization of PKG homodimers
that are held together by a leucine zipper; and (2) targeting
of PKG to different subcellular localizations.

As mentioned, cyclic nucleotides can activate PKA and
PKG, which phosphorylate target effectors, although direct
binding of cyclic nucleotides to proteins, such as ion chan-
nels or guanine-nucleotide-exchange factors were also
described [41]. Furthermore, it is worth mentioning that
each cyclic nucleotide can activate both protein kinases,
PKA and PKG (Fig. 1). In fact, PKG can also be activated by
cAMP, although it requires nearly a 10-fold-higher cAMP
concentration than cGMP concentration to activate this
kinase. Similarly, PKA can also be activated by cGMP,
although it requires nearly a 10-fold-higher cGMP concen-
tration than cAMP to activate this kinase. In smooth muscle,
the cytosolic level of cAMP is typically nearly 10-fold
greater than the cytosolic level of cGMP. Therefore, eleva-
tions in the cytosolic level of cAMP potentially could
activate both PKA and PKG, whereas cGMP should only
activate PKG [4]. In studies using rat aortic smooth cells,
Lincoln and Cornwell observed that activation of PKG by
cAMP leads to the reduction in intracellular Ca2+, whereas
activation of PKA may only mediate the uptake of Ca®"
from extracellular sources [42]. On the other hand, it has
recently been shown that in rat aortic cells, cGMP
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synthesized by sGC induces a decrease of Gi protein
expression and then increases cAMP levels through a
mitogen-activated protein kinase (MAPK)-mediated mech-
anism. This may be an additional mechanism responsible for
the vasorelaxant effect of sGC activators [43]. Concerning
the genetically modified mice, a null mutation in the major
catalytic subunit of PKA results in early frequent postnatal
lethality and infertility, but cardiovascular problems do not
seem to be significant [44]. Conventional deletion of the
PKG-I gene in mice leads to multiple phenotypes, including
severe gastrointestinal disturbances and elevated blood
pressure, leading to premature death of the animals [45, 46].
Also, these models revealed that reduction of the intracel-
lular Ca*" level by PKG-I may be one component of the
signaling pathways regulating vascular tone in vivo [47].

On the other hand, an alternative cAMP target Epac
(exchange protein directly activated by cAMP) for cAMP-
mediated effects was revealed and its role in regulation
emerged in the last years. Epac was identified to explain
the PKA-independent activation of the small G-protein Rap
by cAMP. Epac proteins function as guanine nucleotide
exchange factors (GEFs) for Rap, a member of the Ras
family of small G-proteins. Rap is inactive when bound to
guanosine diphosphate (GDP) and activated when bound to
guanosine triphosphate (GTP) [48]. These GEFs connect
different inputs to Rap activation and are linked to distinct
functions of Rap. Epac are multidomain proteins involved
in VSM cell migration, vascular permeability, angiogene-
sis, and cardiacac contractility, but effects on vascular
contractility have not yet been reported [49, 50].

Although an increase in the cytosolic level of cAMP or
c¢GMP in VSM cells is one of the major mechanisms that
mediate vasodilation under physiological conditions, its
vasodilator mechanism is not yet fully understood and has
been shown to vary between different blood vessels,
between species, and also to be dependent on the stimulus
leading to a previous vasoconstricted state.

Four main pathways are currently thought to be involved
in the vasodilator effect of cyclic nucleotides [1, 3, 4, 6,
51-55]:

(1) The decrease in intracellular calcium levels that can
be achieved through activation of Ca** uptake by the
SR, increased intracellular Ca>* efflux, inhibition of
Ca”" release from the SR and/or decreased extra-
cellular Ca*" influx;

(2) The hyperpolarization of the smooth muscle cell
membrane potential through activation of outward
potassium channels, inactivation of Na* channels
and/or inactivation of multiple channels;

(3) The reduction in the sensitivity of the contractile
machinery by decreasing the [Ca®*]c sensitivity of
MLC,, phosphorylation due to a decrease of the
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myosin light-chain kinase activity and/or to an
increase of the MLCP activity

(4) The reduction in the sensitivity of the contractile
machinery by uncoupling contraction from MLC5,
phosphorylation via a thin-filament regulatory
process.

The contribution of each of these mechanisms was
reported to be dependent on VSM type, species and con-
tractile stimulus and was suggested to be determined by the
relative expression and/or colocalization of different pro-
teins in each vascular bed [56, 57]. It is likely that no single
pathway acts exclusively or independently in any one type
of smooth muscle cell. However, the relative importance of
the various pathways leading to cyclic nucleotide-induced
relaxation is likely to be different in phasic compared to
tonic contractile cells and in cells from large arteries
compared to those from microvessels [52]. For example,
the vasodilator agent nitric oxide (NO) activates sGC,
elevates intracellular cGMP, and enhances SR ca’t uptake
[58]. However, NO has also been shown to enhance the
activity of large conductance voltage-dependent and Ca®*-
activated K* channels either directly [59] or indirectly via
c¢GMP and PKA [60, 61]. However, Tanaka et al. showed
that the contribution of Ky channel is irrelevant for the
relaxations induced by NO donors (nitroglycerin and NOR
3) and ANP in thoracic aorta but is significant in mesen-
teric artery isolated from the rat. These authors concluded
that cGMP signaling concerning potassium channels could
largely differ in large conduit arteries compared to small
arteries [57]. On the other hand, a different mechanism
described in the literature to justify the cyclic nucleotide
effects can be conditioned by its diffusion along different
cell compartments. The different localization, properties,
and selectivity of the enzymes involved in the cyclic
nucleotide pathways seem to play a role in this phenome-
non that was named “compartmentalization of cyclic
nucleotides”. This compartmentalization can limit the
signals to specific subcellular regions due to local increases
of cyclic nucleotides or to the existence of specific clusters
of proteins in these regions [62, 63]. Thus, subcellular
cyclic nucleotide localizations will be responsible for
specific compartmentalized regulation of precise cellular
functions so that cAMP and cGMP, in response to different
stimuli, orchestrate a wide variety of cellular responses.

Decrease in intracellular calcium levels induced
by cyclic nucleotides

The first mechanism proposed for cyclic nucleotide-
dependent relaxation of vascular smooth muscle is the
reduction of free intracellular cytosolic calcium concen-
tration. As increases in [Ca’*"]c are required for MLC,,

phosphorylation and contraction, the reduction of [Ca®']c
by cyclic nucleotides and the subsequent dephosphoryla-
tion of MLC,, are seen primarily as a reversal of the
contractile mechanism.

The decrease in intracellular calcium levels may be
achieved by the following pathways:

a) Decreased release from SR, via phosphorylation of the
SR IP; receptor and/or inhibition of IP3 synthesis;

b) Increased sequestration in the SR, via phospholamban
phosphorylation and activation of SR Ca*"-ATPase;

¢) Decreased influx of extracellular calcium, via L-type
Ca®* channels (LTCC);

d) Increased efflux of intracellular calcium, via the
stimulation of plasma membrane Ca®"-ATPase.

Decreased release from SR

In VSM, Ca®" is stored intracellularly in the SR, which is
an endomembrane system that plays a main role in the
regulation of [Ca2+]c and vascular tone, not only as a
supplier of the activator Ca>" but also as a buffer against
VSM activation by Ca>". The SR in VSM cells contains at
least two types of Ca®'-release channels, i.e., those acti-
vated by IP; (IP; receptor) and those sensitive to or
activated by the plant alkaloid ryanodine and caffeine
(ryanodine receptor). The IP;R channel is capable of
releasing a large quantity of Ca®" to the cytosol, and is
believed to play a primary role in Ca>* mobilization, which
mediates the initial phase of agonist-induced contraction.
The IP3;R can be phosphorylated by various protein kina-
ses, such as PKG, PKA, and PKC, and thus its function
may be modulated by these kinases. Phosphorylation of the
IP;R in intact VSM in response to cGMP-generating
vasodilators or metabolically resistant cGMP analogs has
been demonstrated [64, 65]. The IP;R was similarly
phosphorylated by stimulation with forskolin, an agent that
directly activates adenylate cyclase and increases cAMP
level. However, the sensitivities of these phosphorylations
to various protein kinase inhibitors suggest that PKG
mediates phosphorylation of IP;R in response to increases
of both cAMP and cGMP in intact cells [65]. Thus, in some
cell types such as the vascular smooth muscle cell, it is
conceivable that both cAMP and cGMP signaling pathways
regulate IP;R activity through activation of PKG and the
resultant phosphorylation of the receptor (Fig. 2). In this
sense, one established and in vivo target for PKG is IRAG,
which has been identified in a complex with the smooth
muscle IP3 receptor and PKG [66, 67]. Phosphorylation of
IRAG by PKG inhibits IP3-induced Ca’" release from
intracellular stores in smooth muscle cells [66, 68, 69]. On
the other hand, it has also been reported that the differential
interaction of PKG isozymes with their substrate proteins
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Fig. 2 Mechanisms involved in the decrease in intracellular calcium
levels induced by cyclic nucleotide-dependent protein kinases. Green
arrows stimulation, red arrows inhibition, SR sarcoplasmic reticulum,
G guanosine-5'-triphosphate-binding protein, R G-protein coupled
receptor, IP3 inositol 1, 4, S5-triphosphate, PIP2 phospholipid
phosphatidylinositol 4,5-bisphosphate, PLC phospholipase C, PKA
cAMP-dependent protein kinase, PKG cGMP-dependent protein
kinase, SERCA sarcoplasmic reticulum Ca’>"-ATPase, NCX Na‘/
Ca®" exchanger, PMCA plasma membrane Ca’"-ATPase, VOCC
voltage-operated Ca>" channels

determines their intracellular localization and that IRAG
restricts the intracellular localization of PKG [70, 71].
Using IRAG-deficient murine mutants, Desch et al. [72]
showed that IRAG signaling does not modulate basal tone,
but might be important for blood pressure regulation under
pathophysiological conditions.

Agonist-induced activation of phospholipase C was
shown to be inhibited by ¢cGMP and cAMP, presumably
through activation of PKG and PKA, respectively [53, 73].
The inhibition of phosphoinositide hydrolysis and the
subsequent IP; synthesis by PKG was attributed to inhi-
bition of the interaction between Gq protein and PLC [74]
(Fig. 2).

Increased sequestration in the SR

Phospholamban (PLB) is a phosphorylatable protein com-
ponent of smooth muscle SR that reversibly inhibits the
activity of the sarcoplasmic reticulum Ca*"-ATPase
(SERCA) [9] and SR Ca** transport. Phosphorylation of
PLB by PKA or PKG at the Ser'® residue relieve this
inhibition, thus increasing ATPase activity and the rate of
Ca”* uptake by the SR [75, 76] (Fig. 2). The stimulation of
Ca”" uptake into the SR via phospholamban phosphory-
lation and activation of SR Ca”-ATPase, with the
resultant relaxant effect may be mediated by cGMP- and
cAMP-elevating agents, such as sodium nitroprusside and
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forskolin, as revealed in feline aorta, where this mechanism
represents approximately one-third of the total relaxant
effect of both compounds, which is consistent with the
multiple mechanisms responsible for relaxation in smooth
muscle [77].

Decreased influx of extracellular calcium

Although Ca*" release from the SR is the main event to
induce the initial rapid phasic component of VSM con-
traction, extracellular Ca®" influx across plasmalemmal
Ca”* channels plays an important role for sustained Ca®"
entry and contractility. In the last years, two types of
plasmalemmal Ca®" channels were studied as relevant
entry routes of extracellular Ca*™ in VSM cells: voltage-
operated Ca®" channels and store-operated calcium chan-
nels (SOCCs) [78-80].

The calcium entry by SOCCs is activated in response to
the emptying of intracellular Ca®" stores and act to
replenish these stores [81]. Basically, two mechanisms
have been proposed to explain extracellular Ca®" influx
triggered by discharge of endoplasmic reticulum stores
[82]. The first mechanism involves the diffusible “calcium
influx factor” (CIF) released from intracellular organelles,
which has not yet been identified [83-85]. CIF, in turn,
activates calcium-independent phospholipase A (iPLA,),
which generates lysophospholipids activating SOCCs at the
plasma membrane by an unknown process. The second
model involves the re-organization of the endoplasmic
reticulum Ca®* sensor STIM I, which then activate Orai I,
a transmembrane protein of the plasma membrane. The
STIM I-Orai I complexes form in a spatially restricted
manner at ER-plasma membrane junctions and SOCCs are
activated in the vicinity of this nexus [86]. Recently, the
SOCC have been identified as being transient receptor
potential (TRP) channels [87]. Notably, STIM I also
appears to activate Ca®" entry TRPC I [88, 89]. In VSM,
different TRP channels were linked with Ca®" store
depletion, G-protein-coupled receptor activation, mem-
brane stretch, phospholipid signals, and other factors.
However, the role of these channels has not yet been
clarified, probably due to the lack of specific pharmaco-
logical tools, such as specific activators and/or inhibitors.

The voltage-operated Ca”’" channels, which include
L-type and T-type Ca®" channels (LTCC and TTCC,
respectively), are activated after increases in the membrane
potential: hyperpolarization closes these channels and leads
to vasodilatation, whereas depolarization opens them,
which results in vasoconstriction [79, 90]. In most VSM
cells, LTCCs are the most numerous channels and probably
the most important route for calcium influx, although
T-type Ca®* channels have also been reported [6, 79, 80,
91]. Experiments in mice with smooth muscle-specific
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inactivation of the LTCC gene revealed that these channels
are key players in the hormonal regulation of blood pres-
sure and development of myogenic tone. These
experiments also suggested that half of the phenylephrine-
induced peripheral vessel resistance is due to Ca?" influx
through the LTCC [92].

Voltage-gated Ca®" channels are modulated by several
signaling systems, including cyclic nucleotides. Data on
the modulation of LTCC in VSM cells by cyclic nucleo-
tides are sometimes contradictory [93] but, in general, is
accepted that cyclic nucleotides inhibit LTCC [94] (Fig. 2).
Using a cell-attached patch-clamp, Liu et al. demonstrated
that cAMP and ¢cGMP inhibit L-type Ca®>" channel activ-
ities in VSM cells from rat portal vein [95]. However,
Taguchi et al. [96] described that, in rat mesenteric artery,
LTCC activity is stimulated by cAMP and inhibited by
cGMP [96]. Ishikawa and coworkers [97] reported that low
concentrations of intracellular cAMP produce modest
increases in whole-cell LTCC current, whereas cGMP and
higher cAMP concentrations result in inhibition of L-type
channel activity in VSM cells from the rabbit portal vein.
Additional studies from the same group led to the con-
clusion that LTCC activity in the rabbit portal vein is
enhanced by cAMP/PKA stimulation and inhibited by
cGMP/PKG stimulation and that each cyclic nucleotide has
a primary action mediated by its own kinase as well as a
secondary action mediated by the opposing kinase, an
action that has been referred to as cross activation or
“crossover” [98]. Sustained inhibition of LTCC was also
shown in freshly isolated VSM cells from the rabbit portal
vein treated with forskolin, 8-bromo-cAMP, and 8-bromo-
c¢GMP [99]. Lorenz and coworkers demonstrated that both
cyclic nucleotides inhibit LTCC in A7r5 cells and the
obtained data were consistent with a channel phosphor-
ylation-dependent mechanism. These authors concluded
that inhibition of LTCC by the cyclic nucleotides pre-
sumably lowers calcium influx and cell excitability and
therefore causes vasodilation [100]. Satoh and Sperelakis
[101] also observed inhibition of LTCC by both nucleo-
tides in A7r5 cells [101].

Increased efflux of intracellular calcium through
stimulation of plasma membrane Ca®"-ATPase

Plasma membrane Ca’"-ATPase (PMCA) mediates extru-
sion of Ca®™ into the extracellular space and plays a crucial
role in reducing excessive [Ca’"]c levels in the resting
condition or in mediating the vasodilator action of various
endogenous agents (Fig. 2). There are several PMCA iso-
forms, being the isoform PMCA 1b, with a molecular weight
of around 140 kDa, the most frequently expressed in smooth
muscle cells [7]. PMCA uses energy from ATP hydrolysis to
produce Ca** efflux in exchange for 2H™ influx against a

high electrochemical gradient across the plasma membrane.
The C-terminal of the cytosolic domain of the PMCA pump
contains both CaM-binding sites and substrates for several
protein kinases such as PKA, PKG, and PKC. Conversely,
when CaM is absent, the CaM-binding domain interacts with
cytosolic regions of the enzyme, inhibiting its activity (i.e.,
autoinhibition). Phosphorylation of some sites in the CaM
binding regions by several protein kinases—such as PKA,
PKG, PKC, and Ca*"/CaM-dependent protein kinase—
results in activation of the PMCA pump [7, 102]. Strong
evidence in favor of a stimulation by PKG of the Ca®"
extrusion from smooth muscle cells via the ATP-dependent
Ca”* pump of the plasmalemma has been presented [103,
104]. Results obtained in cultured rat aortic smooth muscle
cells suggested a possible mechanism of action for cGMP in
mediating decreases in cytosolic Ca®" through activation of
a Ca’"-ATPase and the subsequent removal of Ca®" from
the cell [104] (Fig.2). In this study, the authors used
8-bromo-cGMP, a membrane-permeable analogue of
c¢GMP, and it was observed that cAMP-dependent protein
kinase catalytic subunit and PKC were either ineffective
or less effective than PKG in stimulating the Ca”>"-ATPase.
Furthermore, a cGMP-dependent phosphorylation enhance-
ment of the affinity for Ca®" and the activity of the PMCA
pump has been observed in crude membrane fractions [104],
in plasma membrane-enriched fractions [105], and in the
solubilized plasmalemmal Ca®" pump purified by calmod-
ulin affinity chromatography [106]. Also, Vrolix et al. [107]
reported that PKG, but not PKA, stimulates the plasma-
lemmal Ca®" pump of pig aorta smooth muscle indirectly
by increasing phosphatidylinositol phosphate, probably via
the phosphorylation of a phosphatidylinositol kinase that
co-purified with the Ca®"-transport ATPase [107].

Increased efflux of intracellular calcium through
stimulation of Na*/Ca®™ exchanger

Although VSM cells are known to express the Na™/Ca®"
exchanger (NCX), its functional role has remained unclear,
mainly because of its relatively low expression. These cells
possess an NCX in their plasmalemma with a high capacity
to produce Ca®" efflux [7]. The NCX is driven by the
transmembrane Na® gradient and maintained by the Na™
pump (Na*/K™ ATPase) and normally transports 1 Ca®"
out in exchange for 3 Na® (Fig. 2). The NCX may con-
tribute to either Ca>" extrusion or Ca®* influx, depending
on the conditions [108, 109]. Because even large changes
in the Na® electrochemical gradient across the plasma-
lemma do not significantly alter the resting [Ca*"c level in
VSM cells, the physiological significance of the NCX in
these cells has been questioned for many years. Although
the importance of NCX in the regulation of cellular Ca®"
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homeostasis seems to be high for some authors [6, 51, 110],
others have reported a scarce role [111]. These contro-
versial results may be due to differences between species
and tissues used [51]. It has been reported that the
plasmalemmal Ca®" pump plays a more important role in
Ca®*t extrusion than does NCX [51, 112]. For example,
Furukawa et al. [112] have presented evidence that at least
90% of the extracellular Na™-independent Ca®" extrusion
from cultured rat aortic VSM cells occurs via the ATP-
dependent Ca®" pump, and that this Ca*" pump is stimu-
lated by intracellular cGMP but not by cAMP [112]. Then,
to further elucidate the relaxation-promoting effect of
c¢GMP, the same research team examined whether cGMP
also regulates Na™/Ca®" exchange and observed that
8-bromo-cGMP or atrial natriuretic peptide (ANP)
enhanced Na™/Ca®" exchange in primary cultures of VSM
cells prepared from rat aorta [110]. In contrast, Karashima
et al. [109] reported that NCX was involved in the for-
skolin-induced reduction of intracellular [Ca2+] and
tension in the mouse thoracic aorta (Fig. 2).

Hyperpolarization of the smooth muscle cell membrane
potential induced by cyclic nucleotides

The membrane potential is determined by membrane per-
meability to several ions, including K*, Ca®*,Na* and CI~
ions and is a major determinant of vascular tone, particu-
larly in systemic resistance vessels. In VSM cells, K™
channels situated in the plasmalemma play a fundamental
role in maintaining the membrane potential [79]. Other ion
transport systems such as the Na'/K* pump or anion
transporters can also contribute.

Changes in the activity of K* channels play the most
prominent role in regulating the membrane potential and,
hence, vascular tone. Specifically, the blockade of K+
channels results in membrane depolarization and increased
Ca”" influx through VOCCs, leading to vasoconstriction.
In contrast, the activation of Kt channels results in
plasmalemmal K" efflux, membrane hyperpolarization,
and reduced Ca®" influx through VOCCs, leading to
vasodilation [113, 114]. By their dominance in setting
membrane potential, K channels play a central role in the
determination and regulation of vascular tone, and their
opening is considered as one major mechanism that
mediates vasodilation under physiological conditions.

Multiple distinct K* channels are present in most VSM
cells and their distribution and regulation by multiple
dilator and constrictor signals depends on the vascular bed
and species examined:

(a) Voltage-gated Kt (K,) channels;
(b) Large-conductance Ca’T-activated K" (BKc, or
MaxiK) channels;
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Fig. 3 Regulation of K channels by cyclic nucleotide-dependent
protein kinases in VSM cells. Green arrows stimulation, red arrows
inhibition, PKA cAMP-dependent protein kinase, PKG cGMP-
dependent protein kinase
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(c) ATP-sensitive K (Karp) channels;
(d) Inward rectifier Kt (K;,) channels;

Voltage-gated K+ channels

The K, channel activation may be involved in the vaso-
dilator response to several endogenous and exogenous
substances. f-adrenoreceptor stimulation and forskolin has
been shown to activate K, currents through cAMP/PKA in
rabbit VSM cells [115, 116] (Fig. 3). Also, it has been
suggested that activation of K, channels by endogenous
prostacyclin (PGI2), known to elevate intracellular levels
of cAMP, may contribute to acetylcholine (ACh)-induced
endothelium-dependent vasorelaxation in rabbit middle
cerebral arteries, although activation of BK¢, channels are
also involved [61]. In endothelium-denuded rabbit middle
cerebral arteries precontracted with histamine, exogenous
PGI2- or forskolin-induced vasorelaxation was also medi-
ated by K, and BK, channels, via an adenylate cyclase/
cAMP pathway [61]. In VSM of HUA, testosterone-
induced vasorelaxation is mediated by the pGC/cGMP
pathway which stimulates K, and BKc, channels [32].
Other authors attributed NO donors (nitroglycerin, NOR 3
and sodium nitroprusside) and/or ANP-induced relaxation
of rat aorta to the activation of K, channels in rat aorta [57]
and in ovine pulmonary artery [117] (Fig. 3).

On the other hand, Palen et al. showed that nitric oxide
dephosphorylated K, through cGMP and SHP-1 tyrosine
phosphatase, suggesting that tyrosine dephosphorylation
may be linked to increased channel activity. These authors
suggested that this dephosphorylation involved a complex
interaction between guanylate cyclases, K, channels and
the SHP-1 tyrosine phosphatase [118].

Large conductance Ca**-activated K™ channels

The BK, channels increase their activity with membrane
depolarization and with the elevation of intracellular Ca®"
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concentration. These channels have been recognized to be
involved in the relaxant response induced by many
endogenous vasodilators (e.g., adenosine, prostacyclin,
NO) and to play an important role as a negative feedback
mechanism to limit membrane depolarization and, hence,
vasoconstriction. They are upregulated in hypertensive
subjects, constituting an important homeostatic mechanism
for buffering the increased arterial reactivity [119].

Activation of BK¢, channels of different VSM cells by
NO, exogenous nitrovasodilators and PGI2 is likely to
involve phosphorylation of the channels or their regulatory
subunits by PKG and PKA (Fig. 3), respectively, based on
the use of selective inhibitors of these kinases and/or direct
application of biochemically purified kinase to the cyto-
plasmic face of excised, inside-out membrane patches
containing BK¢, [60, 120-126]. For example, BK¢, acti-
vation by cAMP/PKA was observed in murine renal artery
[127] and rat pulmonary artery [128]. On the other hand,
BKc, activation by cGMP/PKG was reported in several
blood vessels [32, 129-131], and functional studies confirm
that such activation can contribute to vasorelaxation. The
phosphorylation of alpha-subunit of BKc, channels by
PKG-I was proved in oocytes co-expressing both proteins
as a mechanism regulating these channels [132], although
NO has also been reported to activate BKc, channels
directly [59]. White et al. reported that BK-, channels
stimulation by natriuretic peptides through cGMP is due to
the phosphorylation and activation of protein phosphatase
2A [133]. On the other hand, Natarajan et al. [134] sug-
gested that in human coronary artery SMC, activation of
receptors increasing cAMP mediates the stimulation of the
BKc, channels via PKG [134]. These results imply that
there may be cell- and tissue-specific BK¢, channels that
are activated by PKG, one type activated by phosphory-
lation and the second type activated by dephosphorylation.
It should also be emphasized that the contribution of a
given K* channel type to the relaxant response depends on
the vascular bed and species examined.

ATP-sensitive K channels

The Katp channels are thought to play an important
physiological role as mediators of the response of the VSM
to a variety of pharmacological and endogenous vasodila-
tors as well as to changes in metabolic activity. A hallmark
and defining feature of K5tp channels is their inhibition by
micromolar concentrations of intracellular ATP (Fig. 3).
Presumably, any pathophysiological condition that reduces
ATP mitochondrial generation would activate the Katp
channels and thereby cause vasodilation. Thus, the acti-
vation of these channels has been proposed to mediate
vasodilation in the coronary and cerebral circulations

during hypoxia [135], ischemia [136], acidosis [137], and
endotoxemia and the associated septic shock [138] and, in
these disease states, may play an important role in the
regulation of tissue perfusion. In contrast, the inhibition of
Katp channels via the PKC pathway seems to be involved
in vasoconstrictor responses to endothelin [139], vaso-
pressin [140], and angiotensin II [141, 142]. Also,
calcineurin activation seems to inhibit Katp channels
through the inhibition of PKA-dependent phosphorylation
of the channel [143].

Another key distinguishing feature of K5rp channels is
the selective inhibition of channel activity by sulphonylu-
rea agents such as glibenclamide (Ki =~ 20-100 nM) or
tolbutamide (Ki =~ 350 uM). The Krp channels in VSM
are also responsive to many pharmacological and endoge-
nous vasodilators that activate these channels by
stimulating the formation of cAMP and increasing the
activity of PKA (e.g., calcitonin gene-related peptide,
vasoactive intestinal peptide, prostacyclin, adenosine, iso-
prenaline, forskolin) [114, 144, 145] (Fig. 3). Thus,
activation of K pp channels has been shown to occur in
response to calcitonin gene-related peptide (CGRP),
adenosine and isoprenaline in channels of mesenteric and
coronary arteries [144—148], and a variety of experimental
manipulations have provided good evidence for the
involvement of the cAMP/PKA pathway. Katp channel
activation through cAMP/PKA has also been implicated in
vasodilation induced by vasoactive intestinal peptide,
prostacyclin, and pituitary adenylate cyclase-activating
peptide [149, 150]. Karp currents were also activated by
stimulation of adenylate cyclase with forskolin or by
intracellular perfusion with cAMP, while glibenclamide-
sensitive currents in response to receptor stimulation (e.g.,
with CGRP or adenosine) were reduced by the inhibitors of
PKA Rp-cAMPS, H8 or H89, and abolished by PKA-
inhibitor peptide (PKI) [150]. Further, the catalytic subunit
of PKA activated K,tp channels, either in whole cells or
excised membrane patches [150].

There is also some evidence that activators of guanylate
cyclases (NO, ANP, isosorbide dinitrate) can activate Katp
channels in certain types of VSM [151-153] (Fig. 3), and
glibenclamide-sensitive hyperpolarizations by the NO
donor 3-morpholinosydnonimine, via cGMP/PKG path-
way, have been reported in some cases [153], although it
has also been suggested that it is possible that these effects
may result from cross-activation of PKA by cGMP [154,
155].

In the last decade, hydrogen sulfide (H,S) generated
from L-cysteine in mammalian tissues was shown to induce
vessel relaxation [156]. Some studies demonstrated that
H,S activates Katp channels and induce the membrane
hyperpolarization in rat mesenteric artery VSM cells [157].
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Other studies have demonstrated that H,S produced within
the vessel wall inhibits both cGMP and cAMP breakdown
by phosphodiesterases [158].

Inward rectifier KT channels

The K;, channels regulate membrane potential in smooth
muscle cells from several types of resistance arteries and
may be responsible for external K*-induced dilations. The
existence of currents through these channels has been
reported in a variety of vascular smooth muscles, including
coronary, cerebral, and mesenteric arteries, and may be
preferentially expressed in small rather than large arteries
[113, 150]. These K, channels conduct K+ current into
cells much more readily than they conduct outward K*
current, due to its activation by hyperpolarization rather
than depolarization [113, 159]. Importantly though, K;,
channels are activated by slight increases in extracellular
K*. At physiological membrane potential, a small increase
above the normal extracellular K* concentration of
3-5 mM leads to an increase in the resting outward K™
current through K;. channels. Thus, a modest increase in
extracellular K™, from normal levels to only 7-10 mM, as
may occur during neuronal or muscle activation, can par-
adoxically lead to substantial vascular hyperpolarization
and vasodilation due to K* efflux through K;, channels.
Selective block of K;, channels can be achieved pharma-
cologically by using 30-100 uM of Ba>" and because this
inhibitor causes vascular depolarization and constriction, it
is thought that vascular K;. channels may be active under
resting conditions and contribute to the maintenance of the
resting membrane potential in resistance vessels [159].
Findings in gene-targeted mice indicate that Ba>™-sensitive
K*-induced vasorelaxation is mediated by activation of the
K;2.1 channel [160]. K;, channels, like other K* channels,
may also be modulated by several vasodilators (e.g.,
adenosine, prostacyclin analogue cicaprost, Dendroaspis
natriuretic peptide, and sodium nitroprusside) [161-165]
and cAMP/PKA pathway has been reported to be involved
in some K;-mediated vasodilations [163, 164]. For exam-
ple, hypoxia augments the K;. currents in rabbit coronary
arterial smooth muscle cells via cAMP- and PKA-depen-
dent signaling cascades, which might, at least partly,
explain the hypoxia-induced coronary vasodilation [163].
Also, the adenosine-induced activation of K;. channels is
important in coronary blood flow in vivo on rabbit coro-
nary arterial smooth muscle and occurs via the increase in
the intracellular cAMP level and the activation of PKA
[164] (Fig. 3). It should, however, be noted that several
K;-mediated vasodilations seems not to be mediated by
cyclic nucleotides and their dependent kinases [165] or
were not yet demonstrated to be mediated by cyclic
nucleotides and their dependent kinases [161, 162].
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Inhibition of MLC,, phosphorylation Ca** sensitivity
induced by cyclic nucleotides

Following increases in [Ca®*]c in response to vasocon-
strictor stimuli with receptor agonists and/or membrane
potential depolarization, the Ca>*-dependent activation of
MLCK and its phosphorylation of MLC,, is generally
considered the primary mechanism leading to myosin—
actin interactions responsible for the initial development of
contractile force in VSM cells (Fig. 4). However, the
relation between [Ca**]c and MLC,, phosphorylation or
the sensitivity of contractile myofilaments to [Ca**]c might
vary during the subsequent development and maintenance
of the contractile force, indicating that Ca®" sensitivity of
MLC, phosphorylation or Ca®" sensitivity of contractile
myofilaments can be secondarily modulated by other sig-
naling pathways [4].

MLC,, phosphorylation at serine-19 is necessary for actin
activation of myosin ATPase and subsequent crossbridge
cycling. Two key enzymes involved in the control of MLC,q
phosphorylation are MLCK, a Ca**/CaM-activated kinase,
and MLC phosphatase (MLCP), a serine/threonine protein
phosphatase type I [52]. Either Ca>*-independent activation
of MLC,, phosphorylation or inhibition of MLC,, dephos-
phorylation causes an increase in the level of MLCy
phosphorylation for a given increase in Ca®" signal, and
thereby increases the Ca®" sensitivity of MLCx phosphor-
ylation. Cyclic nucleotides can reduce the Ca*" sensitivity of
MLC, phosphorylation, causing vasorelaxation, via the two
mentioned pathways: (1) MLCK phosphorylation and
thereby decreasing its affinity for the Ca*"—CaM complex,
resulting in a decrease of MLC,, phosphorylation, and (2)
upregulation of myosin phosphatase and the resultant
accelerated MLC,( dephosphorylation.

[Ca*] RhoA g=== [PKG |
increase =R
cacam ROCK]
(PKA] == (MLCK| [MLCP | o= \PKG)
ﬂ (PKA
MLC,,—P4LC,, HSP20 — P-HSP20
4V 7
vi Yy Y V4 :I.’
VASORELAXATION CONTRACTION VASORELAXATION

Fig. 4 Role of calcium in the regulation of the contractile state of
VSM cells. CaM calmodulin, Ca-CaM calcium-calmodulin complex,
MLCK myosin light-chain kinase, MLC5, 20-kDa regulatory light
chain of myosin, P-MLC,, phosphorylated MLC,,, ROCK rho-
activated protein kinase, MLCP myosin light-chain phosphatase, PKA
cAMP-dependent protein kinase, PKG cGMP-dependent protein
kinase, HSP20 20 kDa heat shock protein, P-HSP20 phosphorylated
HSP20
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Inhibition of myosin light-chain kinase activity

The activity of MLCK is primarily regulated by the Ca**—
CaM complex. However, the phosphorylation of the
MLCK at a specific serine residue in the region of its CaM-
binding domain (i.e., site A) decreases its affinity for the
Ca**—CaM complex and, hence, its phosphorylating
activity [166]. It has been proposed that the increase in
cAMP levels reduces myofilament Ca*" sensitivity by
phosphorylating MLCK and thereby decreasing its affinity
for the Ca’"—CaM complex [4, 167]. In fact, in vitro
experiments has demonstrated that PKA phosphorylates
and markedly decreases the activity of MLCK, leading to
the supposition that cAMP-dependent phosphorylation of
MLCK could potentially decrease the [Ca®"]c sensitivity
of MLC,, phosphorylation in vivo [4, 167] (Fig. 4).
Although cross-activation of PKA by cGMP may also be
involved in vasodilation by this cyclic nucleotide, through
inhibition of MLCK activity, there has been no firm evi-
dence that PKG-dependent phosphorylation of MLCK
inhibits its activity [52, 168]. It should, however, be noted
that although PKA can phosphorylate MLCK and reduce
its activity in vitro [167], phosphorylation of MLCK in
vivo appears to be primarily due to CaMKII, which may
play a physiological role in downregulating the Ca®" signal
by decreasing the Ca®" sensitivity of MLC,, phosphory-
lation [3, 166].

Increase of the myosin light-chain phosphatase (MLCP)
activity

Most of the recent work suggests that PKG activates MLCP,
thereby inhibiting MLC, phosphorylation and contraction
[52, 169-171] (Fig. 4). The mechanism of cGMP-depen-
dent activation of MLCP may involve direct
phosphorylation of the regulatory subunit (MYPT-1) of
MLCP at Ser 695 (numbering of the human isoform) [3,
170]. Several recent studies demonstrated that phosphory-
lation of Ser-695 by PKA/PKG prevents phosphorylation of
MYPT-1 at Thr-696 by several kinases and therefore inhi-
bition of MLCP [170, 172, 173]. Thus, phosphorylation of
MYPT-1 by PKA/PKG increases MLCP activity resulting
in the decrease in MLC,, phosphorylation and smooth
muscle relaxation [3, 170-172]. It is worth mentioning that
Nakamura et al. reported that Thr-696 phosphorylation
decreased by only 50% with 8-Br-cGMP stimulation,
whereas the tension of phenylephrine-precontracted arteries
and regulatory light-chain phosphorylation fell to baseline,
presumably indicating that Ser-695 phosphorylation is not
the sole explanation of PKG-induced Ca®" desensitization.
In fact, activation of PKG can mediate other processes
resulting in changes in contractility, such as PKG phos-
phorylation of telokin (or other similar mediator proteins

possibly present in VSM, like the calponin homology-
associated smooth muscle protein [CHASM]), which acti-
vates MLCP activity, independently of changes in MYPT1
phosphorylation, through an unknown mechanism [3, 174—
176]. On the other hand, using yeast two-hybrid system
screening, it was also shown that PKG is targeted to the
smooth muscle cell contractile apparatus by a leucine zipper
interaction with the myosin-binding subunit (MBS) of
MLCP. MBS is the regulatory subunit of MLCP that confers
the specificity for MLC and is the site of regulation by Rho-
kinase. Uncoupling of the PKG-MBS interaction prevents
cGMP-dependent dephosphorylation of MLC, demonstrat-
ing that this interaction is essential to the regulation of
vascular smooth muscle cell tone [169].

It has also been reported that cGMP-induced inhibition
of Ca®" sensitization can be directly mediated by RhoA/
Rho-kinase signaling [54, 176, 177]. Rho-Kinase is
essentially distributed in the cytoplasm but is partially
translocated to the membrane following activation by
RhoA, a member of the Ras family of small GTP-binding
proteins. Myosin light-chain phosphatase activity is con-
trolled by the small GTPase RhoA and its target Rho kinase
(ROCK). ROCK is believed to be the most important
modulator of Ca** sensitivity in smooth muscle [178-180].
Phosphorylation of myosin-binding subunit by ROCKSs
leads to the inhibition of MLCP, which prevents MLC
dephosphorylation and hence increases Ca®" sensitivity
and smooth muscle contractility [178]. In addition, ROCK
targets other substrates that are important for smooth
muscle contraction such as CPI-17, calponin, or MLC [179,
181]. It was shown that PKG-mediated phosphorylation of
RhoA at Ser-188 prevents its binding to ROCK and this
phosphorylation inhibits RhoA-induced Ca*" sensitization
and actin cytoskeleton organization contributing to the
vasodilator action [177, 181, 182].

Dissociation of contractile force from MLC,
phosphorylation or thin filament regulation by cyclic
nucleotides

A number of studies have shown that cyclic nucleotides
signaling pathways uncouple contractile force from MLC
phosphorylation. The dephosphorylation of MLC,q is
slower than the decrease in active tension in forskolin-
treated muscle [1]. There are data indicating that increases
in intracellular cyclic nucleotides concentrations can lead
to relaxation of tonic smooth muscle by mechanisms
independent of changes in intracellular calcium concen-
trations or in the state of MLC,, phosphorylation. In
carotid artery, activation of cyclic nucleotides-dependent
signaling pathways inhibited contractile responses to
serotonin but did not inhibit myosin light-chain phos-
phorylation or oxygen consumption [183]. This cyclic
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nucleotide-dependent inhibition of contraction was asso-
ciated with increases in the small 20-kDa heat shock
protein (HSP20) phosphorylation [183]. The hypothesized
mechanisms for smooth muscle relaxation by HSP20 are
related with agents that inhibit contraction by cyclic
nucleotides which, through activation of PKA and/or
PKG, phosphorylate HSP20 (Fig. 4). This phosphoryla-
tion induces relaxation of smooth muscle which, in
some cases, is independent of changes in MLC phos-
phorylation. Two proposed mechanisms for relaxation are
[1, 183-185]:

(a) Depolymerization of actin via an indirect activation
of cofilin involving activation of slingshot phosphatase.
Phosphorylated HSP20 is thought to compete with sling-
shot for binding to 14-3-3 proteins. Unbound slingshot
keeps cofilin active and favors actin depolymerization;

(b) HSP20 has also been proposed to interact with and
inhibit actomyosin by virtue of a troponin I motif.

In fact, there are several studies indicating that relaxa-
tion and inhibition of contraction by cyclic nucleotides are
associated with increases in the phosphorylation of the
small heat shock-related protein HSP20 at Ser16 by PKA
and PKG [183, 184, 186-189]. For example, examination
of the extent of HSP20 phosphorylation compared with the
percent relaxation in bovine carotid and human umbilical
artery (HUA) smooth muscle reveal a linear correlation
between HSP20 phosphorylation and relaxation [1]. The
slower phosphorylation of HSP20 in HUA smooth muscle
cells corresponds with a much slower relaxation response.
The data suggests that HSP20 may be a downstream sig-
naling molecule that modulates relaxation due to cyclic
nucleotides [1]. Although the precise mechanisms of
HSP20-induced relaxation are not known, some authors
hypothesized that when HSP20 becomes phosphorylated, it
interacts with F-actin or F-actin-associated proteins pre-
venting phosphorylated myosin from interacting with actin
[1, 190]. Thus HSP20 may mediate relaxation via a thin-
filament regulatory process (Fig. 4) [191]. In fact, studies
using inhibitory peptides for HSP20 indicate that this
protein mediates relaxation primarily through interactions
with thin filaments [52, 192].

A second possibility is that activation of cyclic nucle-
otides signaling pathways and the resulting HSP20
phosphorylation dissociates the contractile apparatus from
specific focal contacts, such as dense-bodies and/or dense-
plaques, which provide a framework for the attachment of
contractile structures to the cytoskeleton [193, 194]. Such a
mechanism would result in normal crossbridge phosphor-
ylation, crossbridge cycling, and oxygen consumption.
Indeed, activation of cyclic nucleotides signaling pathways
have been associated with disruption of focal adhesion
complexes in rat aortic smooth muscle cells [195].
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Compartmentalization of cyclic nucleotide signals

The different localization, properties, and selectivity of the
enzymes involved in the cyclic nucleotide pathways can
lead to the existence of clusters or subcellular compart-
ments of these nucleotides [62, 63]. These clusters can be
localized close to different effectors, leading to different
and specific functional responses depending on the com-
partment [196, 197]. Thus, the multiple components of the
cyclic nucleotide pathways, such as cyclases, PDE, PKA,
and PKG, co-localized to discrete regions of the plasma
membrane or to specific locations in the cytosol and make
it possible to limit these signals to specific subcellular
regions [33, 198]. These localized cyclic nucleotide signals
are important for the speed and specificity of cAMP and
cGMP-mediated events, allowing the cell to distinguish
between different external stimuli acting on a common
signaling pathway. Thus, subcellular cyclic nucleotides
localizations will be responsible for specific compartmen-
talized regulation of precise cellular functions and cAMP
and cGMP, in response to different stimuli, could orches-
trate a wide variety of cellular responses. This is a crucial
point because, in distinct cell types or tissues, the com-
partmentalization can be different, depending on the
expression and localization of proteins involved in the
cyclic nucleotide pathways and this could explain the dif-
ferent results obtained that seems to depend on the species
and artery types observed in the literature.

The first propositions suggesting a heart compartmen-
talization in the cAMP signaling were made more than
25 years ago [199] and some posterior studies tried to shed
some light on this phenomenon [197]. At the cardiovas-
cular level, most evidence on cyclic nucleotide
compartmentalization was obtained in cardiomyocytes
[196, 197, 200], although some facts concerning this
compartmentalization were also observed in VSM cells.

The existence of multiple PDE isoforms was associated
with the regulation by cyclic nucleotide pools of multiple
cellular processes. Several studies associated PDE families
(PDE1, PDE2-5) with the regulation of VSM contractility
[33], although the relative contribution of each PDE may
vary depending upon the species, vascular bed, and the
status of the cells [62, 201]. In rat aorta, PDEIA is
expressed predominantly in the cytoplasm of VSM cells
and regulates the vascular tone [202, 203]. However, in
VSM cells, there is also a nuclear PDE1A with an impor-
tant role in growth and survival [203]. On the other hand,
some authors have suggested that PDES5 differentially
regulates the effects of NO donors (DEA/NO, DETA/NO)
and natriuretic peptides in VSM cells of rat aorta in VSM
cells of rat aorta [204, 205]. These authors observed the
existence of subcellular compartments of cGMP and that
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NO donors induce transitory increase of cGMP, which are
dependent on the PDES activity.

Concerning the localization of cyclases, Piggott et al.
[206] demonstrated that cGMP signals elicited by ANP and
NO donors (S-nitroso-n-acetylpenicillamine; SNAP) are
spatially segregated, and this may underlie the regulation
of different cellular targets by those compounds. Gros et al.
[207] also suggested that an association between ERK and
adenylate cyclase 1 in discrete “functional compartments”
result in isoform-selective regulation of rat VSM cell
growth versus cytoskeletal organization. In human umbil-
ical artery VSM, vasorelaxation occurs after pGC or sGC
activation, but only the activation of pGC induces stimu-
lation of K, and BK, channels [32].

The PKA anchoring proteins (AKAPs, A-kinase
anchoring proteins) provided a molecular mechanism for
cAMP compartmentalization, allowing for the precise
control of PKA-mediated phosphorylation events because
different PKA isoforms are anchored by AKAPs in specific
cellular locations [208]. AKAPs can be also clustering
elements of other proteins such as PDE, phosphatases,
substrates of PKA, and others [208, 209]. In VSM cells
from rabbit portal vein, Zhong and coworkers [210] have
shown that cAMP-dependent stimulation of L-type Ca®"
channels requires localization of PKA through binding to
anchoring proteins, although the specific subtypes of AK-
APs involved in this process remain unclear. Likewise,
evidence for the involvement of an AKAP in activation of
rat mesenteric artery K tp channels by PKA has also been
provided [211]. On the other hand, AKAP75 (a prototype
AKAP that targets PKA to the membrane) has been iden-
tified in VSM cells and its expression amplifies and
stimulates cAMP-PKA signaling, resulting in activation of
cAMP-induced transcription, increased levels of the cyclin-
dependent kinase-2 inhibitor p27*?', and suppression both
of VSM cells growth in vitro and of neointimal hyperplasia
after balloon injury [212].

Another aspect of compartmentalization involves cave-
olae, which are flask-like invaginated structures of the
plasma membrane. These cellular micro-domains consti-
tute a subset of lipid rafts and are enriched in cholesterol
and sphingolipids as well as in specific proteins such as the
caveolae coat proteins, caveolins. The caveolin proteins
serve as the structural components of caveolae, while also
functioning as scaffolding proteins capable of recruiting
numerous signaling molecules to caveolae, as well as
regulating their activity [213]. Examples of signal trans-
duction proteins involved in the cyclic nucleotide pathways
that localize in caveolae and/or interact with caveolin in
VSM cells are PKA [214] and several types of adenylate
cyclase (AC3, ACS5, and ACG6) [63]. The localization of
these proteins to restricted plasmalemmal microdomains
probably facilitates rapid and specific signal transduction

[63, 215]. Sampson et al. revealed that the co-localization
of Karp channels and adenylate cyclase in rat aorta smooth
muscle caveolae has functional significance, demonstrating
that the integrity of caveolae is important for adenylate
cyclase-mediated Katp channels modulation [214]. In
VSM cells, evidence of a role of caveolin-1 in artery
contractility comes from caveolin-1 null mice that display
reduced myogenic tone [216]. Mutant animals displayed
profound dysfunction of the vascular system, pulmonary
hypertension, and increased systemic NO levels, which can
induce adverse effects to the myocardium [217, 218].
Caveolae integrity also seems to be necessary for the
efficient Ca®" signaling in VSM cells [219]. Concerning
the endothelium, in mice deficient in caveolin-1, some
cGMP-dependent responses are largely enhanced and not
reduced, illustrating a lack of relevance of caveolae for
eNOS localization and activation [216, 218]. Caveolae thus
appear to constitute an important signaling domain that
plays a role not only in regulation of smooth muscle tone
but also in proliferation, such as seen in neointima for-
mation and atherosclerosis [220].

Summary

Myoplasmatic calcium concentration changes are among
the principal mechanisms involved in the regulation of the
contractile state of VSM cells. In general, an increase or
decrease in [Ca”]c result in VSM contraction and relaxa-
tion, respectively, although changes in the vascular tone can
occur independently of changes in [Ca®"]c. Most contrac-
tile stimuli induce vasoconstriction by increasing [Ca®']c,
through Ca®" mobilization from either intracellular stores
(i.e., SR) and/or extracellular space. The relative contribu-
tion from these two Ca*" pools varies with different VSM
cells and stimuli. The increase in [Ca2+]c, in turn, activates
the Ca’"—CaM—MLCK pathway and stimulates MLCaq
phosphorylation on serine 19 and activates ATPase activity
of myosin, leading to myosin—actin interactions and, hence,
the development of contractile force. This is the most
widely accepted primary mechanism for the development of
contractile force in VSM cells. There are, however, several
regulatory mechanisms modulating Ca?" mobilization,
Ca’" sensitivity of MLC,, phosphorylation, and Ca®"
sensitivity of contractile myofilaments that secondarily
determine the contractile response to receptor agonists.
Among these regulatory mechanisms involved in the
physiological regulation of vascular tone are the cyclic
nucleotides (i.e., cAMP and cGMP). An increase in the
cytosolic level of cAMP or cGMP in VSM cells is consid-
ered one of the major mechanisms that mediate vasodilation
under physiological conditions. Several (at least four dis-
tinct) mechanisms are currently thought to be involved in
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the vasodilator effect of cyclic nucleotides: (1) the decrease
in intracellular calcium levels (e.g., through activation of
Ca** uptake by the SR, increased intracellular Ca’" efflux,
inhibition of Ca®" release from the SR and/or decreased
extracellular Ca®" influx), (2) the hyperpolarization of the
smooth muscle cell membrane potential (e.g., through
activation of outward potassium channels, inactivation of
Na* channels and/or inactivation of multiple channels), (3)
the reduction in the sensitivity of the contractile machinery
by decreasing the [Ca*"]c sensitivity of MLC,, phosphor-
ylation (due to a decrease of the myosin light-chain kinase
activity and/or to an increase of the MLCP activity), and (4)
the reduction in the sensitivity of the contractile machinery
by uncoupling contraction from MLC,, phosphorylation
(e.g., via a thin-filament regulatory process). The contri-
bution of each of these mechanisms and of each cyclic
nucleotide depends on VSM type, species, and contractile
stimulus, and was suggested to be determined by the rela-
tive expression and/or co-localization of different proteins
in each vascular bed. It is likely that no single pathway acts
exclusively or independently in any one type of smooth
muscle cell. On the other hand, the spatial organization of
the multiple components of the cyclic nucleotide pathways
restricts cyclic nucleotide signals to discrete regions of the
plasma membrane or to specific locations in the cytosol and
make it possible to limit these signals to specific subcellular
regions. This compartmentalization of cyclic nucleotide
signals will be responsible for the regulation of specific
cellular functions so that cAMP and cGMP, in response to
different stimuli, can activate a wide variety of cellular
responses.

A better understanding of the cellular and molecular
mechanisms involved in cyclic nucleotide-dependent
vasorelaxation would help the development of strategies
for eliciting a variety of beneficial pharmacological effects
on several cardiovascular pathological conditions, given
that the cytosolic levels of cAMP and cGMP may be
pharmacologically increased with PDE inhibitors and/or
adenylate/guanylate cyclase activators.
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