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Although cyclic guanosine monophosphate (GMP)' was first
described in biological samples more than two decades ago, its
role in some physiological processes has only become apparent
in the past few years (see references 1-4). This relatively slow
development is probably attributable to the low concentrations
of the nucleotide in tissues, the complex and insensitive methods
available during the early studies, and the biases many investi-
gators had regarding its possible functions. The latter was un-
doubtedly influenced by the many similarities of the cyclic GMP
system with that of cyclic AMPand the attention cyclic AMP
has received during this period. While analogies and similarities
between these two cyclic nucleotide systems do exist, the cyclic
GMPsystem presents more complexities due to the existence
of several isoenzymes responsible for its synthesis.

It is known that the conversion of guanosine triphosphate
(GTP) to cyclic GMPis catalyzed by at least two isoenzyme
forms of guanylate cyclase. The kinetic, physicochemical, and
antigenic properties of the cytosolic and membrane-associated
isoenzymes are quite different (see references 2, 4). The relative
abundance of the soluble and particulate enzyme is variable in
different tissues and species. While intestinal mucosa and retina
possess predominately the particulate isoenzyme and platelets
contain the soluble isoenzyme, most tissues such as vascular
smooth muscle have both isoenzymes. Furthermore, the regu-
lation of each of these isoenzymes is quite different. The soluble
enzyme appears unique in that it can be activated by reactive
free radicals such as nitric oxide (5), and probably hydroxyl free
radical (6) and some porphyrins (7, 8). On the other hand, the
particulate isoenzyme can be activated with agents such as Esch-
erichia coli heat-stable enterotoxin (9-1 1), atriopeptins (12, 13),
and hemin (14). Cations, thiols, other redox agents, and deter-
gents also have complex effects on the activity of both iso-
enzymes (2).

Studies with the kinetic characterization of these isoenzymes
led to the present understanding of the role of cyclic GMPin
smooth muscle relaxation. Azide, added to inhibit GTPase ac-
tivity in crude enzyme preparations, was found to activate the
enzyme (15). While some hormones, autocoids, and other agents
were able to increase cyclic GMPaccumulation in intact tissues,
these agents had no effects on guanylate cyclase activity in broken
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1. Abbreviations used in this paper: EDRF, endothelial-derived relaxant
factor; GMP,guanosine monophosphate; GTP, guanosine triphosphate;
ST, Escherichia coli heat-stable enterotoxin.

cell preparations. It was reasoned that an understanding of azide
activation of guanylate cyclase could lead to understanding the
mechanisms of hormonal regulation of the enzyme and some
functions of cyclic GMP. Some of these predictions have been
fulfilled. The stimulatory effects of azide were dependent upon
the presence of heme-containing proteins in guanylate cyclase
incubations such as catalase, peroxidase, or cytochromes (16).
In addition to azide, other agents that are capable of generating
nitric oxide in incubations also activated the enzyme and in-
cluded hydroxylamine, sodium nitrite, nitroglycerin, sodium
nitroprusside (15, 17), and nitrosamines (18). Most of these
agents also increased cyclic GMPaccumulation in various intact
tissue preparations including smooth muscle segments (19-22).
The increase in cyclic GMPwith these guanylate cyclase acti-
vators was associated with relaxation of tracheal, intestinal, and
vascular smooth muscle (20, 22, 23). These studies led to the
first proposed role of cyclic GMP, regulation of smooth muscle
relaxation, that has withstood the test of time (22). These and
subsequent studies with cyclic GMPin E. coli heat-stable en-
terotoxin-induced diarrhea (9-1 1) and light-induced ion con-
ductance in the retina (24) have further stimulated the interest
in cyclic GMPand the search for other functions.

Wehave coined the term "nitrovasodilators" for those agents
that can lead to the formation of the reactive nitric oxide-free
radical in incubations and increase cyclic GMPsynthesis. These
agents include the organic nitrates such as nitroglycerin, the in-
organic nitrates and nitrites such as nitroprusside and sodium
nitrite, various nitrosoureas and nitrosamines, as well as azide,
hydroxylamine, and perhaps some hydrazines. Some of these
nitrovasodilators require catalytic conversion to nitric oxide by
a macromolecule or enzyme while others are nonenzymatically
converted to nitric oxide under the appropriate pxidizing or re-
ducing conditions. The effects of pH and oxygen tension on the
formation of nitric oxide from a precursor and the metabolism
of these nitrovasodilators may explain their apparent specificity
for different vascular beds and tissues. However, this hypothesis
requires additional investigation. Activation of guanylate cyclase
and cyclic GMPaccumulation with these nitric oxide-generating
precursors occurs at relatively low concentrations (micromolar
to nanomolar range) and is a function of the presence of other
compounds that act as sinks, or reduce or oxidize the formed
nitric oxide. Activation of the enzyme is instantaneous without
a temporal lag and is reversible (5, 17). While the precise mech-
anism of activation of the enzyme is not presently understood,
critical thiol groups on the enzyme (25, 26) and heme (7, 27)
which may be a prosthetic group on the enzyme (28) appear to
participate in the activation mechanism. Clearly, homogeneous
preparations of the soluble isoenzyme can be activated by these
nitrovasodilators under the appropriate conditions, and the
concentration of nitric oxide required for half-maximal activa-
tion of purified enzyme is estimated to be in the nanomolar
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range (5, 25). While crude particulate preparations of guanylate
cyclase are also activated, this may be attributable to entrapped
soluble isoenzyme that is virtually always present in the absence
of some purification steps to remove it. Unfortunately, detergents
prevent activation of either isoenzyme by a variety of agents.
Thus, the issue of contaminating soluble isoenzyme contributing
to the apparent activation of the particulate isoenzyme can not
be presently resolved with purification procedures to separate
the isoenzymes.

Agents that interfere with the conversion of the nitrovaso-
dilator precursor to nitric oxide, react with nitric oxide, or inhibit
guanylate cyclase activation decrease cyclic GMPaccumulation
in smooth muscle and shift dose-response (relaxation) curves to
the right. This list includes various nonspecific as well as relatively
specific antagonists such as cystamine, cystine, methylene blue,
hemoglobin, methemoglobin, and cyanide (15, 17, 27). While
these agents have been useful in many in vitro systems to im-
plicate cyclic GMPin some process, their nonspecific effects
limit their usefulness at present in most in vivo systems. Agents
that inhibit cyclic GMPhydrolysis by cyclic nucleotide phos-
phodiesterases predictably shift the dose-response curves of these
nitrovasodilators to the left (20, 29). These antagonistic and syn-
ergistic effects should be important in predicting various drug
interactions and modifying the therapeutic responses to the ni-
trovasodilators. For example, studies in dogs have shown that
some of the cardiovascular effects of nitroprusside can be en-
hanced with aminophylline (30). The effects of ouabain to inhibit
nitrovasodilator-induced cyclic GMPsynthesis and vascular re-
laxation (31) should alert us to potentially important drug in-
teractions between nitrovasodilators and cardiac glycosides which
are commonly used together. The precise mechanisms by which
inhibition of the Na-K pump with cardiac glycosides decreases
cyclic GMPsynthesis as well as cyclic GMP-induced vascular
relaxation are unknown (31). Calcium availability for these pro-
cesses, however, should be suspected as a candidate in these
effects. Although the activation of guanylate cyclase and the ac-
cumulation of cyclic GMPin tissues with nitrovasodilators is
calcium-independent (20), calcium antagonists may modify
some of the physiological processes regulated by cyclic GMP
and its rate of hydrolysis by phosphodiesterase. Indeed, the
smooth muscle relaxant effects of the nitrovasodilators and cal-
cium antagonists would be expected to be additive.

The increase in cyclic GMPin tracheal and vascular smooth
muscle is associated with the activation of cyclic GMP-dependent
protein kinase and the phosphorylation of numerous smooth
muscle proteins (32-35). One of the smooth muscle proteins in
which phosphorylation is decreased with nitrovasodilators or
cyclic GMPanalogues is myosin light chain (3, 35, 36). While
the phosphorylation of other smooth muscle proteins is also
altered, their identities and roles are presently unknown. The
mechanism of cyclic GMP-induced dephosphorylation of
myosin light chain is also presently unknown. These effects could
result from the decreased activity of myosin light chain kinase,
a calcium and calmodulin-dependent enzyme, increased activity
of the phosphatase, or a combination of these effects. The recent
demonstration of an effect of nitroglycerin on Quin-2 fluores-
cence in smooth muscle cells (37) suggests that these effects could
be due to decreased cytosolic calcium concentrations.

Although azide, nitroprusside, and other nitrovasodilators
have been useful agents in some systems to evaluate the role of
cyclic GMPin some process, their inhibition of metabolic pro-

cesses with high concentrations and their oxidation of some li-
gands and hormones can also lead to artifacts and erroneous
conclusions regarding functions of cyclic GMP.

The recent studies of Furchgott and his associates (38) have
permitted us to understand the mechanism of action of another
class of vascular relaxants, the endothelium-dependent vasodi-
lators. Relaxation of blood vessels from a variety of species by
agents such as acetylcholine, histamine, bradykinin, ionophore
A23 187, thrombin, and ATPrequires the integrity of the vascular
endothelium (see references 3, 38). These endothelium-depen-
dent vasodilators either have no effect or may cause vasocon-
striction in the absence of the endothelium. The latter effects
are dependent upon the vessel and species being examined. These
agents interact with specific receptors on endothelial cells to in-
duce the formation and release of a factor(s) called endothelial-
derived relaxant factor (EDRF). The structure of this reactive
and labile material is not known due to its short half-life and
probably low concentration (38, 39). While studies with inhib-
itors of phospholipase and lipoxygenase have suggested that the
factor may be an oxidized ecosinoid product (see references 3,
38), the lack of specificity of these inhibitors limits such conclu-
sions. Furthermore, it is not presently known if the various en-
dothelium-dependent vasodilators induce the release of the same
or different factors.

Relaxation of vascular segments with this class of vasodilators
is also associated with guanylate cyclase activation and cyclic
GMPaccumulation in vascular smooth muscle (35, 36, 40-42).
Since nitroglycerin-tolerant vessels have decreased cyclic GMP
accumulation and relaxation to the endothelium-dependent va-
sodilators as well as the nitrovasodilators (43), it appears that
activation of soluble guanylate cyclase also mediates the effects
of EDRF. Effects of EDRFon the particular isoenzyme, however,
can not be excluded. The increased synthesis of cyclic GMP
with endothelium-dependent vasodilators is also associated with
cyclic GMP-dependent protein kinase activation and dephos-
phorylation of myosin light chain (32, 36). Indeed, the profiles
of altered protein phosphorylation with two-dimensional poly-
acrylamide gel electrophoresis of extracts from vascular smooth
muscle after treatment with nitrovasodilators, endothelium-de-
pendent vasodilators, and 8-bromo cyclic GMPare similar (34-
36). While these effects with nitrovasodilators and 8-bromo cyclic
GMPare endothelium-independent, the effects of endothelium-
dependent vasodilators require the endothelium. Thus, the cas-
cade of events distal to guanylate cyclase activation and cyclic
GMPsynthesis appear to be identical with both classes of va-
sodilators (see Fig. 1). These studies suggest that EDRFcould
be viewed as the endogenous equivalent of the nitrovasodilators
or the "endogenous nitrate". The effects of nitric oxide and
EDRFon guanylate cyclase activity and the inhibition of their
effects with similar classes of agents such as hemoglobin, meth-
ylene blue, cyanide, and various reducing agents suggest that
these reactive materials may also activate the enzyme by similar
mechanisms (2-4, 44, 45). However, additional kinetic and
physicochemical studies with purified enzyme and activators are
required.

In the presence of the endothelium the basal levels of cyclic
GMPand the activity of cyclic GMP-dependent protein kinase
are increased, which suggests that basal release of EDRFoccurs
and can influence vascular motility (32, 36, 40, 41). The de-
creased basal or stimulated release of EDRFwith endothelial
damage could obviously have important clinical and therapeutic
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ENDOTHELIUM SMOOTHMUSCLE Figure 1. Proposed mechanism of action
of some vasodilators on cyclic GMP
synthesis and vascular relaxation.
Through specific receptors on endothe-
lial cells, a variety of endothelium-de-
pendent vasodilators lead to the synthe-
sis and release of EDRF. The structure
of EDRFis unknown. Nitric oxide
(NO) derived from the nitrovasodilators,
and EDRFactivate the soluble isoen-
zyme form of guanylate cyclase and re-
sult in increased cyclic GMPsynthesis
and cyclic GMP-dependent protein ki-
nase activation. These events result in
the dephosphorylation of myosin light
chain and relaxation. Atriopeptins,
through a specific receptor designated
ANF-1, result in the activation of the
membrane-associated isoenzyme form
of guanylate cyclase, cyclic GMPsyn-
thesis, and cyclic GMP-dependent pro-
tein kinase activation. The function of

the receptor that is not coupled to cyclic GMPsynthesis (ANF-2) is unknown. While the atriopeptins relax vascular smooth muscle in the absence
of the endothelium, the endothelial cells also possess atriopeptin receptors that are coupled to cyclic GMPsynthesis. The function of cyclic GMP
in endothelial cells is presently unknown.

implications in many cardiovascular disorders. Indeed, increased
contraction or spasm at sites of intimal damage would be ex-
pected to occur due to the loss of EDRFand decreased cyclic
GMPsynthesis. Furthermore, with intimal damage, endothe-
lium-dependent vasodilators should also be less effective than
therapeutic agents that act in an endothelium-independent
manner such as nitrovasodilators and atriopeptins (see below).
Since the synthesis and release of EDRFas well as smooth muscle
contraction is calcium-dependent, the interactions of calcium
antagonists with these agents on cyclic GMPlevels and relaxation
are more complicated. Wehope that the ability to assay EDRF
in media from endothelial cell cultures (39) will facilitate the
characterization and identification of this important substance
and could lead to a new class of therapeutic vasodilators.

A third class of vasodilators that appear to mediate their
effects through cyclic GMPsynthesis is the atriopeptins ( 12, 13,
45). This newly described group of peptide hormones has a
number of cardiovascular and renal effects including natriuresis,
diuresis, vasodilation, and inhibition of aldosterone secretion
(46-48). This family of peptide hormones is derived from a pre-
cursor peptide or preprohormone of 152 amino acids found in
granules in the cardiac atria (49, 50). The presence of the hor-
mone and/or messenger RNAfor its synthesis in other tissues
as well as atria suggest that these peptides may have many other
functions not presently appreciated. For example, it is suspected
that these peptides may also serve as neurotransmitters as well
as peripheral hormones.

The effects of atriopeptins on ion and water transport in the
kidney are reminiscent of the effects of E. coli heat-stable en-
terotoxin (ST) in intestinal mucosa. Since the effects of ST are
mediated through guanylate cyclase activation and cyclic GMP
accumulation (9-1 1), we were prompted to examine the effects
of atriopeptins on cyclic GMPmetabolism in renal tissue, vas-
cular tissue, and other tissues (12, 13, 51, 52). This class of peptide
hormones specifically activates the particulate isoenzyme form

of guanylate cyclase in many tissues including blood vessels,
kidney, adrenal, and cultures of endothelial and smooth muscle
cells (12, 13, 51, 52). The effects of atriopeptins on particulate
guanylate cyclase are mediated through a specific receptor and
they do not alter the activity of the soluble isoenzyme form of
guanylate cyclase. Thus, the effects of atriopeptins are analogous
in some respects to the effects of ST except that they alter cyclic
GMPsynthesis in numerous tissues due to the ubiquitous pres-
ence of the receptor.

Binding studies with radiolabeled atriopeptin analogues have
given linear Scatchard plots with many tissue preparations, which
suggests that a single class of receptors is present in most tissues.
However, the comparison of peptide binding with cyclic GMP
accumulation in our structure-activity studies clearly demon-
strates that many tissues possess at least two distinct populations
of binding sites (51-53). While the apparent affinities of these
receptors to most atriopeptin analogues are similar (dissociation
constant of 0.1 to 1 nM), the relative abundance of each receptor
varies in different preparations. Cloned endothelial and smooth
muscle cells also possess two classes of binding sites, indicating
that the data are not due to cellular heterogeneity of preparations
(51, 52). Interestingly, cross-linking studies with radiolabeled
atriopeptins also reveal two binding sites that are -60,000 and
120,000 D in size (54, 55). Our current data indicate that only
one of the receptors, designated ANF- 1, is coupled to guanylate
cyclase activation and cyclic GMPsynthesis (52, 53, 55). While
the mechanism of atriopeptin receptor coupling to particulate
guanylate cyclase activation is not known, we have found that
the 1 20,000-D binding site copurifies with particulate guanylate
cyclase through numerous procedures (53). At present we suspect
that ANFbinding and cyclic GMPsynthesis reside in the same
membrane glycoprotein, and presumably this macromolecule
spans the membrane (53).

Although atriopeptins bind to receptors on both endothelial
cells and smooth muscle cells and increase cyclic GMPaccu-
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mulation, their effects on cyclic GMPsynthesis and relaxation
of vascular smooth muscle are endothelium-independent (13,
45). Analogous to the nitrovasodilators, their effects are also
independent of extracellular Ca++ (13). The increase in cyclic
GMPlevels in vascular smooth muscle with atriopeptins is as-
sociated with increased activity of cyclic GMP-dependent protein
kinase (56). While the vasorelaxant effects of the atriopeptins
correlate with cyclic GMPsynthesis, other effects of the atrio-
peptins can not be excluded. Furthermore, the role of the receptor
that is not coupled to cyclic GMPsynthesis designated ANF-2
is not presently known. It is of interest that atriopeptins have
been found to inhibit adenylate cyclase activity in some prep-
arations (57). The physiological relevance of this effect is un-
known; nor is it known to which receptor this effect is coupled.
It is unlikely that inhibition of cyclic AMPsynthesis in vascular
preparations with atriopeptins is associated with vasodilation
since cyclic AMPsynthesis, like cyclic GMPaccumulation, cor-
relates with vascular relaxation. While atriopeptins activate par-
ticulate guanylate cyclase in preparations of kidney, adrenal,
and other tissues, additional studies are required to establish the
roles of cyclic GMP, cyclic AMP, or perhaps other second mes-
sengers in the physiological effects of atriopeptins in these tissues.
Although the marked effects of atriopeptins on cyclic GMPsyn-
thesis in endothelial cells suggest that other vascular effects of
atriopeptins should be expected, the nature of these effects is
also unknown. At present, it is almost certain that one class of
atriopeptin receptors on vascular endothelial and smooth muscle
cells is associated with the activation of particulate guanylate
cyclase and the accumulation of cyclic GMP(52, 55). Also, the
accumulation of cyclic GMPwith atriopeptins as with the effects
of nitrovasodilators and endothelium-dependent vasodilators is
associated with vascular relaxation. Since these three classes of
vasodilators result in the activation of either the soluble or
membrane-associated isoenzyme forms of guanylate cyclase and
presumably increase different intracellular pools of cyclic GMP,
some differences on vascular metabolism and function might
be expected with additional studies. Although nitroglycerin-tol-
erant vessels have decreased cyclic GMPaccumulation and re-
laxation when challenged with nitrovasodilators or endothelium-
dependent vasodilators, the effects of atriopeptins are not altered
(43). Interestingly, nitroglycerin-tolerant vessels have a relatively
stable modification in the properties of soluble guanylate cyclase,
while the particulate isoenzyme appears unaltered (58).

While cyclic GMPaccumulation in vascular smooth muscle
mediates the effects of these three classes of vasodilators, other
effects of these agents should not be overlooked. Furthermore,
other second messengers are known to participate in vasodilation
induced with other vasorelaxants. Although the studies sum-
marized here permit us to develop a framework for understand-
ing the mechanism of action of these vasodilators (see Fig. 1),
additional experiments are required to develop some innovative
therapeutic approaches to cardiovascular disorders.
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